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THE NATURE OF ACTIVATION HEATS. A CALCULATION OF 
THE HEAT OF ACTIVATION FROM BAND SPECTRA DATA 

When one compares the heat of activation in a chemical reaction with the 
heats of dissociation of one of the reacting molecules into its component 
parts (cf. Tables I, I1 and 111), the conclusion may be drawn that activa- 
tion is not, in general, a dissociation but must be essentially an interaction 
between two molecules, in which both take part and which could not occur 
except for the presence of the second molecule. In the present paper this 
idea will be applied in detail to the hydrogen iodide decomposition, as the 

Activation heats taken from Hinshelwood, "The Kinetics of Chemical Change in Gas- 
eous Systems," Oxford, 1926. Heats of dissociation calculated from data  in Tables I1 and 
111. Value for C1 + C10 taken as one-half "atomic" heat of formation of C12O. Value 
in parentheses for H + I indicated from convergence limit [Tingey and Gerke, THIS 
JOURNAL, 48, 1838 (1926)], but uncorrected for the fact that absorbing molecules may 
be in a higher quantum state than the zero-th. Heat of activation for ammonia es- 
timated (Hinshelwood, p. 93). Heat of activation for Nz05 decomposition given in 
parentheses corrected to  ten degrees of freedom by formula 

Products 

Heat of 
dissociation, 

kg. cal. 
Homogeneous heat 

of activation 
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HEATS OP FORMATION OF THE ELEMENT MOLECULES 
Substance Kg cal. Reference 

HA 101 Witmer, Proc. Nat. Acad. Sci., 12, 238 (1926) 
Nz 219 Mulliken, Phys. Rev., 32, 761 (1928) 

Birge, Nature, 122, 842 (1928) 
0 2  139 Herzberg, 2. physik. Chem., 4B, 223 (1929) 

Birge, Trans. Faraday Sod., 25, 707 (1929) 
I z  35 2 Kuhn, 2. Physik, 39, 77 (1926) 
(212 58 5 Kuhn, 2. Physik, 39, 77 (1926) 
Cdla 141 Kohn and Guckel, Naturwissenschaften, 12, 139 (1924) 

TABLE 111 

ATOMIC HEATS OP FORMATION (i. e., FROM THE GASEOUS ATOMS) 
Group N Z O ~  Nz04 Nz03 NO NOz NzO ClzO HI NH3 NH 0 3  

Heat, kg. cal. 565 494 406 157 240 267 110 68.9 (64.4) 274.1 108 3 174 
References: Landolt-Bbmstein, "Tabellen," Vol. V, pp. 1485,1490,1493,1495, 1496; 

Hodgman-Lange, "Handbook of Chemistry and Physics," 13th ed., Chemical Rubber 
Publishing Co., Cleveland, Ohio, 1928, p. 574; Villars, THIS JOURNAL, 51, 2374 (1929). 

experimental data1r2 for this reaction are the most accurate, and i t  will be 
shown that we can account qualitatively for its heat of activation if we 
make use of certain simple principles taught by the quantum mechanics. 

These principles are the following. First, Franck3 has shown that the 
electronic excitation of a molecule takes place instantaneously compared to 
its vibrational period, and that the separation of the nuclei can be consid- 
ered to remain unchanged during the light ab~orption.~ Condon5 extended 
this principle by assuming that, for most of the time, the nuclei occupied 
those positions at the extremities of their vibrations, as it was here that the 
velocity of their motions was least. He was successful in explaining certain 
peculiarities of the intensity distribution in band spectra which had been 
mystifying up to that time, and has since shown how these considerations 
are in harmony with the quantum  mechanic^.^ 

Second, one of the characteristic differences between the quantum 
mechanics and the classical mechanics has been that the former takes ac- 
count of degeneracy introduced by the fact that an electron, for example, 
in the Hz+ ion may belong as well to a second similar atom as to the first 
one and have the same energy value. This degeneracy causes a probability 
distribution of the electron between the two atoms; if we think of the 
separate atoms and not the molecule, as a whole, the electron can be con- 
sidered as belonging to one atom a t  one moment; a t  a later moment it may 

1 Bodenstein, 2. physik. Chem., 29,295 (1899). 
Kistiakowsky, THIS JOURNAL, 50,2315 (1928). 

3 Franck, Trans. Faraday Soc., 21, 536 (1926). 
4 Cf. also Villars, Nature, 123,240 (1929). 
6 Condon, Phys. Rev., 28,1182-1201 (1926). 
6 Condon, ibid., 32,858 (1928); Proc. Nat Acad. Sci., 13, 462 (1927). 
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change its allegiance to the other atom, although i t  does not change its 
position nor its energy. This idea may be extended to a system of atoms 
and i t  is just as reasonable to expect that two of these atoms may change 
their allegiance, provided the energy of the second state is equal to that of 
the first. Thus, in the decomposition of hydrogen iodide, if two molecules, 
H,I, and HbIb collide, two kinds of allegiance exchange are possible. 
After the collision, Ha may owe allegiance to I b  and Hh to I,. This is 
similar to the case mentioned above of the molecular hydrogen ion. The 
energy perturbation arising in this case of degeneracy will account, in part, 
for the van der Waals attraction between the two molecules. But a 
second case is possible, where Ha may owe its allegiance to Hb and I, to  I&. 
If this occurs, a chemical reaction has taken place.' 

Our picture, then, of chemical activation, or rather of chemical reaction, 
for activation is concomitant with reaction, is that of a collision in which the 
nuclear separations of the atoms are such that the latter can change alle- 
giance without changing their total energy content. Expressed in an equa- 
tion, chemical reaction can occur only when 

x + y e 1 . 4 = a + b  (1)  

where x and y are the internal energies of the two colliding hydrogen iodide 
molecules, n and b the internal energies of the hydrogen and iodine mole- 
cules, respectively, and - 1.4 is the heat of rea~t ion.~ In  the following 
calculations these energies are considered as representing vibrational energy 
only; they are the values obtaining a t  the moment just before and just 
after the exchange and do not account for any attractive or repulsive force 
between the hydrogen iodide molecules. Kinetic energy of the molecules 
after collision is considered equal to that before collision, since the proba- 

' bility of energy transfer by a collision of the second kind rapidly dimin- 
ishes with increasing difference in the total kinetic energie~.~ Obviously, 
the energy of activation is 

A = x + y + F  (2 )  

where F is the potential energy due to repulsion of two hydrogen iodide 
molecules. 

The calculation itself was a cut and try process. The vibrational po- 
tential energy curves were plotted for hydrogen, iodine and hydrogen io- 
dide. The iodine nucleus defined the origin in the hydrogen iodide curve 
.;md was considered to be a t  rest. A one-dimensional collision was then 
depicted (Fig. 1) by bringing a templet of a second hydrogen iodide curve 
up within a definite distance of the first, corresponding to a possible nuclear 

The same conclusion has been drawn independently by Langer, Phys. Rev., 34, 
92 (1929). 

Landolt-Biirnstein, "Tabellen," Vol. V, p. 1489. 
% Beutler and Josephy, Naturwissenschaften, 15, 540 (1927); Webb and Wang, 

Phys. Rev., 33,329 (1929); Kallmann and London, Naturwissenschaften, 17, 226 (1929); 
Z .  physik. Chem., ZB, 207 (1929). 
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separation of the iodine molecule. The energy value of b was read from 
the iodine curve (Fig. 2). Then, by means of a pair of dividers, the separa- 

tions of the two hydrogen atoms, 

80 consistent with Equation 1 were 
found for different values of y 

70 ranging from 0 to 60 kg. cal. 
Potential energy curves for 

60 hydrogen, iodine and hydrogen 

50 iodide were plotted by making 

+ 
use of band spectra constants 

d 40 which give us the various deriva- 
tives of the curve a t  the equilib- 

2 3 0  rium position of the nuclei.1° 
By expressing the potential 

20 energy in the form of an inverse 

10 power series 

v = (aclr6) + (a7/r7) + (a9/r8) + 
0 (ag/r9) + (alo/rlO) (3) 

one can readily obtain the con- 
I, Ib stants and calculate points for 

Angstrom units. large nuclear separations.ll 
Fig. 1.-Vibrational potential energy curves This series is no longer conver- 

of two colliding hydrogen iodide molecules. gent separa- 
Heavy lincs, Morse function. Dotted right tions; the curve actually has 
branch, inverse power function. Dotted left several minima, some of which 
branch, harmonic force function. Minimum dis- are lower than that correspond- 
tance of separation of iodine nuclei a t  collision 
db, is equivalent to b = 4 kg. cal., vibrational ing to the stable state of the 

energy of I~ molecule (See 12 curve). In  case molecule- When data for iodine 
first HI molecule has 45 kg. cal. vibrational are substituted in the equations, 
energy (Y = 45), second H I  molecule must have the constant a6 turns out to be 
x = 4 kg. cal., in order for relation x - a = 1.4 positive, which is impossible.12 + b - y and distance apart of H nuclei, do 
(equivalent t o  a = 43.5-see H curve) to  be Morsel3 has proposed a new 

compatible. A' = x + y = 49. First vibra- 
tional quantum level represented by dotted line. V = A + De-2a(y  - rd - 
Band spectra constants used from Czerny, Z. 2De-a(r - Y E )  (4) 
Physik, 44, 250 (1927). w: = 2272cm.-1, I: = 

4.309 X 10-40 g. cm.2; r: = 1.616 X 10-8 cm, which has the advantage 
having only one minimum point 

(at r = r,), is of a form similar to those required by Heitler and London and 

lo Born and Huckel, Physik. Z., 24, l  (1925). 
Kemble and Zener, Phys. Rev., 33, 532 (1929). 

l2  Professor Kemble has kindly written me that  this is quite likely due to inaccu- 
racy in the value of a'' as reported by Loomis, ibid., 29, 119 (1927). 

l3 Morse, ibid., 34, 57 (1920). 
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others, and the Schroedinger equation of which gives energy levels corre- 
sponding to those empirically observed. In this function, A is the heat of 
dissociation of the molecule, D the heat of dissociation phis the half quan- 
tum of vibrational energy associated with the lowest state of the molecule, 
r, is the equilibrium separation of the nuclei in Angstriim units, and 

a = 2rwC d& = 0 006547 we ~ T D  
where w, is in cm.-1, hf the reduced mass in atomic weight units, and D is 
in kg. cal. 'l'his function has 100 

been used throughout these 
calculations and compares very 90 

favorably with t he  inverse 
power function (see Figs. 1 
and 2). 

In the calculation procedure 
outlined above, there is a cer- 60 

tain arbitrariness. One may 
note that rotation has been left bb 
out of consideration. This was W 40 

done mostly to avoid complica- 
tion, the postulate being made 30 

that the total rotational energy 
(as well as kinetic energy of 
translation) be the same after lo 
as before the collision. When 
we recall that hydrogen iodide 
molecules have a dipole mo- 

1 2 3 4 5 6 7  
ment,14 it is seen that a rota- hgs t rom units. 
tion from the orien- Fig. 2.-vibrational potential energy curves for 
tation at  collision, I--H+ -E+- hydrogen and iodine. Heavy lines, Morse func- 
1--H+, th rou~h  180' to I--H f tion. Dotted right branch, inverse power function. " 
+--- H+-I-- would require the Dotted left branch, ascending powers function. 
transformation of some of the First vibrational quantum level represented by 

dotted line. Band spectra constants used: Hy- 
energy into orients- drogen [Hori, Z. Physik, 44,834 (1927) ]-or" = 2.7; 

tion energy. This wotlld have ,,. = 4415.2 cm.-~: I,~~ = 0.467 x 10-40 g. cm.2; 
tobecorrectedfor. Moreover, ro" = 0.75 x 10-8 cm.; Iodine [Loomis, Phys.  

the faster the rotation, the less Rev., 29, 119 (1927) ]-a" = 0.00012; wolf = 213.9 

time is going to be spent by the em.-', loV = 742 X g .  ~ m . ~ ,  ro" = 2.66 X 
10- cm. 

molecule in those particular 
positions where reaction is favored, and hence the probability of reacting 
under such circumstances becomes negligibly small. A few cases were cal- 
culated corresponding to this 180' orientation away from the natural posi- 

l4 C. T. Zahn, Phys. Rev., 24, 400 (1924): 27, 455 (1926). 
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tion. It may be seen that sometimes the sum A'  = x + y is smaller than 
the experimental heat of activation, but the difference is of the proper order 
of magnitude to be accounted for by the dipole repulsion. 

Besides the repulsive force originating from a re-orientation of the mole- 
cule, there is a van der Waals attractive force between the molecules. 
The order of magnitude of the corresponding energy may be very roughly 
estimated from the latent heats of vaporization and fusion. The former is 
4.7 (at -36") kg. cal. and the latter 0.715 (at -31'). The density of the 
liquid a t  the boiling point is 2.799; this corresponds to an average separa- 
tion of the molecules of 4.23 A. ,4 rough estimate of the separation of the 
molecules in the crystal lattice yields the same value. 

The final results are summarized in Table IV. According to Boden- 
stein1 the experimental heat of activation is 44 kg. cal. The minimum 
calculated values of A' lie in the neighborhood of 50 kg. cal. If we take F 
= -5 kg. cal., the agreement is very gratifying. In those cases where the 
vibrational quantum number ol one of the molecules is very small, in- 
accuracies are especially prone to creep in, as the displacement of the nu- 
clei has a much wider probability range than usual. The reader has, of 
course, recognized that quantization of vibration has also been neglected. 
In  those cases of 180' relative orientation where some of the potential 
energy curves run parallel, it is especially difficult to pick the correct dis- 
placements, for here a small error makes a large energy difference. When 
we remember how rough the Condon working principle is, that the molecule 
spends all its time at the two extremities of vibration, the agreement in the 
calculated minimum values of A is very good and indicates that we have 
gained a better insight into chemical processes than has hitherto been pos- 
sessed. 

That enough molecules of these high vibrational energies exist to account 
for the observed reaction rate can be demonstrated by Hinshelwood's 
ca l~u la t ion .~~  He, it is true, made this on the assumption that it was 
translational energy alone (two degrees of freedom) which effected activa- 
tion. One need only re-interpret his equations to mean vibrational energy 
alone and the same calculations hold. 

Note of January 25, 1930.-Polyani has found some generalizations in 
regard to activation energies in reactions involving free atoms,17 which 
may be understood in the light of the above theory. According to him, 
an  exothermic reaction between a molecule and an atom demands no acti- 
vation energy; on the other hand, an endothermic reaction between a 

l5 Giauque and Wiebe, THIS JOURNAL, 51,1446 (1929). 
lG Hinshelwood, "The Kinetics of Chemical Change in Gaseous Systems," Oxford, 

1926, p. 92. 
l7 Cf. also Nernst, "Die Grundlagen des neuen Wirmesatzes," Wilhelm Knapp, 

Halle, 1918, p. 133; Herzfeld, Z. Elektrochenz, 25, 301 (1919); Ann. Physik, 59, 635 
(1919), in regard to bimolecular metatheses involving a free atom. 
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molecule and an atom will proceed with an actix-ation energy equal to  the 
heat of reaction. Thus, in the reaction 

it is easy to find a collision distance a t  which the above equatioil will hold 
for y = 0. 

On the other hand, in the reaction 

it is obvious that in order for b to have positive values y > 31, and i t  is again 
easy to find a collision distance at  which this equation will hold. The 
difference between this case and that taken up in the body of the paper lies 
in the extreme limitations to which we are subjected when we must satisfy 
the geometry of the second molecule taking part in the process. 

Summary 

Chemical reaction is most probable when the kinetic energy of the re- 
sulting molecules equals that of the reacting molecules, and wiI1 occur only 
in those cases where the sum of the potential energies of the colliding mole- 
cules plus the heat of reaction equals the sum of the potential energies 
which the resulting molecules would have if their respective nuclei undergo 
no change in position during the change in allegiance. The heat of activa- 
tion, then, is the sum of the vibrational energies of the colliding molecules 
plus their heat of repulsion a t  the distance at  which collision occurs. 
The foregoing principles have been applied to the hydrogen iodide de- 
composition with satisfactory numerical results. 
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[CONTRIBUTION FROM THE CHEMICAL RESEARCH INSTITUTE, SHANGHAI, CHINA] 

THE ANALYTICAL CHEMISTRY OF ELEMENT 91, 
EKATANTALUM, AND ITS DIFFERENCE FROM TANTALUM 

I n  1871 Mendelejeff,' on the basis of his periodic law, predicted the 
existence of a metal between thorium and uranium and named it eka- 
tantalum (symbol a t ) .  At present three isotopes of ekatantalum are 
known, all of them radioactive: brevium (Bv), discovered by Fajans2 

in 1913, protoactinium (Pa) and uranium Z (UZ, 0. Hahn).3 
Henceforth the author proposes to use as a synonym for element 91 the 

term "ekatantalum" (EX), meaning by it all of the isotopes of element 91. * 

Under the term "protoactinium," according to its original meaning, will 
be understood only the parent substance of actinium, and by "brevium" 
only the disintegration product of UX1.4 

Brevium and uranium Z are very short-lived isotopes, their average 
life periods being 1.65 minutes and 9.7 hours. Naturally it is, and prob- 
ably always will be, impossible to isolate them in pure form. Of the three 
isotopes, protoactinium is by far the most important, since it is the parent 
substance of actinium and all of the radio-elements of the actinium series. 
It was discovered in 1917 by Hahn and Meitner5 in Germany, and simul- 
taneously in England by the distinguished pioneer in radioactivity, Soddy 
in collaboration with Cran~ton.~ Of the numerous radio-elements found 
since the splendid discovery of Mme. Curie, protoactinium is, in addition 
to  radium, the only representative of a new radioactive chemical element 
which occurs in nature in considerable quantities. According to the 
author's latest determinations of the half-life period of prot~actinium,~ any 
uranium ore contains 0.6 g. of protoactinium for each gram of radium. 

Until recently all attempts to concentrate and isolate the new element 
have been unsuccessful. These attempts have been based on the assump- 
tion that an analogy exists between the properties of ekatantalum and 

1 D. I. Mendelejeff, Ann. Suppl., 8, 172, 191, 203 (1871). 
K. Fajans and 0. Gohring, Naturwissenschaften, 1, 339 (1913); Physik. Z., 14, 

877 (1913). 
a 0. Hahn, Ber., 54, 1131 (1921); Z.  physik. Chem., 103, 461 (1922). 

I n  this way the difference between the element "ekatantalum" and its isotope 
"protoactinium" will be emphasized, and such expressions as "protoactinium, free 
from brevium (or UZ)," or "brevium, free from protoactinium," will be definite. 

(a) 0. Hahn and I,. Meitner, Naturwissenschaften, 6, 324 (1918); (b) Physik. 
Z., 19, 208 (1918). 

6 F. Soddy and J. A. Cranston, Nature, 100, 498 (1918); Proc. Roy. Soc. (London), 
94A, 384 (1918). 

Their description is in preparation. The most reliable value for the half-life 
period of protoactinium is 32,000 years * 10%. 
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tantalum similar to that between radium and barium. This assumption 
has been supported by the authority of many prominent chemists and 
was one of the principal reasons for failure in attempts to  isolate eka- 
tantalum. The fallacy of this assumption has been demonstrated in the 
course of this investigation, and therefore it will be discussed here in 
greater detail. 

Fajans,8 in 1913, worked on this assumption during the discovery of 
the first isotope of ekatantalum-brevium-and shortly afterward Hahn 
and Meitner

g 
concluded that any analytical reaction of tantalum can be 

used for the separation of element 91 from other metals. In  the same 
year A. #leck,l0 a t  the suggestion of Soddy, made a thorough study of 
the chemistry of the radio-elements, and wrote: "The chemistry of UX2 
(element 91) remains extremely vague. Tantalum is generally recognized 
by chemists to be a very difficult substance to work with, and an element 
of higher atomic weight occupying a position in the same group is not 
likely to have more distinctive reactions." 

The attempts of Hahn and Meitnerll to discover the parent of actinium 
in pitchblende by adding tantalum and recovering i t  by the acid and 
hydrogen peroxide method, and similar efforts of Gohring12 to separate the 
then hypothetical protoactinium together with tantalum from solutions 
of alkali tantalates obtained from pitchblende gave negative results. 

In 1917 success was attained in the long search for protoactinium and 
it was found in tantalum preparations. The supposedly close analogy 
between element 91 and tantalum appeared to be confirmed, so that 
Paneth and Hevesy remarked in their well-known manual on radioactivity; 
"The chemical properties of protoactinium are exactly those which should 
be anticipated from a higher homolog of tantalum; accordingly, its 
separation from tantalum is difficult." l3 

Soon after their discovery, Hahn and Meitner succeeded in obtaining 
highly radioactive preparations, but these contained a t  most only 0.01 
to 0.1% by weight of the new element.14 These preparations consisted 
generally of varying amounts of oxides and phosphates of zirconium, haf- 
nium, tantalum, columbium, titanium and some other metals. All efforts 
to raise the protoactinium concentration proved futile, and in 1926 Hahn,15 
emphasizing the importan;e of isolating element 91, stated: ". . . . but 

Fajans and .Gohring, Physik. Z., 14, 880, 882 (1913); Fajans, "Die Radio- 
aktivitiit," 1919, p. 42. 

Hahn and Meitner, Physik. Z., 14, 759 (1913). 
lo Fleck, Phil. Mag., 26, 534 (1913). 
l1 Ref. 5b, p. 211. 
l2  Gohring, Physik. Z . ,  15, 642 (1914). 
l3  I?. Paneth and G. Hevesy, "Lehrbuch der Radioaktivitat," 1923, p. 159. 
l4  Ref. 5 b, p. 214. 
l6 Hahn, "Handbuch der Physik," 1926, Vol. 22, p. 282. 
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protoactinium, as a homolog of tantalum, evidently has in an exccption- 
ally high degree its annoying chemical properties. Instead of normal 
chemical reactions of precipitation and substitution, colloidal precipi- 
tations, peptizations and as yet insufficiently explained adsorptions take 
place. I n  addition, the quantities are always very small, as compared 
with the accompanying elements, tantalum, niobium, titanium, zirconium 
and others, so that until now it  has not been possible to obtain protoactin- 
ium in a highly concentrated state." 

Such was the situation when the author took up the problem a t  the end 
of 1926. Inasmuch as the law of Mendelejeff had been employed ad- 
vantageously in previous work on the chemistry of metal-organic com- 
pounds, l6 it was also applied in this case, and in November, 1926 the writer 
presented to Professor 0. Hahn a report entitled "The Properties of Proto- 
actinium and its Compounds, Calculated According to the Periodic 
I,aw."17 The principal deductions were as follows. (1) Element 91, eka- 
tantalum, will have its own characteristic properties and analytical reac- 
tions, differing from those of tantalum and columbium, just as its neighbors, 
thorium and uranium, differ greatly in their properties from their lower 
homologs, hafnium and zirconium, and tungsten and molybdenum. 
(2) Ekatantalum pentoxide (Etas)  will have basic properties (similar to 
UOs and ThOz) and form salts with acids, as contrasted with tantalum 
pentoxide (Taz06), which is a weak acid anhydride. 

These predictions were verified recently through the isolation by the 
writer of 2 mg. of element 91 in pure form as its oxide.18 Ekatantalum 
pentoxide, like tantalum pentoxide, is a heavy white powder with a very 
high melting point. The ignited oxide is practically insoluble in concen- 
trated sulfuric, nitric or hydrochloric acid. 

The author has recently succeeded in extracting about 40 mg. of ele- 
ment 91.19 Part of this material has been used in the experiments de- 
scribed herein, which aimed a t  a more detailed study of the analytical 
reactions of ekatantalum and especially a comparison with tantalum. 

The Reactions of Element 91 and Tantalum 

The analytical reactions of the two elements were carried out with 
comparable quantities (10-50 mg.) of the pur; oxides. Thus the quan- 

IG Grosse, 2. anorg. allgem. Chem., 152, 133 (1926); Ber., 59, 2646 (1926). 
l7 This report is now in the possession of Professor Hahn, Berlin-Dahlem, Ger- 

many. A detailed account of the report was published in J. Russ. Phys.-Chem. Soc., 
60, 843 (1928). 

A. V. Grosse, Nature, 120, 621 (1927); Naturzwissenschaften, 15, 766 (1927); 
Ber., 61, 233 (1928); J. Russ. Phys.-Chem. Soc., 60, 847 (1928). 

l9 An account of the technical extraction of protoa~tinium from radium residues, 
'14 

carried out through the courtesy of the German I. G. Dye! Trust a t  one of its factories 
in Ludwigshafen on the Rhine, is now being prepared for publication. 
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tities of element 91 used were not very much smaller than the amounts 
used in ordinary quantitative analysis. In small beakers (10-25 cc.), the 
reactions of this rare metal may be observed and studied as easily as those 
of any of the commoner elements. 

1. Material and Apparatus.-All chemicals were E. Merck's guaranteed pure 
reagents. All operations with hydrofluoric acid and molten sodium bisulfate were 
carried out in platinum dishes. Pyrex or Jena glassware was used. 

The ekatantalum pentoxide (Et20~) was part of the first 30 mg. of the pure material 
recently separated by the author. I t  had bee& freed from all other metals and especially 
purified for a new determination of the avttrage life of the protoactinium atom. The 
@-activity of the oxide was taken as a criterion of its purity; i t  remained constant 
throughout the various purification processes.20 

The tantalum pentoxide (TanOs) was a sample of pure oxide from Merck and con- 
tained only traces of columbium and titanium. For further purification it was dissolved 
in 40% hydrofluoric acid, potassium carbonate added, the potassium fluotantalate sepa- 
rated and washed with 1% hydrotluoric acid. This material was then fractionally 
crystallized three times from 1% hydrofluoric acid in platinum dishes, the first and 
last fractions being discarded each time. The product was treated with sulfuric acid 
to expel the hydrofluoric acid, fused with sodium bisulfate, the meIt dissolved in cold 
water and the precipitated tantalum pentoxide washed with boiling water until free 
from alkali metals. The oxide was then dried and ignited to constant weight. 

Procedure.-Dissolved or insoluble matter was determined by difference in weight 
(using a micro-balance) or, in the ease of element Yi, also by estitnatiilg the amount of 
protoactinium electroscopically .21 

Results 

(a) Dissimilar Reactions 

1. Reaction with Sodium Bisulfate and Sulfuric Acid.--Each oxide 
(10-50 mg.) was well mixed with 6-8 "times its weight of powdered 
anhydrous sodium bisulfate and carefully melted in a platinum crucible 
until all of the oxide had dissolved and the melt was absolutely clear. 
The cooled melt was then treated with 10-50 cc. of 3y0 sulfuric acid a t  
room temperature. In the case of ekatantalum almost all of the oxide 
goes into solution, leaving only a small residue (I, 6%; 11, 4%) ; while in 
the case of tantalum only a small part of the oxide dissolves, most of it 
remaining as a fine, white powder (residue: I, 84%; XI, 79%). 

2 and 3. Reaction with Potassium Carbonate and Water.-Each 
oxide (10-50 mg.) was mixed with six times its weight of dry powdered 
potassium carbonate, melted and held in fusion with continuous stirring 
for ten to fifteen minutes. The oxide of ekatantalum is insoluble in the 
molten carbonate and remains suspended as a powder, giving the melt 
a milky appearance; tuxtalum pentoxide dissolves completely and clearly 
to give potassium tantalate. 

20 The details of the : ,rification methods will be published later. 
21 The method for exact determination of protoactinium and other isotopes of 

element 91 will be described in detail shortly. 
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The cooled melt was dissolved in 10-25 cc. of warm water (60-80'). 
The ekatantalum pentoxide remains as a fine, white insoluble powder (I, 
99.9%; 11, 99.8%), while the potassium tuntalate dissolves to a clear solu- 
tion with no residue. 

4. Reaction wi th  Hydrogen Peroxide.-Ekatantalum pentoxide hy- 
drate is completely precipitated (99.9%) by an excess of hydrogen peroxide 
from a warm (40-60') 2% sulfuric acid solution. On the other hand, a 
mixture of sulfuric acid and hydrogen peroxide completely dissolves tantalum 
pentoxide hydrate freshly precipitated from a potassium tantalate solution 
by sulfuric acid. 

5.  Reactions wi th  Phosphoric Acid.-Ekatantalum pentoxide in solu- 
tion in 20-30% hydrochloric acid, 15-20% sulfuric acid or in nitric acid, 
with or without hydrogen peroxide, is completely precipitated (99.9%) by 
an excess of phosphoric acid. A stable solution of tantalum pentoxide in 
concd. hydrochloric or sulfuric acid, with or without hydrogen peroxide, 
remains absolutely clear on the addition of an excess of phosphoric acid. 

(b) Similar Reactions 

6.  Reaction wi th  Ammonia.-Ekatantulum and tantalum in solution 
in mineral acids (hydrochloric, nitric, sulfuric and others) are ccm- 
pletely precipitated on boiling with a slight excess of ammonia: Et205, 
99.95%; TazOs, 99%. In the presence of hydrojluoric acid or jluorides 
the precipitation is incomplete (varying according to the concentration of 
ammonia, fluoride ion, etc.), owing to the formation of water-soluble 
double ammonium fluorides. 
7. Reaction wi th  Hydrofluoric Acid.-Both oxides are completely .dis- 

solved by 40% hydrofluoric acid on slow gentle warming, the ekatantalum 
pentoxide dissolving the more rapidly. 

Discussion 

A consideration of the reactions given above shows that except for the 
precipitation by ammonia, a reaction characteristic of almost all metals, 
ekatantalum and tantalum have only one reaction in common-the solu- 
bility of their oxides in hydrofluoric acid. (1t is to be expected, of course, 
on the basis of the periodic law, that other reactions common to both will 
be discovered.) 

Reaction 2 shows why GohringT2 failed to isolate the hypothetical proto- 
actinium together with tantalum, since actually he was purifying his 
tantalum preparations from the last traces of protoactinium which they 
may have adsorbed. Similarly, Reaction 4 indicates why the first at- 
tempts of Hahn and Meitnerl1 were unsuccessful. 

The behavior of the pentoxides of the two metals toward various re- 
agents shows that while tantalum pentoxide is a feeble acid anhydride 
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and forms more stable compounds with alkalies, ekatantalum pentoxide 
is a weak but decidedly basic oxide with no acidic properties. 

All in all it  may be said that the predictions made by the writer in 1926 
as to the analytical properties of element 91 have thus far been proved by 
experiment ; the expected characteristic properties of ekatantalurn have 
been demonstrated. Once more Mendelejeff's law has proved its useful- 
ness, and its application has rendered comparatively simple the solution of 
an apparently difficult task. 

Summary 
1. The unsuccessful attempts to isolate and obtain element 91-eka- 

tantalum-were based on the assumption that it resembles its lower 
homolog-tantalum-just as radium resembles barium. The origin and de- 
velopment of this assumption and its contradiction to conclusions derived 
from the periodic law are discussed. 

2. A study of the analytical chemistry of ekatantalum has been made 
with adequate amounts of its pure oxide. Its difference from tantalum 
predicted by the author on the basis of Mendelejeff's law, has been proved 
experimentally. 

3. The behavior of ekatantalum toward different reagents is, in most of 
the cases observed, opposite to that of tantalum. 

4. Ekatantalum pentoxide (EtZO5) is a distinctly, though feebly, basic 
oxide without acidic properties, whereas tantalum pentoxide (Ta206) is an 
acid anhydride and readily forms stable salts with basic oxides. 

[CONTRIBUTION PROM THE CHEMICAL LABORATORIES OX THE UNIVERSITY OP UTAH] 

THE BOILING POINTS OF CONSTANT BOILING 
HYDROCHLORIC ACIDS 

BY WALTER D. BONNER AND ROLAND I%. WALLACE 

RECEIVED DECEMBER 5,1929 PUBL~SHBD MAY 8, 1930 

In connection with the work on the composition of constant boiling 
hydrochloric acid, recently published from this Lab~ratory,~ we have made 
a precise determination of the boiling poirits of these acids over the same 
pressure range. The samples used were those whose analyses are given in 
the previous paper. 

Foulk and Hollingsworth have shown2 that the variation in boiling point 
of the acid which distils unchanged in composition at  750 * 0.2-mm. pres- 
sure is not more than 0.003', though they were not able to fix the temper- 
ature of boiling. In the work reported here a precision of 0.1 mm. was 

Bonner and Titus, THIS JOURNAL, 52,633 (1930). 
Foulk and Hollingsworth, ihid., 45,1224 (1923). 
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attained in the pressure control. This corresponds to a precision of temper- 
ature measurement of 0.021' at  the lowest pressures, 50 to 150 mm. Above 
this pressure the boiling point curve rapidly flattens out, so that at  370- 
mm. pressure the temperature measurement has a precision of 0.007O, 
and a t  760-mm. pressure one of 0.004'. 

This is not, of course, so great a precision as that with which the vapor 
pressure of water is known. On the other hand, it is interesting to observe 
that with the apparatus we used i t  is much easier to obtain reproducible 
measurements with these acids than with either water or benzene. We 
suggest that this may be due to the binary solution overheating less 
readily than does a pure substance. Whatever the reason, it is an experi- 
mental fact that these acids yield more convenient fixed thermometric 
points than does water. 

Fig. 1.-Apparatus. V, to  bridge; Th, thermometer; 
C, boiling flask; H, glass spiral; P, paper packing; S ,  
stone crock; E, &liter equilibrium flask; T ,  Toepler pumps; 
M, manometer. 

Experimental 

The apparatus, shown diagrammatically in Fig. 1, consisted of a pressure 
control device, a boiling flask and a platinum resistance thermometer. 
The pressure control device was essentially two Toepler pumps, the one to 
force air into the apparatus, the other to pump it out. The entire appa- 
ratus was of Pyrex. All joints were either sealed or ground, with the ex- 
ception of the entrance of the resistance thermometer, which was made 
tight with wrappings of rubber dam. The boiling flask was very kindly 
supplied by Professor C. A. Kraus, of Brown University. I t  was designed 
to minimize loss of distillate and to prevent superheating. The resistance 
thermometer was calibrated by the United States Bureau of Standards. 
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It was checked by us a t  the steam point and found to be exact. It was 
calibrated and used as a four-lead potential terminal resistor, with current 
reversing commutator. For this latter purpose we used a very heavy three- 
pole double-throw switch. Care was taken to have the leads from the 
commutator to the bridge heavy and of the same length. A radiation 
shield was not used, but the boiling point apparatus was carefully wrapped 
with heavy asbestos cord over the part containing the thermometer. 
Resistances were determined to 10-5 ohms by means of a calibrated Leeds 
and Northrup temperature bridge, of the Mueller type. The check on the 
steam point of the resistance thermometer was taken to be also a check on 
the calibration of the bridge. A high sensitivity D'Arsonval galvanometer, 

Pressure in millimeters of mercury. 

Fig. 2. 

with lamp and scale a t  a distance of four feet, was used as the null instru- 
ment. The manometer in the pressure control device was very carefully 
made and calibrated. The mercury was twice distilled before being put 
into the apparatus. The two meter scale, of flat grained maple, was com- 
pared over its entire length with a standard meter. In  making our calcu- 
lations we have taken into account all essential corrections. The barom- 
eter used was of the Fortin type, carefully calibrated, and compared with 
the United States Weather Bureau instrument in Salt Lake City. 

Gach sample of hydrochloric acid was introduced into the clean, dry 
boiling flask. After sealing the apparatus, the pressure was roughly ad- 
justed to within 5 mm. of the pressure at which the sample had been pre- 
pared. When the sample had boiled for ten to fifteen minutes, the pressure 
was very carefully adjusted to within 0.1 mm., all essential calibrations and 
corrections being considered. The sample was then allowed to  boil for an 
hour before any readings were attempted. In that time the thermometer 
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had assumed the temperature of the condensing acid vapors, and its resist- 
ance was therefore constant. From the resistance of the thermometer the 
temperature was calculated, in accordance with the constants of the instru- 
ment and Callendar's equation. The boiling points so obtained are given 
in Table I and in the graph, Fig. 2. 

TABLE I 
BOILING POINT DATA 

Press , R o ~ l ~ n g  Pre-5, Rolling 
mm potnt, "C Denuty, 2.5' HCI, Cj, mrn polnt, "C 

50 48 724 1 1118 23 42 640 103 967 
150 69 956 1 1073 22 520" 680 105 564 
250 81 205 1 1042 21 883 700 106 424 
370 90 237 1 1016" 21 365" 740 107 859 
400 92 080 1 1010 21 235" 760 108 584 
450 95029 11002 21075" 800 110007 
500 97 578 1 0993 20 916 1000 116 185 
540 99 653 1 0987 20 777" 1220 122 98" 
600 102 209 1 0980 20 638" 

" Interpolated 

Density, 2.5' 

1.0973 
1 0968" 
1 0966 
1.0962" 
1 0959 
1 0955 
1 0933 
1 0915 

Acknowledgment.-This work was assisted by a grant from the Warren 
Fund of the American Academy of Arts and Sciences, which we gratefully 
acknowledge. 

We have determined the boiling points of constant boiling hydrochloric 
acid a t  pressures between 50 mm. and 1220 mm. Pressure was maintained 
constant to 0.1 mm. and resistances were determined to 10 - 5  ohms. The 
temperatures given are precise to 0.02' for the lowest pressures and to 
0.004O for pressures in the neighborhood of 760 mm. 

SALT LAKE CITY, UTAH 



May, 1930 SURFACG TGNSION FROM PULL ON A KING 1751 

[CONTRIBUTION PROM THE3 KENT CHEMICAL LABORATORY OR THE UNIVBRSITY OF 

CHICAGO] 

A METHOD FOR THE DETERMINATION OF SURFACE AND 
INTERFACIAL TENSION FROM THE MAXIMUM PULL ON A 

RING 

1. Introduction 

Although many thousands of measurements have been made to deter- 
mine the pull necessary to detach a ring from the surface of a liquid, i t  is 
a surprising fact that until three years ago there was no "ring method" for 
the measurement of surface tension. Thus in "International Critical 
Tables," nine experimental methods for surface tension are listed but a 
ring method is not included, since the procedure which had been desig- 
nated by this term did not supply even one single measured value of 
surface tension of these tables. 

The failure of the ring procedure was due to the fact that the theory had 
not been sufficiently developed to permit its use as a method of measure- 
ment, although an incomplete theory had been developed by Cantor,' 
Lohn~tein,~ Lenard,3 Tichanowsky4 and MacD~ugall.~ 

In 1926 Harkins, Young and Cheng,'j on the basis of the well-justified 
assumption that the capillary height method, properly applied, gives 
correct values for the surface tensions of suitable liquids, showed how the 
ring procedure could be used as a moderately accurate method for such 
measurements. In  the present paper the method is given a still higher 
degree of accuracy (about 0.25%). 

In a third paper from this Laboratory, Drs. B, B. Freud and Henrietta 
Zollman Freud convert this into an absolute method, since by the use of 
the fundamental differential equation of Laplace they have been able to 
calculate the shapes of the surfaces upheld by rings. I t  is of considerable 
interest that their theoretical and our experimental procedure agree within 
approximately the limits of accuracy of either, that is, to about 0.25%, 
where the two have been compared. 

Symbols 
7 = surface tension in dynes per centimeter 
a = square root of the capillary constant 

' Cantor, Wied. Ann., 47, 399 (1892). 
Lohnstein, Ann. Physik, 25, 815 (1908). 
Lenard, ibid., 74, 395 (1924). 

* Tichanowsky, Physik. Z., 25, 300 (1924); 26, 523 (1925). 
MacDougall, Science, [N. S.] 62,290 (1925). 

Warkins, Young and Cheng, ibid., 64, 333 (1926). 
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A4 = weight of liquid raised above the free surface of the liquid; M = maximurn 
value of M 

P = total pull on the ring in dynes = Mg; P = Mg 
p = P divided by 4nR; p = P / 4 r R  
R = radius of the ring measured from the center of the ring to the center of the wire 
r = radius of the wire 
V = the volume of liquid raised above the free surface of the liquid, or M / ( D  - d )  

V = maximum volume 
D = density of the liquid 
d = density of air saturated with vapor of the liquid 
S = shape of the surface 
h = the "pressure height" or the vertical distance from the point in the meniscus 

under the center of the ring to a point in the liquid where the pressure is 
equal to  that in the vapor a t  the same level 

In much of the earlier work the entirely false assumption was used 
that the maximum pull (@) per cm. on the ring is equal to the surface 
tension of the liquid-or 

P = Mg = 4nRp = 4nRy  

in which P is the total maximum pull on the ring as determined by the 
balance. 

The results obtained by the use of this entirely incorrect equation vary 
from 30% too high to 30% too low, and even more. The high values are 
commonly obtained for surface, and the low for interfacial, tensions. 

Harkins, Young and Cheng considered that the size of the surfaces 
outside and inside the ring is determined mostly by the size of the ring (R), 
and that its shape is determined by the surface tension and density of the 
liquid, the radius of the ring ( R )  and of the wire (r), and certain other 
variables. In order to determine the form of the functional relation 
they used the principle of similitude, which in this case indicates that the 
shape of each surface supported by the pull of the ring depends entirely, 
when a t  rest, upon a few simple dimensionless variables. These are (1) 
the ratio (K3/V) of the cube of the radius of the ring to the volume of the 
liquid; (2) the ratio (Rjr) of the radius of the circular ring to the radius 
of the circular wire of which it is made, and (3) the ratio (h3/ V) of the cube 
of the "pressure height" to the volume of liquid which the ring supports. 
Thus, the shape S is given by 

S = f (R3/ V,  R/r ,  h3V), or 
S = d R / a ,  R/r, hla) 

The surface tension is a function of the shape, and, therefore, of these same 
variables, and its value is given by the equation 

Since the volume upheld by the ring becomes a maximum at a certain 
definite shape for which the value of h3/V is determined by the values of 
R3/ V and R/r 



May, 1030 SURPACE TGNSION FROM PULL ON A RING 1753 

The values of F may be determined experimentally by determining 
the true surface tensions of various liquids by the capillary height or 
drop weight methods, and comparing with the values of p as shown in the 
above equation. 

A number of values of F were determined experimentally by Harkins, 
Young and Cheng, and it was sliown that if R/r is held constant by regu- 
lating the dimensions of the rings, F varies with R3/V along a smooth 
curve, regardless of the values of R. However, this work was not suffi- 
ciently extensive or precise for general use with accurate data. 

2. Outline of Procedure 
'I'he present work is a thorough investigation of the technique of the 

ring method, and the accurate determination of the correction curves 
which were found in a preliminary way by Harkins, Young and Cheng. 

The general method of procedure was to determine the surface tension 
of water, of benzene and of bromobenzene by the capillary height method, 
and the values of p for these liquids by the use of sixteen different rings, 
with values of R between 0.4 and 1.8 cm., of r between 0.009 and 0.05 cm. 
and of R/r between 13.9 and 78.3. The quantities y/p and R3/ V were 
calculated and plotted against each other, and the curves so obtained for 
the various rings were corrected to even values of R/r. Thus curves 
for R/r equal to 30,40, 50, 60 and 80 were obtained. Interpolated curves 
were also obtained for intermediate values of R/r. 

The liquids water, benzene and bromobenzene were chosen for the stand- 
ardization for the following reasons: first, because their contact angles 
against glass and against platinum also are zero, and their surface tensions 
may, therefore, be accurately determined by the capillary height method; 
and second, because they are easily purified and kept in the pure condition. 
While pure liquids were not required for the purposes of standardization 
as long as the same sample of liquid was used throughout and its true 
surface tension known, it was considered desirable to use pure liquids so 
that the surface tension values may be compared with those obtained by 
others. 

3. Determination of the Surface Tension of Liquids by the Capillary 
Height Method 

The surface tension of each liquid used in this investigation was de- 
termined by capillary height measurements made on very pure liquids. 
The method applied was similar to that of Richards and Coombs, Harkins 
and Brown and Young and Gross. The apparatus was exactly that of the 
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last-named investigators, except that a special stopcock (S, Fig. 1) was 
inserted between the trap (T) and the large tube (I,), to facilitate the dry- 
ing of the capillary. The average radius of the capillary, a 3-cm. section 
of a tube selected by Harkins, and Brown, and Davies, was 0.02557 cm. 
and of the large tube 1.805 cm. The mean diameter of this tube had 
been determined by these investigators, but was recalibrated by us a t  26 

levels by a determination of the capillary height 
with pure water a t  25') a t  which temperature 
its surface tension is 71.97 dynes per cm. 

The observed heights were corrected by add- 
ing l /3  Y 1-0 correct for the volume of the small 
meniscus, and by adding 0.0018 cm. to correct 
for the rise in the larger tube when water was 
used. This latter correction was negligible with 
the other liquids. 

Six values for the surface tension of benzene 
at  25' were obtained as follows: 28.19, 28.24, 
28.23, 28.24, 28.24, 28.23, with a mean value of 
28.22 dynes per cm. The density 25/4' was 
0.8733, and D - d = 0.87187 was used. 

For bromobenzene the values are: 35.75,35.73, 
35.75,35.73,35.75, 35.76, 35.77,35.77, or a mean 
of 35.75, a t  25O. The density was 1.4887 (25/4'), 
and D - d was taken as 1.4875. 

4. Apparatus for the Ring Method 
The rings were made of platinum-iridium wire con- 

F ~ ~ .  l.-~apillary height taining 10% iridium to give the wire stiffness, with the ex- 

apparatus. ception of rings 15 and 16. These contained no iridium, 
and proved to be unsatisfactory for practical purposes. 

It was found necessary to use wire of this alloy, as platinum wire bends too easily and 
rings made of it soon lose their shape through handling. The rings were constructed by 
bending the wire around a brass rod turned down to the exact inner diameter desired, 
and welding the ends of the wire together with a spot welder. This has t o  be done with 
extreme care or the wire will be flattened a t  the spot of the weld. The stirrups were 
then welded on to the top or side of the ring, and all protuberances and unevenness 
removed with a fine file and emery paper. In four of the rings, made with fine wire, 
silver solder was used instead of welding. The loop a t  the top of the stirrup was made in 
the form of an ellipse with the least possible radius of curvature a t  the uppermost part, 
so that the ring would always hang in the same position. All the rings with radii greater 
than 0.8 cm. were made with two stirrups whose planes were a t  right angles to each other. 

It was found that the DuNoiiy tensiometer is too inaccurate for measurements of 
the high precision desired in the present investigation. Therefore, a chainomatic bal- 
ance, sensitive to 0.05 mg., was adapted for the work. The left pan was removed and a 
hole three-eighths of an inch in diameter was bored in the base of the balance &rectly 
under it, through which an aluminum rod connected the ring with the beam of the 
balance. The righ-hand pan was replaced by a very light aluminum pan, in order that 
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the momentum of the beam and pan might be reduced to a minimum. The pan rest 
was disconnected, as it was found t o  be troublesome in making measurements. 

In  order to  prevent ripples in the surface of the liquid, which might have been 
formed by lowering the level of the liquid or the containing vessel, a machine was de- 
vised to lower and raise the balance with great ease and smoothness. While such a 
machine is not essential to  measurements by the ring method, i t  was deemed adviqable 
to  use it  in this work in order to  re- 
move the source of error mentioned 
above. The machine is represented 
diagrammatically in Fig. 2. It consists 
essentially of four heavy upright steel 
rods, which are screwed into a heavy 
cast-iron base provided with leveling ti 

screws. Fitted onto these rods are two 
heavy bronze castings. The lower one 
is fastened to the rods, and supports the 
set of gears which raise and lower the 
upper movable casting. To  the upper 
casting are attached the balance plat- 
form and its counterweight. Frictional 
effects were reduced to a minimum by 
a delicate counterbalancing of weights 
throughout. For example, the balance tension by the ring method. 
is counterbalanced by the movable 
weight W'. These and the casting which supports them are. in turn, counterbalanced 
by the weight W. This is connected to the upper casting by a steel piano wire which 

runs over a stationary pulley. The smoothness of operation 
was also increased by reducing the bearing ~urface of the mov- 
able caqting to a minimum The balance platform is provided 
with two large oval-shaped openings, through which the rod 
connecting the ring with the balance beam passes. 

The flask uqed in the measurements is illustrated in Fig. 3. 
The principle involved in the design is to provide a means of 
overflowing the surface to prevent surface contamination. The 
flask was constructed by sealing a cup (C) 7.5 cm. in diameter 
and 2 cm high near the bottom of a two-liter flask, and by re- 
placing the neck with a longer and wider one The liquid is 
introduced in the side-arm (A) and the excess withdrawti 
through (B). 

5.  Measurement of Rings 
Since the correction factor (y/p or F) is a function 

of the variable K/r ,  it is necessary to have very ac- 
Fig. 3.-F1ask for the curate measurements of the radii of the wires of which 

ring method. the rings are made, as well as of the radii of the rings. 
The diameters of the rings were measured by a screw micrometer carrying a micro- 

scope with a magnification of ten diameters. One division on the screw head corre- 
sponds to 0.0005 cm. The instrument had been originally calibrated by Dr. E. H. C.  
Davies, by comparison with a standardized invar scale by a series of 5000 measurements, 
and later checked by Mr. Frank Frese. I11 order to  make precise measurements i t  is 
necessary to  illuminate the ring from below, and the method was as follows, A reading 
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glass about two and one-half inches in diameter was mounted in a hole in the top of a 
box, and within the box a t  the principal focus of the lens was placed a 100-watt lamp 
painted black with the exception of a spot about a centimeter in diameter. This pro- 
vided for practical purposes a point source, with parallel light coming through the lens. 
Above the lens and about two inches away from i t  was placed the leveling table con- 
taining the ring. This was constructed as is shown in Fig. 4. It may be leveled with 
leveling screws, or, with the leveling screws removed, may be attached to  a microscope 
by removing the microscope platform. I n  the top of the cylinder in the table was 
mounted a transparent celluloid disk (D), roughened with emery paper. The disk 
had two slits cut in it  a t  right angles to each other (S) through which the stirrups were 

passed, and on i t  were scratched a series of con- 
centric circles (C) to aid in centering the ring. 
Measurements on the rings were made across 
twelve evenly spaced diameters from the outer 
edge of the ring on one side to the inner edge on 
the other. Readings were taken a t  the point 
where the cross-hair, which had been previously 
made perpendicular to  the direction of travel, 
became tangent to the edge of the ring. 

The measurements of the radii of the wires 
Fig. 4.-,4pparatus for measurement were made with a microscope, with a magnifica- 

of diameter of rings. tion of ten diameters and provided with a microm- 
eter eyepiece. This was calibrated by com- 

parison with an  invar scale standardized by the Bureau of Standards. One division 
on the micrometer screw head corresponds to 0.0001 cm. a t  this magnification. I n  
these measurements the leveling table wasattached to  the microscope in place of the 
microscope platform by means of a special adapter, and the illumination from below 
was used as in the previous measurements. I n  place of the celluloid disk a piece of bond 
paper was stretched over the top of the cylinder. I n  order to  make the ring appear very 
black and the edges sharp, a narrow strip of thin cardboard with a slit very slightly wider 
than the diameter of the wire was slipped under the wire to cut down the extra light. 
This method gives excellent illumination, and precise measurements of the wire can be 
made in this manner. Measurements a t  twelve different, evenly spaced points on the 
ring were made and the average of these was used. The values for the radii of the rings 
and the radii of the wires are given in Table I. 

TABLE I 
RADII OP RLNGS 

Np. of NO. of 
n n g  R r R/r rlng R Y R/r 

1 0.4143 0.01070 38.72 9 0.4678 0.01607 29.11 
2 .6065 .00903 67.17 10" 0.6366 .01570 40.55 
3 .5103 ,00973 52.45 11 1.5245 ,02946 51.75 
4 .8078 ,01877 43.04 12 1.8277 .02986 61.21 
5 1.0142 .02001 50.69 13 1.1806 ,04009 29.45 
6 1.2185 ,02008 60.68 14 0.7759 .02578 30.80 
7 1.2144 ,02913 41.69 15 0.9421 .01585 59.44 
8 0.6767 ,04875 13.88 16 1.2603 .01610 78.28 
" Ring number 10 was the ring furnished with a DuNoiiy Tensiometer. 

6. Measurement of Surface Tension by the Ring Method 
The difficulties involved in making precise measurements by the ring 
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method are far more numerous than most investigators have assumed. 
Any rigorous theory of the ring method would require: (1) that  the 
wire of the ring lie in one plane; (2) tha.t the plane of the ring be hori- 
zontal; (3) that the vessel containing the liquid under investigation 
be large enough so that any curvature of the free surface of the liquid would 
not be great enough to affect the shape of the liquid raised by the ring; 
(4) that the surface of the liquid be free from wave motion; (5) that  there 
be no motion of the ring except an infinitesimally slow upward motion; (6) 
that there be no evaporation and consequent cooling of the surface; and 
(7) that the ring be round. These are requirements that are inherent in 
the proper technique of the ring method, and must be approximated as 
nearly as possible. Of these sources of error, the last is probably the least 
important. 

The most important source of error arises from the ring not being hori- 
zontal. This was investigated 
in a quantitative way by meas- 2.0 
uring the pull on the ring when 
tipped by various amounts. 

$ 1.2 1.5 The stirrup was bent so that $ 
the plane of the ring was not .3h i 

horizontal, and the difference I$ 0.8 
1.0 8 

W 
in height between the two sides 1 

was measured with a cathetom- 0.4 0.5 

eter. From this the angle 
made between the plane of the 1.0 2.0 3.0 4.0 5.0 
ring and the horizontal was a2. 
calculated. Ring Number 12 Fig. 5.-Error due to tipping of ring. 
was used, and the data, which 
are given in the table below, are illustrated in Pig. 5. 

TABLE I1 
DATA WITH RING 12 

Angle, a a 2  P AP Error, % 
0.00 0.00 84.05 0.00 0.00 
1.10 1.21 83.61 0.44 0.52 
1.62 2.62 83.20 0.85 1.01 
2.10 4.42 82.73 1.32 1.57 

It is seen from the graph of the above data that for small angles such 
as are liable to be encountered in practice, the error introduced is propor- 
tional to the square of the angle. Ap is, therefore, expressed by the equa- 
tion 

- A p  = k a z  

In the present case the equation holds for angles not greater than 1.5 
degrees, and k has the value 0.36. From the graph i t  may be seen that 
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for the error due to this source to be less than O.lyo the angle of tip must 
be less than 0.47 degree, and for an angle of 1 degree the error introduced 
is 0.43%. 

The effect of the curvature of the meniscus and the size of the vessel 
was studied by making measurements of water contained in crystallizing 
dishes of various sizes. The crystallizing dish was placed on a glass 
desiccator triangle in a 2-liter beaker, and overflowed from the top, thus 
insuring uniformly clean surfaces. To prevent evaporation the top of 
the beaker was covered with a plate of glass in which a hole was bored. 
Measurements could not be made when the diameter of the dish was less 
than 7 cm., as the curvature of the meniscus was so great as to cause the 
ring to cling to the side of the dish. Ring Number 12 was used. The data 
are given in Table 111. 

TABLE 111 
OBSERVATIONS ON MENISCUS CURVATURE 

Diam. of dish, cm. 7 8 9 10 12 

P 83.96 84 03 84.08 84 05 84 06 

While this effect is not great for dishes more than 7 cm. in diameter in the 
measurement of surface tension, it becomes of much greater importance 
in the measurement of interfacial tension. 

The error caused by not having the wire all in the same plane cannot be 
measured quantitatively with any accuracy, but i t  was observed that this 
was an important source of error. This results in a consistently lower 
pull on the ring, and is one of the troublesome factors in measurements 
with the larger rings made of fine wire. In straightening the wire a small 
brass plate was used in which a groove was cut. The ring was set on the 
plate with the portion of the ring to be straightened across the groove, 
and then tapped gently with a small brass rod rounded a t  the end. While 
this method is not entirely satisfactory, it was the best of a number that 
were tried. 

7. Method of Measurement of Surface Tension 
The method of measurement was as follows. The flask was cleaned with hot clean- 

ing solution (10 cc. of saturated potassium dichromate solution and 990 cc. of concd. 
sulfuric acid) and the solution was allowed t o  stand in the flask for fifteen minutes. 
The flask was then rinsed thoroughly with conductivity water. I n  the case of measure- 
ments on liquids o t h e ~  than water i t  was also dried by circulation of air, previously 
dried over sulfuric acid, and by gentle heating on the outside with a steam jet. The 
flask was then filled with the liquid (already a t  the temperature of the thermostat) 
t o  be measured and allowed to stand in the thermostat for three-quarters of an hour 
before measurements were made. 

The ring was leveled as follows. It was suspended over a small gold plated brass 
table, fitted with leveling screws and polished to a mirror finish on top. The table was 
made level by a small right angle level, and the ring was lowered t o  within a half milli- 
meter of the top of the table. By sighting between the top of the table and the ring in 
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two mutually perpendicular directions, and by looking a t  the ring and its mirror image 
a t  the same time, considerably less then 30' of tilt could be determined. The stirrup 
of the ring was bent until the plane of the ring appeared to be perfectly horizontal. 
It was then cleaned by heating to red heat in a flame. In the case of three or four of the 
rings in which the stirrups were silver soldered to the ring, the ring was cleaned by  
dipping into warm cleaning solution, rinsing thoroughly in conductivity water, and dry- 
ing a t  some distance above a gas flame: 

The flask was then put in position under the balance so that the plane of the inner 
cup was as nearly horizontal as possible. The ring was then connected with the fine 
aluminum rod from the left-hand stilrup of the balance beam by a jointed aluminum 
rod composed of links about two inches in length. On its end was a hook, the inner 
circumference of which was beveled to a knife edge to allow free motion of the stirrup 
loop over it. An inverted Erlenmeyer flask with a hole about I cm. in diameter blown 
in the bottom was placed in the top of the measuring flask to prevent evaporation. 

The weight of the ring suspended in air was determined and taken as  the zero weight. 
The cup in the flask was overflowed with plenty of liquid to insure a clean surface, and 
enough liquid withdrawn through the side-arm (A) (Fig. 3) to  cause the liquid in the 
cup to become level instead of concave upward. With large rings the iuitial surface was 
made slightly convex upward, to  such an extent that the outer part of the surface becomes 
plane when the ring is lifted to  the height of detachment. The balance was lowered until 
the ring met the liquid, and then slowly raised while weights were added t o  determine the 
approximate maximum pull. I n  this procedure the addition of weights t o  the pan was 
made with the beam rest supporting the beam as in ordinary weighing, and during the 
addition of weight by the chain the rest was lowered only enough t o  allow the pointer 
to  swing three divisions in either direction The final addition of weight and the raising 
of the balance were so regulated as to  keep the pointer always a t  the scale zero. I n  
check determinations the beam of the balance was raised and lowered again when the  
pull was about 10 mg. less than the maximum to insure its proper position, and the ad- 
ditional weight was added very slowly. When the maximum weight is reached, the  
balance pointer suddenly swings t o  the left and the liquid may or may not become de- 
tached from the ring, but any attempt to  raise the balance---to bring the pointer back 
to zero--causes detachment of the liquid. The maximum weight was taken as  the 
weight required t o  make the pointer suddenly move to the left, and which cannot be 
compensated by raising the balance without detachment of the liquid from the ring. 

8. Experimental Results 

The experimental results obtained by the ring method for water, ben- 
zene and bromobenzene are given in Tables IV, V and VI. 

Ring 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
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Ring 
no. 

9 
10 
11 
12 
13 
14 
15 
16 

Ring 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Ring 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

(Concluded) 

v 
0.4140 

,5975 
1.6108 
1.9320 
1.2907 
0.7774 

,9217 
1 .2488 
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In the treatment of the results above the first problem was to find the 
variation of y/p with R/r when R3/V is kept constant a t  various values, 
so that the values of y/p found experimentally could be converted into 
those of the closest even value of R/r. While the values could have been 

read from the y/p - R3JV plots of the values above, i t  was found that 
in the case of the smaller rings the curvature of the plot was so great that 
this could not be done accurately. Other functions were then resorted to  

Ring 
no. 

1 
2 
3 
4 
5 
6 
7 
9 

10 
11 
12 
13 
14 
15 
16 

TABLE VII 
EXPERIMENTAL VALUES 

Water Bromobenzene 
R*/V Y / P  R3/V Y / P  

0 2055 1 1116 0 5334 0 9569 
.4079 1.0222 1.1290 9356 
.2973 1.0556 0 8030 9459 
.6673 0 9408 1 8423 ,8600 

1.0305 ,9268 2 8635 ,8557 
1 4771 ,9208 4 1181 8532 
1.4055 .8785 3 8474 ,7967 
02474 1.0496 0.6461 ,9122 

,4318 0.9859 1 1753 8920 
2.1996 .8725 6.0380 ,7953 
3.1601 .8744 8.6909 7989 
1 ,2749 8504 3 4096 7570 
0.6009 ,9216 1 6275 8288 

,9072 ,9481 2 5517 ,8869 
1.6030 .9368 4 523 .8773 

Benzene 
RJ/  V r/P 

0 4096 0 9932 
856 1 .9555 
,6099 ,9680 

14000 .8810 
2 1765 ,8764 
3.1320 .8742 
2 9437 .8217 
0.4949 .9412 

,8946 .9145 
4 6122 .8185 
6 6312 .8211 
2.6256 ,7848 
1 2452 .8541 
1 9352 .9058 
3 4332 .8989 
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in order to reduce this inaccuracy. The values for rings with R3/V between 
0 and 1.0 were determined by plotting V / R 3  against r/p, and the values 
for rings with R3/V values above 1-0 were determined by plotting log R3/V 
against log r/p. In this way the curvature of the graphs was decreased to  
a minimum, and the accuracy greatly increased. When the resulting 
values of y/p are plotted against R/r, the series of curves shown in Fig. 6 
is obtained. The values of r / p  were then corrected to those of the closest 
value of R/r. These values are 30, 40, 50, 60 and 80. The corrected 
experimental values are given in Table VII. 

1.1 

1.0 

," 
t- 0.9 

0.8 

0.7 
1.0 2.0 3.0 4.0 

R3/ V. 
Fig. 7.-Correction curves for ring method. 

The curves obtained by plotting the values above are shown in Fig. 7. 
Those obtained by plotting the values logarithmically are shown in Fig. 8. 
It is seen that the curvature is greatly reduced by plotting the values 
in the latter way. By use of the y/p - R/r graphs, curves were also ob- 
tained for intermediate values of R/r, from which were read the values that 
compose the table mentioned in the following section. 

9. Ring Method Correction (I?) for the Shapes of the Surfaces 

In  order to avoid the necessity of plotting the corrected experimental 
values for use in actual work, a table was constructed for a number of 
intermediate values of R/r as well as the even values. The values of -y/p 
given in the tables for R/r (except for too low values of R3/V) equal to 30, 
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40, 50, 60 and 80 are considered accurate to 0.3% with a probable error 
of less than 0.20jo, while those for the intermediate values of R/r are con- 

Log R3/K 
Fig. 8.-Correction curves for ring method. 

sidered accurate to 0.4y0 with a probable error of less than 0.3%. The 
values are given in Table VIII.  

10. Weights of the Residual Drops on the Rings 

There has been a discussion concerning the importance of the drops of 
liquid which adhere to the ring after it has been pulled out of the liquid. 
Klopsteg7 suggested that the zero weight should be taken a t  the weight 
of the ring plus the weight of the drops of liquid which adhere to it, while 
MacDougal18 considers that such a correction is not justified. As a 
result manufacturers have printed instructions that in the use of their 
apparatus the intial reading be taken at the weight of the ring in air plus 
the weight of the adhering drops, and suggest that additional accuracy is 
acquired. Since, as may be seen from the experimental data presented 
in this paper, most of the values for surface tension (p) obtained by the 

7 Klopsteg, Science, 60, 319 (1924). 
8 MacDougall, ihid., [N. S.] 62, 290 (1925). 
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TABLE VIIIE 
CORRECTIOX FACTORS (F) FOR TIIE KING METHOD 
32 34 36 38 40 42 44 46 48 

0.844 0,853 0.861 0.868 0.8744 0.881 0.886 0.891 0.895 
,841 ,850 .858 ,866 ,8722 .878 ,883 ,888 ,893 
.839 ,848 -856 ,863 ,8700 ,876 .881 ,886 .891 
. a 6  ,845 .853 ,861 ,8678 ,874 .879 ,884 .889 
,834 .843 ,851 ,859 ,8658 ,872 ,877 ,882 ,886 
.831 ,840 .849 ,857 .8638 ,870 .875 ,880 .884 
.829 ,838 ,847 ,855 ,8618 ,868 ,873 ,878 .882 
-827 .836 .845 ,853 ,8596 ,866 ,871 ,876 .881 
,824 ,834 .943 ,851 ,8578 ,864 .8G9 ,874 ,879 
,822 ,832 ,841 .849 ,8559 .862 ,867 ,872 .877 
,820 .830 ,839 ,847 ,8539 ,860 ,865 ,870 ,875 
,816 ,826 .835 ,843 ,8502 .856 ,862 ,867 .872 
,812 .822 ,831 ,839 ,8464 ,853 ,858 ,864 ,869 
,808 .818 .828 ,835 ,8428 ,849 ,855 .861 ,866 
,804 ,814 .824 ,832 ,8393 .846 .852 .857 ,863 
,800 ,811 ,820 ,828 .8360 .843 ,849 ,854 .860 
,797 ,807 ,817 ,825 .8325 ,840 ,846 ,851 ,857 
.793 .803 ,813 ,822 .8291 .836 .843 ,848 .854 
,790 ,800 ,810 ,818 ,8260 ,834 ,840 .846 .852 
,786 ,796 .806 ,815 ,8230 ,831 .837 ,843 .849 
.783 ,793 ,803 ,812 ,8200 ,828 ,834 .841 ,846 
,779 ,790 ,800 ,809 .8170 ,825 ,832 .838 ,844 
,776 ,787 ,797 ,806 ,8140 ,822 ,829 ,835 ,842 
,772 ,783 ,793 ,803 ,8113 .820 ,827 ,833 .840 
,769 .780 .790 ,800 ,8083 ,817 ,824 ,831 ,837 
,766 .777 .788 .798 ,8057 ,814 ,822 ,829 ,835 

52 54 56 58 60 65 70 75 80 

0.904 0.908 0.912 0.916 0.9190 . . .  . . .  . . . . . . 
,901 .906 .910 ,914 ,9171 . . . . . .  . . .  0.9382 
.899 .904 .908 .912 ,9152 0.922 0.928 0.933 .9365 
,897 ,902 ,906 ,910 .9133 ,921 ,927 ,931 .9354 
,895 .900 .904 ,909 .9116 ,919 ,925 ,930 .9341 
,893 ,898 ,902 .907 .9097 ,918 ,924 .929 .9328 
,891 .896 ,900 .905 .go80 .916 .922 ,927 .9317 
,889 ,895 ,899 ,903 .SO66 ,915 ,921 ,926 .9305 
,888 ,893 ,897 ,902 .9047 ,913 ,919 ,925 .9291 
,886 ,891 ,895 ,900 ,9034 ,912 ,918 ,923 9281 
,884 ,890 .893 ,899 ,9016 ,910 ,917 ,922 ,9270 
,881 ,886 ,890 ,895 ,8991 ,908 ,914 .920 ,9247 
,879 ,883 ,887 ,892 ,8962 ,905 .911 .917 .9226 
,876 ,880 ,884 ,890 ,8935 ,903 ,909 ,915 ,9206 
,873 ,878 ,882 ,887 ,8910 ,900 .907 ,913 ,9185 
,870 .875 ,879 ,884 ,8884 ,898 .904 .910 .9166 
.868 ,872 ,877 ,882 ,8859 ,895 ,902 ,908 .9145 
,865 ,870 ,874 ,880 .8837 ,893 ,900 ,906 .9126 
,862 ,867 ,872 .877 .8813 .891 ,898 .904 ,9107 
,860 .865 .870 ,875 .8790 .889 .896 .902 ,9089 
.858 ,863 ,868 .873 .8770 .887 .894 .900 ,9068 
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TABLE VIIIE (Concluded) 
RJ/V 50 52 54 56 58 60 65 70 75 80 

3.10 0.8494 0.855 0.860 0.866 0.871 0.8750 0.885 0.892 0.899 0.9049 
3.20 .8472 ,853 .858 ,864 ,869 ,8730 ,883 ,890 .897 .go30 
3.30 .8449 ,851 .856 .862 .866 ,8710 .881 ,888 .895 .go12 
3.40 .8424 .849 ,854 .860 .864 ,8688 ,879 .886 .893 .8993 
3.50 ,8404 .847 ,852 .858 ' .862 ,8668 .877 .884 .892 .8974 

pseudo-ring method are too high, the values seem to be improved, but this 
is done only by introducing a second error. The theory indicates that 
the zero point should be taken at the weight of the dry ring in air. The 
weight of liquid which adheres to one of our rings is constant if the air is 
saturated with vapor, and values of the weights of liquid which adhere to 
some of the rings are given in Table IX. 

TABLE IX 
WEIGHT OF RESIDUAL DROPS 

Ring Ring 
no. Water Benzene no. Water Benzene 

2 0.0013 ...... 8 . . . .  0.0033 
3 .0015 ...... 9 0.0018 .0009 
5 .0033 ...... 10 .0167 .0019 
6 .0044 ...... 11 . . . .  .0044 
7 .0081 ...... 14 .0155 ,0029 

11. The Variation of the Pull on the Ring with the Height of the Ring 
above the Free Liquid Surface 

Dorsey
g 

has recently suggested that many workers, particularly those 
using the DuNoiiy tensiometer, might be measuring the pull of a film of 
liquid upon the ring rather than the maximum pull of the liquid. It was 
therefore considered important to study the variation of the pull on the 
ring with the distance it is raised above the free surface of the liquid. The 
values, which are shown graphically in Fig. 9, are given in Table X. Ring 
10 was used. 

TABLE X 
Rasu~rs 

Pull in Height in Pull in Height in 
grams cm. grams cm. 

0.3064 0.062 0.5894 0.290 
.4064 .I20 .5909 .300 
.4564 .I51 Maximum = 0.5912 ... 
.5064 .I86 0.5898 to 0.5899 .305 
,5264 .203 .5836 to .5895 .319 
,5464 .223 .5823 to .5875 .324 
.5664 .248 .5730 to .5839 .338 
.5764 .262 .5616 to .5712 .352 
.5864 .279 ,5425 to .5606 .365 
.5884 .287 .5066 to . . .  .380, height a t  detachment 

$ Dorsey, Science, 69, 187 (1929). 
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It is evident that as the ring is pulled out of the liquid the pull on i t  
increases to a maximum and then decreases. 

It is a t  once evident that there is no danger of measuring any other 
than the maximum pull with the balance with the technique used, since 
great difficulty was experienced in measuring points beyond the maximum. 
After the maximum pull had been reached, the balance pointer swung 
to the left and could be made to return only by decreasing the weight 
by fifteen or twenty milligrams, when it would swing quickly t o  the 
right and remain there. During this time its motion was restricted by 
the beam rest to one division in either direction from the scale zero. In  

P in grams. 

Fig. 9.-Variation of pressure with height of ring. 

order to make any measurements of even low precision beyond the maxi- 
mum i t  was necessary to attach a stop which would allow the pointer 
to swing from zero to a point one-half scale di.v.ision away in one direc- 
tion a t  a time. The weight that would just suffice to make the pointer 
leave zero in one direction and then the weight to make i t  leave in the 
other direction were determined. In this way the limits of the pull on 
the ring were determined for the heights above the height of maximum 
pull. 

It was noticed, particularly in the case of the smaller rings, that  the 
liquid column had a tendency to adhere to the ring and be pulled out into 
a film after the pointer had swung to the left, signifying that the maxi- 
mum pull had been reached. If, however, the beam rest is further re- 
leased from under the balance beam the liquid breaks. Until the maximum 
pull is reached the edge of the liquid meniscus appears to be attached to  
the ring. 
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12. Preliminary Application of the Ring Method to Interfacial Tension 
Measurements of the interfacial tension between water and benzene 

were also made in order to see whether the ring method is a practical one 
for such measurements. 

The general method of measurement was the same as for surface tension 
with only slight modifications. The measurements were carried out in a 
2-liter Erlenmeyer flask provided with a special long neck. The ring 
was connected with the aluminum rod running up to the balance beam by 
means of a length of platinum wire 0.1 mm. in diameter. This was quite 
fine, in order to reduce the effect of surface forces and the effect of buoy- 
ancy. The layer of benzene was several centimeters deep, so that the 
ring and its stirrups were completely immersed throughout the measure- 
ments. The initial weight was the weight of the ring completely im- 
mersed in benzene. The results obtained with Rings 7 and 5 are given 
in Table XI. The interfacial tension is calculated by use of the correction 
factors (F). 

TABLE XI 
RESULTS 

King $1 P 1' R3/V Y/P Y 

7 0 5345 34.33 4 335 0.4132 0 995 34.16 
5 ,4190 32 23 3 398 ,3070 1.051 33.91 

t, 25"; (D - d) = 0.1233; y by the drop weight-volume method, 34.71. 

On account of the steepness of the correction curves in this region, 
better results could probably be obtained with larger rings (of as small or 
smaller wire). 

In  the ring method the angle of contact between the interface and the 
ring must be zero, a condition which is more difficult to meet, in general, 
with interfacial than with surface tension. 

There are probably a number of additional factors to be considered in 
the measurement of interfacial tension by the ring method, but the devia- 
tions from the standard value are not greater than is to be expected from 
the first preliminary determinations. 

Measurements were also made with smaller rings and the values of ~ / p  

Ring 

1 
2 
3 
4 
9 

10 

y, 34.71; (D 
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were calculated by assuming that the interfacial tension measured had the 
standard value. The purpose of this was to show the magnitude of the 
error that may be introduced by neglect of the correction factors. The 
data are given in Table XII .  

It is seen that as high as 45% error may be incurred by this neglect in 
the measurement by the use of a moderately small ring, since R3/V is 
very small, and the curvature in this region of the curve is very great. 
The neglect of the correction with the ring furnished with the Cenco 'fen- 
siometer gives results which are 20% too low, which accounts for the 
extremely inaccurate results which have been obtained in the measurement 
of interfacial tension by the "ring method." 

Summary 
1. Until three years ago there was no ring method for the measurement 

of surface tension, since, in general, all that was determined was the pull 
on a ring, and this pull was incorrectly assumed to be equal to  the surface 
tension multiplied by twice the mean circumference of the ring. Even in 
cases in which attempts were made to use the incomplete theory of the ring 
method, it was found that rings of the dimensions required by the theory 
were incapable of use. Three years ago Harkins, Young and Cheng 
applied the principle of similitude to this problem, and determined the 
values of the function F in the correct equation 

In  this paper a larger number of values of F, determined to a higher 
degree of accuracy, are given. These were obtained by determining the 
values of the maximum pull (P = Mg) for sixteen rings with radii from 0.4 
to 0.8 cm. made from wire with radii between 0.009 and 0.05 cm. and with 
values of R/r between 13.9 and 78.3. 

2. The values of the maximum pull were determined for three liquids: 
water, benzene and bromobenzene. Accurate determinations of the sur- 
face tension by the capillary height method gave for the liquids used 28.23 
dynes per cm. for benzene arid 35.75 for bromobenzene a t  2 5 O .  

3 .  Various sources of error in the experimental methods were investi- 
gated. (a) The error introduced when the plane of the ring is not hori- 
zontal is proportional to the square of the angle of tip when the angle is 
small. An angle of 0.4 degree causes an error of 0.170 and 1.0 degree of 
0.45y0. (b) The diameter of the vessel which confines the surface of the 
liquid should be not less than 8 cm. (c) An error is introduced if the 
ring does not lie in a plane. 

4. An apparatus for the accurate determination of surface tension by 
the ring method is described. This consists of a chainomatic balance, 
supported by a machine which raises or lowers it with a minimum amount 
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of vibration, and a special flask, designed to give a clean liquid surface, 
buried under the water of a thermostat. 

5. It was found that the accuracy of measurement of the dimensions of 
the rings depends greatly upon the method of illumination employed, 
and apparatus for these measurements was developed. 

6. It was shown that a t  a certain height above the surface of the 
liquid the pull on the ring reaches a maximum. This maximum pull is 
what was determined in the measurements reported. 

7. A necessary condition of the ring method is that the angle of contact 
between the ring and the liquid be zero. 

8. Preliminary measurements indicate that the ring method may be 
used for the determination of interfacial tension. 

CHICAGO, ILLINOIS 

[CONTRIBUTION RROM THE KENT CHEMICAL LABORATORY OF THE UNIVERSITY OF 

CHICAGO AND PROM ARMOUR INSTITUTE OB TECHNOLOGY] 

A THEORY OF THE RING METHOD FOR THE DETERMINATION 
OF SURFACE TENSION 

The most convenient method for the determination of surface tension 
is perhaps what is known as the ring method. It has been used exten- 
sively, for example, by DuNoiiyl in the case of numerous biological liquids. 
It is convenient because the experimental procedure necessary to obtain 
a fair degree of accuracy can be made very simple, although of course i t  
becomes much more complicated when a higher degree of accuracy is 
sought. The essentials of the procedure are a ring, capable of being 
wetted by the liquid whose surface tension is to be measured, suspended 
horizontally in the flat surface of that liquid, and some device to measure 
the force necessary to separate ring and liquid. That the applied force 
may be changed gradually, a torsion balance is often used but a beam 
balance of the chainomatic type is also satisfactory. From this measured 
force, expressed as a weight, a quantity which many assume to be the 
value of the surface tension is often obtained from the relationship 

W = 47rRy (1) 

where R is the radius of the ring, 7 the surface tension and W the maxi- 
mum weight of liquid held up or the pull on the ring a t  the instant of 
rupture. Modifications have been introduced into this equation, such as 
the substitution of (R, + R2)/2 for r, where R1 and Rz are the inner and 
outer radii of the ring. But the validity of this relationship is not a t  all 
obvious. An experimental study of i t  by Harkins, Young and ChengZ and 

DuNoiiy, J.  Gen. Physiol., 1, 521 (1918-1919), etc. 
Harkins, Young and Cheng, Science, 64, 93 (1926). 
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a later one by Harkins and Jordan3 indicate that it is in error in some cases 
by as much as 30yo in either direction, plus or minus. The experiments 
of Harkins and his collaborators are expressed in the form of a series of 
empirical curves which involve the value of the surface tension as de- 
termined by a so-called absolute procedure and which must be used to 
correct the value given by the above relationship. It should be noted 
in this connection that a precisely analogous correction for the drop weight 
procedure for measuring surface tension was proposed by Harkins and 
Browa4 The purpose of this paper is to establish a theoretical basis 
for these empirical correction curves to the ring procedure, so that the 
values of surface tension as thus obtained may be accepted with that 
additional confidence which is given to a procedure based on a solid theoret- 
ical foundation. A similar study of the theoretical basis for the correc- 
tions to be used with the drop weight procedure made by Freud and Har- 
kins5 should be consulted for certain details of the mathematical analysis. 
These two studies are interrelated. 

The ring method, and for that matter many other methods for the 
determination of surface tension, depends upon the equilibrium f m s  
assumed by liquid surfaces under the combined action of their own surface 
tension and some external forces, of which gravity usually is the dominant 
one. The capillary rise method is usually considered an absolute proce- 
dure largely because it is affected by the shape of the liquid surface less 
than any of the others. In this procedure it enters only as a correction in 
estimating the volume of liquid in the meniscus. The shapes taken by 
liquid surfaces play a much more significant role in the bubble pressure, 
sessile drop, hanging drop and drop weight procedures, none of which ac- 
cordingly have been regarded as fundamental. As was indicated in our 
study of the shapes of hanging and of detaching drops, the drop weight 
procedure alone of those just mentioned involves the properties of a 
dynamic system, the others being stable even though some of them are at  
the very limit of stability. I t  is only in drop weight procedure that the 
theory is not complete; in this case the weight of the detached drop 
involves changes in the shape of the drop during the process of detach- 
ment, which, of course, cannot be explained by any theory of static liquid 
surfaces. A dynamic theory has been proposed by us5 but it proved much 
too complicated to be applied. The ring procedure, as this paper shows, is 
another that may be adequately based on sound theory. There is no funda- 
mental reason why it too should not be regarded as an absolute method. 

A fundamental equation for the shapes of liquid surfaces, credited to 
Laplace, is 

Harkins and Jordan, THIS JOURNAL, 52, 1751 (1930). 
* Harkins and Brown, ibid., 38, 246-252 (1916). 
6 Freud and Harkins, J. Phys. Chem., 33, 1217-1234 (1929). 
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where P is the pressure and R1 and R2 are the two principal radii of curva- 
ture a t  any point in the surface. For 1/R1 and 1/R2 may be substituted 
their equivalents, du/dx and u/x, in the special case of liquid surfaces of 
revolution. Here x is the horizontal distance of the point from the axis of 
symmetry, and u is the sine of the angle which the tangent to the surface 
a t  the point makes with the x-axis. The latter is, in the notation of this 
paper, coincident with the level of the undisturbed surface of the liquid. 
For P may be substituted *ygd, the sign depending upon the particular 
surface involved. P is really a composite of several factors such as 
barometric pressure, gas pressure, head of liquid above the point and 
possibly others. All, however, may be included in the term ygd if the x- 
axis is taken at what may be termed the "ideal level" of the surface, and y 
is the vertical distance of the point from this level. The question of the 
proper sign for these terms is important. I t  has been found convenient, 
in this paper, to hold the convention that R1 and R2 are positive when the 
osculatory circle is on the liquid side of the surface, and negative when on 
the gaseous side. This usually can be determined by inspection. du/dx 
and u/x are numerically equal to 1/R1 and 1/Rz but are like them in 
signs only when the original choice of u or v, the cosine of the angle of which 
u is the sine, is such as to make them so. The signs of du/dx and u/x can 
also be told by inspection. If they do not agree with those of l/R1 and 
l/Rz, this fact must be formulated by preceding du/dx and u /x ,  in the 
equation, with negative signs. The sign of the ygd term also can be told 
by inspection. It depends upon whether the "ideal level" is above or be- 
low the point in question. If the effect of the weight of the column of 
liquid is a push on the surface from the liquid side, the absolute value of 
the weight is positive; if it is a pull, the absolute value is to be given 
the negative sign. For the quantity gd/y may be substituted its equal 
by definition, 2/a2, where a2 is the capillary constant of the liquid; and 
a 2 may be eliminated by the device of changing the variables from x and 
y to ax and np, thus eliminating all characteristics of any particular liquid. 
The equation in this form becomes 

This equation describes the surfaces of a very diverse set of phenomena: 
pendent drops, drops of fluid in a medium of greater density on a tip 
pointing upward, menisci, both convex and concave, the surface of a liquid 
surrounding a vertical rod whether or not the rod is wetted, the liquid 
surface raised by a disk, bubbles of a fluid in a heavier medium on a tip 
pointing downward, and sessile drops-in fact all liquid surfaces of revo- 
lution. The fact that this equation applies only to surfaces of revolution 
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excludes its application to 
such forms, for example as 
are produced when a wetted 
rectangular plate is raised 
from the surface of a liquid. 

The ring method involves 
two of these shapes, the 
meniscus and the surface 
raised by a disk. Shapes 
of menisci are not too diffi- 
cult to obtain. They are 
determined by mechanical 
integration of the equation 
exactly as described in our 
previous study of hanging 
drops, with the difference 
that if u is considered posi- 
tive, increasing from 0 to 1 
as 55 increases from 0, y must 
be considered negative in 
the equation, as du/dZ and 
u/x do not agree in sign with 
1/R1 and I/&, and the 
weight of the liquid causes 
a pull on the surface. The 
tables of Bashforth and 
Adams6 give the data for a 
few of the menisci in Fig. 1. 
Unfortunately these tables 
do not include data for men- 
isci for which ? a t  the y-axis 
is smaller than 0.1414. The 
numerical integration is ex- 
actly as originally described 
by Lohnstein, with the 
change in sign mentioned 
above. 

Bashforth and Adams, 
"Attempt to Test Theories of 
Capillary Action," Cambridge 
University Press, 1888. 

Lohnstein, Ann. Phpik, 
[4 1 20,237, 606 (1906). 
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In  the case of the outside surface sloping away from the ring, however, 
the problem is less simple. It must be recalled that this equation cannot 
be integrated, and even mechanical integration requires that Z, y' and u 
be known for some particular point in the surface. In the cases of a 
stable pendent drop and a meniscus, it is known that a t  the very bottom 
u equals zero because a t  this point the tangent to the surface is parallel 
to the Z-axis, and ?i and y may be known from a suitable choice of the 
coordinate system. In the case of the surface raised by a disk, however, 
no point is really known except at  infinite distance from the disk, that is, 
in the undisturbed level of the surface. Here 2 = a, y = 0 and u = 0. 
Because one of the coijrdinates of this known point has the value of in- 
finity, the method of numerical integration, using Taylor's theorem, is 
inapplicable. However, we also know that 3 and u become very nearly 
equal to zero before 2 becomes very large. We have considered it suffi- 
ciently precise to assume that 9 and u become equal to 0.00001 units a t  
distances from the axis of symmetry varying from 7.5 to 12.0 units. These 
distances were chosen because the resulting curves lay in the region ex- 
perimentally investigated by Harkins and his collaborators. One curve 
starting much closer to the y-axis is given, but was not used in any of the 
calculations. This approximation involves an error so small that con- 
clusions can nevertheless be made with a precision quite equal to that 
given by the best experimental technique. 

It will be observed that our choice makes the sign of u positive for these 
outside surfaces, and thus fixes the signs to be used in Equation 3. As y 
and u both increase with decreasing Z, the tangents u/v and du/dZ are both 
negative, thus making v also negative; u/5 is positive. Inspection shows 
that 1/E1 is negative and l/RZ is positive according to our convention. 
Since these agree in sign with du/dZ and u/Z, and the weight of the liquid 
column causes a pull on the surface, the equation to be used for these 
outside surfaces, thus, is 

Had a negative sign been chosen for u, dj7/dZ and u/Z would have been 
negative and du /G and v positive. In this case du/dZ and u/Z do not 
agree in sign with 1/El and l/&, so the equation would have been 

Mechanical integration of Equations 4 and 5 gives the same curve. 
The two families of surfaces obtained in these ways are given in Pig. 1. 

The left edge of the figure, the y-axis, is the axis of symmetry, and the lower 
edge, the Z-axis, is the level of the undisturbed liquid. The family of 
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curves crossing the axis of symmetry represents the shapes of the menisci 
obtained with various rings for the different heights to which they are 
raised above the surface. The family reaching apparently to infinity a t  
the right edge of the figure represents the shapes of the outside surfaces 
formed by the raised rings. If a ring made of wire with a rectangular cross 
section, one of whose edges is in the plane of the ring, is lifted from the 
Z-axis in such a way that its lower edge alone is wetted, the plane of the 
ring remaining parallel to the flat surface of the liquid, the various portions 
of the family of meniscus curves intersected by the lower left corner of the 
wire give the shapes of the crater-like formations a t  the center of the 
raised liquids. Similarly, those portions of the other family of curves 
intersected by the lower right corner of the wire give the outside slopes 
of the mountain-like formations pulled up by the ring. 

If the ring is made of wire having a circular cross section and is pulled 
out, keeping the plane of the ring parallel to the undisturbed surface, the 
two curves, one from each family, which are a t  any particular position 
tangent to  it, the meniscus on the inside and the other on the outside, 
give the shapes of the inner crater and the outer slope of the liquid raised 
by the ring in that particular position. The last statement involves an 
approximation. It is assumed that the material of the ring is wetted by 
the liquid. While i t  is accordingly to be expected that a film of liquid 
covers the whole of the ring, this film must be very thin where the ring is 
not immersed, for the attraction which causes i t  to adhere extends only a 
very short distance from the surface. The volume of this film, then, 
must be small. It is assumed in this discussion that i t  is negligible in 
comparison with that held up by the surface tension itself. Those curves 
that are tangent to the ring are the ones selected because the fact that  the 
ring is wetted implies a zero angle of contact. 

The quantity measured in the experimental procedure of the ring method 
is the weight flecessary to cause the ring to break away from the liquid. 
This is usually the maximum weight of liquid held up by the ring. It may 
be calculated from our graphs of Equation 3. After the capillary constant 
has been eliminated from the equation, that which corresponds to  the 
volume of the liquid held up by the ring in a particular position will be 
designated by p. Its value is found as follows. Integration of Equation 
3 gives for the volume below any horizontal section through the outer 
surface, for example, below the section through the point of tangency of 
curve and ring 

-1 
VI = *z;y, + TUGI (6)  

and for the volume below any similar horizontal section cutting the menis- 
"'- cus surface - 

V: = ~ r ~ i j i *  - ?rup55 (6') 

where subscripts 1 and 2 refer, respectively, to the points of tangency of. 
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the outer and meniscus surfaces with the ring, and the corresponding V' 
accordingly represents the volume below this section. For the outer curve 
i t  is the volume generated by revolving about the axis of symmetry the 
area bounded by the Z-axis, the y-axis, the line y = and the curve; 
for the meniscus it is the volume generated similarly by the area bounded 
by the y-axis, the line = yz and the curve. This is shown in Fig. 3. -- 
V1, the volume outside of the line Z = ?I corrected as discussed below, is 
obtained by subtracting the volume of the cylinder .irxqyl from v:. From 
Equation 6 V1 is thus seen to be equal to ?rulZl. From Equation 6' it is 
seen that 7 2 ,  the volume held up by the ring inside of the line Z = Zz 
properly corrected, is given by subtracting ~3zjiz from Ti, and making the 
necessary change in sign. 

2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 

- Meniscus and disk curves; - - - constant ru171 (dirk) ; - - - constant 
mziz (meniscus). 

,-' 
Fig. 2.-Portion of Fig. I with constant ?rui lines. 

The volume labeled T/3 in Fig. 2, between the limits 5 = ?& and 2 = xl, 
is obtained, allowing for a small correction, by finding the volume gener- 
ated by revolving the area under a curve about an axis. In  this case the 
curve is the cross section of the wire between the points XZ, yz and 21, 31 
and the axis of revolution is the y-axis. It is accomplished as follows. 
For convenience the bars above all symbols are dropped in the following --' 

derivation. R is the radius of the ring, r is the radius of the wire and h 
is the height of the bottom of the ring above the x-axis. 
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----- 
x Z/r2 - (R  - = - (R  - X )  d r 2  - ( R  - x ) ~  + 

ir R d r z  - ( R  - x p  dx 

- 1 ( R  - x ) { r 2  - ( R  - ~ ) ' 2 } ~ / 2 ] : ;  - 2 r2 - - ( r z  - ( R  - x)2i3/2]2' - - 
rz 2 

2 + R ( R - x l ) ( h + r - y , )  :. V,  = ~ { ( h  + r)(xi - x,?) + 5 [ ( k  + r - yd3 - ( h  +r  - y2) 1 
R  - X I  R  - X2 

-R(R - x2)(/z + r  - y2 )  + Rr2 (qin-l 7 - ?inA1 7) \ (7)  

Of the terms in Equation 7 only the first and last are of appreciable sig- 
nificance in most cases, and just these two were usually used in the cal- 
culations. In some cases, however, it was necessary to use the third 

l b 

X .  

Fig. 3.-Vertical section of liquid raised by ring. 

and fourth. It may seem that another correction should be made for the 

small volume of the ring which may be inside of the line 1; = 35 or outside 
of that f = zl. However, this is already allowed for in the calculation of 
- R - XI R - xz 
Vi, when sin -1 - or sin-I ---, as the case may be, is greater r I 

than r/2. When these angles are less than n/2, the lines 1: = li, and 5 = P1 
w t  the surfaces, and the correction is made in the corresponding value of 
ru?, that is, vl or v2. These corrections are, in general, so small as to be 
negligible in all cases except when R/r  is very small. 

The total volume held up by the ring in any position is given by 

v = 7, + 7, + v, 
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To facilitate the use of Fig. 1 in these calculatio~ls, constant PUS curves, 
isochors, for the two families of surfaces have been calculated, and super- 
posed upon Fig. 1. Thus at  any point on the map TI and 7 2  may be 
read off. Unfortunately the necessary interpolations are such as to intro- 
duce an error into the conclusions, but this is inherent in the graphical 
method of solution. Of course, the error may be reduced below any de- 
sired limit if enough surfaces are calculated. To attain the precision of 
the experimental values of Harkins and Jordan more curves than we have 
provided are needed, although it is estimated that our procedure gives 
results of the same order of precision as their experimental method. We 
have been sufficiently precise to convince ourselves of the adequacy of the 
underlying theory proposed. 

A small portion only of the map is reproduced in this paper as Fig. 2. 
The whole would be quite unintelligible, as well as unusable, because of 
the reduction necessary for publication, but the portion reproduced serves 
adequately to demonstrate our procedure. The heavy circle is the cross 
section of the wire of the ring. In the actual procedure we lay upon the 
map, which is an enlarged Fig. 1 bearing the constant volume lines, a metal 
template of this cross section made, of course, to scale, and place its center 
a t  a distance from the y-axis equal to for the ring. The points of tan- 
gency of the two curves, one from each of the two families of surfaces, with 
the wire are noted. These points are 21, TI and %, yz, respectively, and - - 
Vl and 7 2  are read from the map. V3 is calculated approximately from 
the formula ?r(z - 2;) (z + F), thus using merely the first term of Equation - 
7, which is written as v3,. VI + Tji, + gives an approximate value of 
the total volume held up. The procedure is repeated, varying %, that is, 
moving the template parallel to the y-axis. I t  is found that as 2 increases, 
the approximate value of 7 goes through a maximum. This maximum 
value and a few on either side of i t  are recalculated more precisely using 
additional terms of Equation 7. The maximum thus precisely calculated is 
taken as the maximum volume capable of being held up by the ring, and 
its weight is what is measured by the ring method. 

Harkins and his collaborators plot their values for the corrections to be 
applied to the usual ring method on a diagram using R3/V and y/@ as the 
coordinates, where R is the radius of the ring and p = W/47rR, a procedure 
quite analogous to Harkins and Brown's correction curve for the drop 
weight determination. The corresponding terms in our procedure are 
E 3 / 7  and 2?ri?/7. z3/V is identical with R3/V because the a3 in numer- 
ator and denominator cancels. 2?rR/7 corresponds to y/p by virtue of 

These quantities have been calculated by the procedure just outlined. 
The curves given by these variables are found to coincide with the experi- 
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mental curves within the accuracy of the calculations. Por comparison 
particular points so calculated are shown in Pig. 4. We are certain that 
any discrepancies are due entirely to the difficulties inhereat in a graphical 
method and in the fact that enough surfaces have not been calculated; 
but only those who have made such numerical integrations can appreciate 
the labor involved in producing even a single curve. 

Fig. 4.-Comparison of theory and experiment: -, 
experiment (Harkins and Jordan) ; +, theory (Freud). 

The remarkable agreement between the calculated and the experimental 
values shows that, within the small error of both methods, the same values 
of the surface tension are obtained, whether the relative corrections of 
Harkins and his collaborators, or the absolute corrections as calculated by 
us are used. Thus the ring method, as described by Harkins, Young and 
Cheng, may now be considered as an absolute method, since by i t  the 
surface tension may be determined without reference to any other method. 

Conclusions 
1. A theory for the ring method of determining surface tension, based 

on the fundamental Laplace equation describing stable liquid surfaces, has 
been proposed. 

2 .  This equation has been integrated numerically, thus giving data 
describing the shapes of the surfaces formed by raising a wetted ring out 
of a liquid. These data are represented in the paper by a graph of two 
families of curves. They may be used to supplement the tables of Bash- 
forth and Adams. 

3. From these curves i t  is possible to find certain ratios which are 
analogous to the dimensions of any particular ring and to the volume 
of any liquid held up by it. 'I'he relationship between three suitable 
functions of these ratios gives a set of curves which are analogous to those 
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determined experimentally and which are quite independent of any meas- 
urement of surface tension. 

4. These curves are found to agree with the analogous experimental 
curves. 

5. The ring method may thus be considered an absolute one for the 
determination of surface tension. 

EQUILIBRIUM IN THE SYSTEM CO-COrCoO-CO. INDIRECT 
CALCULATION OF THE WATER GAS EQUILIBRIUM 

CONSTANT 

Introduction 
A survey of the literature reveals marked disagreement concerning the 

value of the equilibrium constant K1 for the reaction 

Hahn,l Haber and R i ~ h a r d t , ~  and finally Neumann and Kohler3 have 
obtained directly values for the equilibrium constant. However, East- 
man4 and his collaborators, by measuring the equilibrium in each of the 
reactions 

FeO + Hz = Hz0 + Fe Kz = P H ~ o / P H ~  (2) 
FeO + CO = COI + Fe KS = PCo2/PCo (3) 
SnOz + Hz = Sn + HIO Kc = P E ~ O / P H Z  (4) 
SnOz + CO = Sn + COZ Kg = PCC~IPCO (5) 

and by making use of the relations K1 = K3/K2 = Kb/K4, obtain in- 
directly a value for the water gas equilibrium constant that differs by 
about 40% from the directly determined one. The evidence for the valid- 
ity of the indirect calculation has seemed particularly strong in view of 
the fact that the results obtained in the Sn-SnOz system agree so ex- 
cellently with those in the Fe-FeO system. Accordingly, since we have 
already determined and published5 the value of the equilibrium constant 
for the reaction 

COO + Hz = CO + Hz0 K6 = P H Z O / P I ~ ~  (6) 

Hahn, 2. physik. Chem., 44, 513 (1903) ; 48,735 (1904). 
Haber and Richardt, Z. an07~ .  Chem., 38, 5 (1904). 
Neumann and Kohler, Z. Elektrochem., 34,218 (1928). 
(a) Eastman and Evans, THIS JOURNAL, 46,888 (1924) ; (b) Eastman and Robin- 

son, ibid., 50, 1106 (1928). 
Emmett and Shultz, ibid., 51, 3249 (1929). 
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i t  seemed of interest to determine experimentally the equilibrium constant 
for the reaction 

COO + CO = Co + COz KT = PcoZ/Pco (7)  

and thus to obtain an additional set of data from which the water gas 
equilibrium constant could be calculated. 

Experimental 
A flow method similar to that described in the previous paper5 was 

used in the present experiments. It consisted in passing known carbon 
dioxide-carbon monoxide mixturcs over a large volume of catalyst held a t  
constant temperature and determining the C02-CO ratio in the effluent 
gas. Gquilibrium was approached from both the high and low C02/CO 
sides a t  each temperature; readings were continued until a constant and 
reproducible value was obtained. 

Fig. 1. 

The apparatus can best be described with the help of Fig. 1. Commercial mrbon 
dioxide, after being dried by phosphorus pentoxide, was passed through a flowmeter 
into the catalyst chamber. Carbon monoxide, especially prepared by Thompson in a 
manner already described,@ was passed through a liquid-air trap to free it from Fe(CO)s, 
which experience has shown is likely to accumulate when, as in the present case, the 
carbon monoxide had been stored for some time in a steel cylinder. The carbon mon- 
oxide was then passed through a flowmeter into the catalyst chamber. Necessary over- 
flow bubblers as well as means of conducting to hoods any excess carbon monoxide were 
also employed as shown. The furnace was the same as that previously used and con- 
sisted of a nichrome wound alundum tube packed into a larger iron cylinder with 
"85% magnesia." The reaction chamber was packed into the center of the alundum 
tube with mossy copper. A thermocouple well extending along the axis of the glass 
reaction tube permitted the temperature to be measured throughout the entire length 
of the Co-COO mass. The gradient thus obtained did not exceed 3 ". The temperature 
was measured with a calibrated alumel-chrome1 thermocouple, together with a portable 
-- 

Thompson, Ind. Eng. Clze.m., 21, 389-390 (1929). 
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Leeds and Northrup potentiometer indicator. The cold junction correction on the 
instrument was set correctly several times each day. 

In  the course of the experiments, streams of pure hydrogen, pure nitrogen and 
steam were required. Separate stopcocks connected the system to supplies of nitrogen 
and of hydrogen that had each been purified by passage over hot copper. The steam 
boiler was sealed off when not needed. 

The carbon dioxide flow was measured by means of a carefully calibrated flowmeter. 
Two methods of calibration were used to  avoid any uncertainty as to the rate of carbon 
dioxide passage. The flowmeter was first calibrated by collecting the carbon dioxide 
over a saturated sodium chloride solution. Many points were obtained a t  several flows 
varying from 10 to 100 cc. of the gas per minute. This calibration curve was checked 
by a second method that consisted in absorbing the stream of carbon dioxide in a potas- 
sium hydroxide weighing bulb and noting the increase in weight per unit time for a given 
setting of the flowmeter. The agreement obtained in the two calibrations is shown in 
Table I. In actual runs only flowmeter settings were used for which the calibrations 
in Table I were made. 

CALIBRATION OF CARBON DIOXIDE FLOWMETER 
Small capillary Large capillary 

Height of flowmeter liquid, cm. 11 . 0  27.6 9 . 0  10.8 18.4 
Cc./min., Method 1" 10.26 25.75 50.41 60.56 101.29 
Cc./min., Method 2b 10.33 25.94 50.05 60.17 100.22 
Cc./min., average of 1 and 2 10 30 25.85 50.23 60.37 100.76 

" Carbon dioxide was collected in potassium hydroxide and weighed. 
Carbon dioxide was collected over saturated sodium chloride solution and the dis- 

placed liquid measured. 

The carbon monoxide content of the exit carbon dioxide-carbon monoxide mixture 
was determined by passage over iodine pentoxide, absorption of the liberated iodine in 
potassium iodide solution, and titration with 0.001 N sodium thiosulfate solution.' 
An approximate entering flow of carbon monoxide was obtained by a flowmeter equipped 
with a capillary sufficiently small in diameter to permit the passage of only 6 or 7 cc. of 
carbon monoxide per minute, under a head of 40 cm. of Nujol. 

The 0.001 N sodium thiosulfate was standardized by titration against carefully 
checked 0.00121 N potassium permanganate solution. The agreement obtained as 
shown in Table I1 between the titrated carbon monoxide and measured carbon monoxide 
in calibration of the carbon monoxide flowmeter serves as an additional check of the 
fact that the titrimetric carbon monoxide determination could not be grossly in error. 
The normality of the thiosulfate was checked daily. The efficiency of the iodine pent- 
oxide toward the oxidation of carbon monoxide was determined a t  frequent intervals 
by running blanks on the entering C02-CO ratios. In  addition, a final check of the 
efficiency of the iodine pentoxide was obtained a t  the end of the series of equilibrium 
measurements by comparing the effciency of the iodine pentoxide tube held a t  100" 
with that of two iodine pentoxide tubes in series, the first a t  100 O and the second a t  140°. 
The agreement of the carbon monoxide as determined in these experiments is shown in 
Table 11. It was considered sufficient proof that all carbon monoxide was being quan- 
titatively oxidized to carbon dioxide by the iodine pentoxide in the equilibrium runs. 

For the small concentrations of carbon monoxide used in the present experiments 
it was found entirely satisfactory to maintain the iodine pcntoxide a t  a temperature of 

Vandaveer and Gregg, Ind. Eng. Chem., Analytical Ed., 1, 129 (1929). 
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CALIBRATION DATA 

Height of flowmeter liquid, 2.35 em.; inlet CO," 0.30 cc./min.; time, 5 min. 
Cc. Exit CO Exit CO Cc. Exit CO Exit CO 

NazSzOr Total cc./min. NaeSzOa Total cc./min. 

One I@6 tube a t  100' Two 1 2 0 6  tubes in series: Tube 1 a t  lWO; 
Tube 2 a t  140 O 

" These "inlet CO" flows were taken from an extrapolated calibration curve ob- 
tained by measuring volumetrically the carbon monoxide at flows of five and ten cc. per 
minute. I t  should be accurate to 5%. 

100". Quantitative oxidation of the carbon monoxide with liberation of iodine was 
thereby obtained without causing any thermal decomposition of the pure iodine pent- 
oxide. Stopcock S was adjusted to produce the same back pressure in the line during 
the intervals between runs that was produced by the potassium iodide absorption solu- 
tion during a run. Thus by turning the gas stream through S during the interval be- 
tween runs a practically constant rate of flow could be produced- 

The exit of the iodine pentoxide tube was electrically heated in order to  prevent the 
condensation of iodine. A ground-glass joint was provided in the exit line permitting 
the portion dipping into the potassium iodide solution to be removed and washed free 
of any condensed iodine. By such means all traces of iodine evolved in a particular 
run could be washed into the potassium iodide solution and titrated. 

The cobaltous oxide used in the present experiment was the same sample that had 
been used in a previous determination of the steam-hydrogen equilibrium over cobalt- 
cobaltous oxide already referred to.6 I t  was originally prepared by igniting to  500' 
some recrystallized cobaltous nitrate containing 0.98% of nickel, reducing this material 
almost completely with hydrogen, and partially reoxidizing it to cobaltous oxide by a 
long steaming process a t  500". Its weight as Cos04, a t  the completion of the ignition in 
air, was 23 g. Its apparent volume was 30 cc. 

At the beginning of the series of runs the cobalt-cobaltous oxide mixture was 
steamed a t  500' until 75% oxidized. Then about 400 cc. of hydrogen was passed 
through to insure the presence of ample cobalt surface. The hydrogen-steam mixture 
was removed by flushing with nitrogen. At each of the three temperatures studied, 
carbon dioxide-carbon monoxide mixtures were passed over the resulting material 
a t  such rates of flow as were necessary to obtain equilibrium. From time to time the 
surface of metallic cobalt was restored by reduction with about 400 cc. of hydrogen. 
Equilibrium was approached from both sides and readings were taken over a sufficient 
interval of time to assure the reaching of steady state conditions and to exclude the 
possibility of temporary surface effects influencing the equilibrium values. In  each 
run readings were taken of the temperature of the air immediately surrounding the 
capillary of the carbon dioxide flowmeter, temperature of the water-bath through which 
the carbon dioxide line passed before reaching the capillary, temperature of the reaction 
tube, time of passage of carbon dioxide, barometric pressure, and back pressure in the 
reaction system resulting from placing potassium iodide absorption solution on the exit 
of the iodine pentoxide tube. The volume of carbon monoxide as determined by the 
thiosulfate titration was also recorded. The COrCO ratio in equilibrium with Co-COO 
at  each of the three temperatures employed was calculated from these data. 
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Experimental Results 
The values of K7 = PCO2/PCO obtained a t  450, 515 and 570' are 

489.6, 245.9 and 148.4, respectively. Attempts to obtain values a t  330° 
were abandoned because of the sluggishness with which equilibrium was 
reached a t  so low a temperature. 

In Tables 111, IV and V are shown a few typical runs a t  each of the three 
temperatures studied. They consist of several groups of consecutive runs 
taken horn a longer series of runs a t  each of the temperatures. In Col. 2 is 

TABLE I11 
DATA FROM TYPICAL RUNS TEMPERATURE, 450' 

Inlet mixture 
COz, CO, Time, Exit CO, CO2/CO 

Run no. rc./min. cc./min. sec. total cc. Inlet Exit 

Inlet mixture 
COz, CO, Time, Exit CO, COz/CO 

Run no. cc./min. cc./min. sec. total cc. Inlet Exit 

Run no. 

214 
215 
216 
217 
218 
225 
226 
227 
228 
229 
230 
23 1 

60.03 0.31 300 1 223 193.6 245 7 
60.03 3 1 300 1 217 193 6 246.9 
60 03 .31 300 1 235 193.6 243 3 
25 55 0 600 1 021 m 249 3 
25 47 0 600 1.026 m 247 3 
25 40 0 600 1 033 m 244.9 
25.40 0 600 '1.037 m 244.0 
10 10 0 600 0 412 m 244.2 
10.12 0 600 .415 m 242.8 

TABLE V 
DATA SROM TYPICAL RUNS. TEMPERATURE, 570 

Inlet mixture 
COz! CO,. Time, Exit CO, COz/CO 

cc./mm. cc./mm. sec. total cc. Inlet Exit 

25 58 0 600 1 724 m 147.4 
25.54 0 600 1 726 m 147 0 
25.55 0 600 1 716 m 147 9 
25 57 0 600 1.715 m 148.1 
25 59 0 600 1 720 m 147.8 

102 77 0 99 180 2 077 103 8 148 8 
102 69 .99 180 2.082 103.7 148 3 
102 81 .99 180 2 108 103 8 146 7 
102.56 .90 180 2.053 113.9 150.1 
102.50 .90 180 2.057 113.8 149 8 
102.56 .90 180 2.061 113.9 149 5 
102.39 .90 180 2.059 113.7 149.4 
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listed the rate of flow of carbon dioxide (S. T. P.) per minute into the reaction 
vessel. Corrections have been applied as explained later for the temperature 
of the flowmeter capillary and for the barometric pressure. Column 3 con- 
tains the approximate values for the entering flow of carbon monoxide, ob- 
tained as described in the footnote to Table 11. Column 4 represents the 
time during which an analytical sample was taken. The total carbon mon- 
oxide shown in Col. 5 is that calculated from titration with the sodium thio- 
sulfate. The average of the exit 580 
C02/C0 ratios in Col. 6 of the 
tables differs slightly from the aver- 540 
age of all runs made. This is in- 
evitable, of course, in choosing only 

500 
a small number of representative 
runs out of a large number taken. 

I t  was noticed in the course of 460 

the work that the first few runs 
made after a reduction of the oxide 420 

surface by hydrogen yielded low o 
values for the C02-CO ratio, when % 380 

0 pure carbon dioxide was passed o 
over the oxide-metal mixture. .z 340 
Furthermore, the first few runs W 

made after complete oxidation of 300 

the surface to cobaltous oxide 
yielded abnormally high CO,/CO 260 

values, even though the entering 
COTCO ratio was much less than 220 

the normal equilibrium value. 
Figure 2 gives a few typical curves 180 
illustrating this latter effect. In 
each instance the entering COrCO 140 

ratio was 30 to 50% less than the 0 20 40 60 80 100 
Time, minutes. 

The 
Pig. 2.-Typical curves Lowing the effect 

of K7 decreases with time of "surface oxide" 0x1 the Con-CO equilibrium 
until the normal value results. value. The three series of runs shown were 
This is entirely analogous to the taken immediately after oxidation of the 
effect noted in the detemination cobalt surface to COO. The entering COz- 

of the H20-H2 ratio necessary to CO ratios in the 570, 515 and 450" runs shown 
were 102, 194 and 325, respectively. 

oxidize cobalt to cobalt oxide. 
The accuracy of the above equilibrium values will depend upon the re- 

liability of the volume of carbon dioxide passing the reaction tube per 
unit time, the volume of carbon monoxide passing the reaction tube in the 
same time and the temperature of the reacting cobalt-cobaltous oxide. 
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Accordingly, each of these determinations will be briefly considered with 
a view to fixing the maximum and probable errors of the final equilibrium 
values. 

Four possible sources of error in the determination of the carbon dioxide 
are (1) the uncertainty in corrections for the pressure and temperature 
variations from the temperature and pressure a t  which the flowmeter was 
originally calibrated; (2) the reading error on the flowmeter; (3) the un- 
certainty in the calibration of the flowmeter; and (4) the uncertainty of 
the exact temperature of the flowmeter capillary through which the 
carbon dioxide passed. The first of these sources of error was corrected 
for by the equation 

where Vl is the volume of gas (S. T. P.) that passed the flowmeter during 
calibration when the height of the flowmeter liquid was hi, the capillary 
of the flowmeter was a t  TI and the pressure a t  the exit of the flowmeter P I ;  
qI is viscosity of carbon dioxide a t  TI; Vz is volume of gas (S. T. P.) passing 
the capillary when the latter is a t  T2, the pressure a t  the flowmeter exit Pz 
and the height of the flowmeter liquid again hl; q2 is viscosity of carbon 
dioxide a t  Tz. 

The values for the viscosity of carbon dioxide in the "International 
Critical Tables" (Vol. V, p. 4) are 147.1 a t  23' and 137 a t  0'. In making 
corrections by the above formula, q2 and ql were obtained by extrapolating 
these viscosity values to the temperature range 25-33') over which the 
capillary varied during the series of runs. When, as in the above measure- 
ments, TI is 29", PI is 750 mm., (TI  - Tz) 9 4' in absolute value, and 
Pi - Pz 9 10 mm. in absolute value, it is believed the uncertainties of 
this correction should be very small, probably *0.20/0. (2) The un- 
certainty of the flowmeter reading will not exceed 1 mm. This represents 
an error of *0.6% at the rates of flow used for most of the runs. (3) 
From the calibration data of Table I the uncertainty of the carbon dioxide 
calibration seems to be about *0.3%. (4) It is assumed that the tem- 
perature of the capillary of the flowmeter does not differ by more than 
*0.5' from that of the thermometer hanging in air beside it. The sum- 
mation of the possible errors in the carbon dioxide values thus amounts 
to * 1.3y0. 

The two sources of error in the carbon monoxide determination are the 
series of standardization determinations against potassium perman- 
ganate and the individual titration in each regular run. The first of these 
seems not to exceed *0.30j0. Assuming the end-point in the final thio- 
sulfate-iodine titration to be accurate to k0.2 cc., a maximum error of 
about lt. 1.2% would result. Hence the maximum individual error in the 
carbon monoxide determinations was about * 1.5y0. 
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Prom a plot of thc logaritl~rn of tlic cyuililtrium constant against tlzc 
reciprocal of the absolute temperature, the variation of each constant 
per degree of temperature variation is readily found to amount to ap- 
proximately 1% per degree. The temperature was noted a t  the beginning 
and end of each run and an average value recorded. The portable potenti- 
ometer could be read to *lo. It is probable, therefore, that errors due 
to temperature variation did not exceed * 1%. However, in the present 
maximum error calculation an uncertainty in temperature of * 3O causing 
a possible error of *3y0 in the equiIibrium constants for any specified 
temperature has been assumed. 

The sumrnation of the maximum errors that could conceivably be in- 
volved in any one reading is thus about 6%. An examination of all 
the data obtained, however, shows that the maximum deviation from the 
mean was very much smaller than this calculated possible maximum error. 
In  fact, the maximum deviation of any one reading from the average was 
3.9% at  570°, 3.6y0 a t  515O and 2% a t  450'. The average deviation was 
between 1 and 1.3% for the three temperatures. Probable errors calcu- 
lated by the usual formula on a basis of all of the readings obtained a t  
each temperature (except, of course, those immediately following fresh 
reduction or oxidation of the catalyst surface) amount to about +0.30/0. 

The Equilibrium Constant for the Water Gas Reaction.-The values 
of KG already reported5 for the temperatures 450, 515 and 570° are 67, 
57.5 and 50.3, respectively. From the above Kg values and the K,  values 
determined in the present work, the values of KI  = (Pco2) (Pw,)/(Pco) - 
(PHZ0) can be readily calculated to be 7.31, 4.31 and 2.94 a t  450, 515 
and 570°, respectively. Most workers have expressed their results in 
terms of K,, = 1/K1. The present calculated values of K,, are accord- 
ingly the reciprocals of the above and equal to 0.137, 0.232 and 0.340 a t  
the above temperatures. These values agree closely with 0.140, 0.232 
and 0.345 obtained in the direct measurements of Neuman and Kohler. 
In  Fig. 3 are plotted values for log K,, against 1/T. The results of the 
direct determination of K,, by Hahn,l by Haber and Richardt2 and by 
Neumann and Kohler3 are included for comparison. The indirectly 
determined values of Eastman and Evans4" are also indicated. 

A consideration of the maximum errors that could reasonably be in- 
cluded in the equilibrium values both in the system Co-H20-COO-H2 
and the system Co-COTCOO-CO indicates that the excellent agreement 
between the values of the water gas constant indirectly determined with 
the help of Co-COO mixtures and the directly determined values is truly 
significant and not a coincidence resulting from experimental error. 
Assuming a temperature reading accurate to * 3O, and an error of * 0.5y0 
in reading the hydrogen, the values given in the previous paper for the 
H20-Hz ratio in equilibrium with cobalt-cobaltous oxide are accurate to  
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* 1.5%. Accordingly, the summation of all the maximum errors for the 
two sets of experiments could not, it seems, exceed 7.5%. The probable 
errors, as calculated from all readings taken in both systems, total f 0.5%. 
The conclusion seems warranted that the cobalt-cobaltous oxide system 
affords a reliable indirect means of obtaining values for the water gas con- 
stant. The reaction both with steam-hydrogen and with carbon dioxide- 
carbon monoxide is remarkably free from complications. No oxides other 
than cobaltous oxide are present, as was established by x-ray powder photo- 
graphs of the samples used. Tests for carbon or carbide in the cobalt after 

0.0005 0.0007 0.0009 0.0011 0.0013 0.0015 
1 /T .  

Fig. 3.-Variation with 1 / T  of log K,, where K,, = (CO) (H,O)/(COz)(H,). 
The values of Haber and Richardt, Neumann atid Kohler and Hahn are all 
directly measured values; those oE the other authors are the indirect, calcu- 
lated ones. 

the carbon dioxide-carbon monoxide equilibrium were practically negative, 
O.O6Y0 carbon only being found in each of two samples analyzed. 

In view of the fact that the indirectly determined values of K,, obtained 
from equilibria of Reactions 6 and 7 were calculated from experimental 
data obtained over the temperature range 450 to 570°, one cannot, strictly 
speaking, compare the values so obtained with those obtained by indirect 
means a t  higher temperatures. Since it does not seem reasonable, how- 
ever, to expect sudden changes with temperature in the values of the 
equilibrium constants of Reactions 6 and 7, between 570 and 700°, one 
can conclude that the present indirectly determined values of K,, not 
only verify the directly determined water gas values of Neumann and 
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Kohler below 570°, but also add a very considerable weight to  their 
direct determinations a t  higher temperatures. 

I t  is not the purpose of the present paper completely to review all of 
the other indirect determinations of the water gas equilibrium constant 
or to attempt therein to explain the discrepancies that now seem to exist. 
Nevertheless, a few observations will perhaps be worth while. 

The experimental work of Eastman and ~ o b i n s o n ~ ~  upon the determi- 
nations of the equilibria of Reactions 4 and 5 in the Sn-SnOz system seems 

0 7 8 9 10 11 12 13 14 15 16 
I / T  x lo4. 

Fig. $.-Variation with I/T of log K, where K = (H20)/(H2) in equilib- 
rium with FeO-Fe, Fe0-Fen01 or Fe-FesOd. Curve I is calculated by 
combination of equilibrium constants for the Fe-C-0 system and the direct 
water gas constants of Neumann and Kbhler. Curve I1 is the experimental 
curve of Wohler and Giinther. 

to have been carefully and accurately done. We are unable to suggest 
a t  present any plausible reason why the resulting indirectly calculated 
water gas constant should be in error. The fact that one of the phases 
involved in the two equilibria was a liquid and might possibly have been 
appreciably different in composition in Reaction 5 than in Reaction 4, 
due to possible dissolved tin carbide, or oxide, offers a slight but entirely 
unconfirmed source of difficulty. 

It has seemed to us, however, that indirect calculaton of the water gas 
constants involving the equilibrium constant for Reaction 2 are more open 
to question. In Pig. 4 are plotted the principal determinations that have 
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bccn made of the ratio of steam to hydrogen in equilibrium with Fc-FeO 
a t  various temperatures. Curve I has been calculated by combining 
the generally recognized best values for Reaction 3 as chosen by Eastman8 

with the directly determined water gas equilibrium constants of Neumann 
and Kohler. Any experimental points for the steam-hydrogen equilibria 
of Reaction 2 will, assuming always the correctness of the Fe-C-0 diagram 
of Eastman, give indirectly calculated values of the water gas constant 
in perfect agreement with the direct. It can be seen a t  a glance that the 
experimental values for the most part fall into two groups. Those of 
C h a ~ d r o n , ~  of De~i l le , '~  of Preuner,ll of Ferguson12 and of Krings and 
Kempkens13 all agree fairly well with Curve I. The values of the other 
 worker^'^.^ shown in the diagram agree much more closely with Curve I1 
drawn by Wohler and Giinther15 as a representative locus of their own 
experimental points. We believe it is especially significant that the 
recent experimental values for the equilibrium constant reported by Krings 
and Kempkens were obtained by a flow system and are in good agreement 
with Curve I. Work is now being carried on in this Laboratory to test a 
possible source of difficulty that has thus separated the experimental 
observations to date into the two groups. Further discussion of these 
results will accordingly be deferred to a later paper. 

It seems, then, that a correct and fair statement concerning the value 
of the water gas equilibrium constant must admit of the following. 

1. The direct determinations by Neumann and Kohler are in fair 
agreement with those of Hahn, and of Haber and Richardt. They seen1 
to have been carefully done and are not open to any apparent sources of 
gross error. 

2. The present indirect calculation of the water gas constant from the 
equilibria for the systems Co-H20-COO-H2 and Co-CO2-COO-CO at  tem- 
peratures of 450 to 570' agrees well with the directly determined values of 
Neumann and Kohler. The solid phases seem free of solid solution effects 
and carbide formation. It is believed the agreement is real and significant. 

3. The indirect calculation by Eastman and Robinson involving the 
Sn-Sn02 equilibria of Reactions 4 and 6 give values about 40% higher 
than the directly determined values. No probable cause of the discrep- 
ancy is as yet apparent. 

8 Eastman, THIS JOURNAL, 44,975 (1922). 
@ Chaudron, Compt. rend., 159,237 (1914); Ann. chim. phys., 16,221 (1921). 

lo Deville, Compt. rend., 70, 1105, 121 (1870); 71,30 (1871). 
Preuner, 2. physik. Chem., 47,385 (1904). 

l2 Ferguson, J. Washington Acad. Sci., 13,275 (1923). 
l a  Krings and Kempkens, 2. anorg. allgem. Chem., 183,225 (1929). 
14 Wohler and Balz, 2. Elektrochem., 27, 406 (1921); Sehreiner and Grimes, 2. 

anorg. Chem., 110, 311 (1920). 
l5 Wohler and Giinther, 2. Elektrochem., 29,276 (1923). 
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4. The indirect calculatioi~s iiivolving the Fe-H20-H2 equilibria fall 
principally into two groups, the one agreeing fairly well with the directly 
measured values, the other being some 40% higher. 

Summary 
The value of the equilibrium constant K7 = COZ/CO for the reaction 

COO + CO = Co + COz has been determined by a flow system a t  450, 
515 and 570°, to be 489.6, 245.9 and 148.4, respectively. Combination of 
these values with the previously determined constant KG = H20/H2 for 
the reaction COO + Hz = Co + Ha0 gives indirect values for the water 
gas constant k',, = (CO)(H20)/(COz)(Hz) that are in good agreement 
with the values determined directly by Neumann and Kohler. The present 
status of the disagreement between some of the indirectly determined 
values for K,, and the direct values of Neumann and Kohler is summa- 
rized. 

WASHINGTON, D. C. 

A SCREENED BRIDGE FOR THE MEASUREMENT OF 
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Introduction . 
Kohlrausch's classical method for measuring the electrical conductance 

of solutions has had the benefit of numerous improvements by many work- 
ers. The researches of Washburnl were particularly valuable in stimu- 
lating accurate conductance work in this country. Morgan and Lam- 
mert2 have discussed some of the sources of error in the electrical arrange- 
ment used in the method, with valuable references to  previous work. 
Of particular impprtance from the standpoint of precision measurements 
has been the comparatively recent introduction of vacuum tube alternating 
current generators and amplifiers for providing currents of symmetrical 
wave form, on the one hand, and increasing the sensitivity of the detector 
on the other.3 Jones and Josephs4 have described in a very detailed paper 
a direct reading alternating current bridge embodying these new features. 

Washburn and Bell, THIS JOURNAL, 35, 177 (1913); Washburn, ibid. ,  38, 2431 
(1916); Washburn and Parker, ibid., 39, 235 (1917). 

Morgan and Lammert, ibid., 48, 1220 (1926). 
Hall and Adams, zbid., 41, 1523 (1919); Jones axid Bollinger, ibid.,  51, 2407 

(1929). 
Jones and Josephs, ibid., 50, 1049 (1928). 



1794 THEODORE SHEDLOVSKY Vol. 52 

Their paper also includes a valuable and comprehensive study of various 
sources of error from the electrical standpoint in the Kohlrausch method 
as i t  has been generally used. 

Important features of Jones and Josephs' bridge are the abandoning 
of the circular slide wire (which is capable of introducing a disturbing 
unsymmetrical inductance in the measuring circuit) and the use of a 
suitable earthing device for the bridge for minimizing disturbing earth 
capacity effects. They have, however, condemned the use of electro- 
static screening of the bridge.5 The use of screening, when properly de- 
signed, for the entire bridge has decided advantages. Since the read- 
ings are unaffected by the movements of the observer, a screened bridge 
is more convenient to operate than an unscreened one. Without adequate 
shielding, delicate balances are difficult to make due to shifting capacities 
introduced by the hands of the observer, etc. Also, with suitable screen- 
ing, measurements of high precision are possible under conditions existing 
in modern laboratories in which other electrical work is certain to be in 
progress. Under such conditions the use of an unshielded bridge is a t  
times troublesome if not impossible. 

I n  Part I of this paper the theory of disturbing capacity effects in an 
alternating current Wheatstone bridge circuit is discussed, with reference 
to  the underlying principle of the apparatus as a measuring instrument. 
Also, the basis for designing proper screening is developed. 

In  Part 11, a shielded alternating current bridge for measuring electro- 
lytic conductance with a high degree of precision is described. The main 
problem in the design of such a bridge is the fixing and the proper balancing 
of "stray couplings" in the apparatus. 

PART I. THE THEORY OF EARTH CAPACITY ERRORS IN THE A. C. WHEAT- 
STONE BRIDGE 

1. Stray Couplings.-When a direct current flows through a con- 
ductor, leakage can take place only through inadequate insulation. With 
alternating currents, the case is more complicated because the current 
may also leak away through electrostatic and electromagnetic linkings, 
commonly known as "stray couplings" with the su;roundings. Such 
stray couplings may be electrostatic capacities between the parts of the 
cirduit and capacities between these parts and the ground. There may 
also be mutual inductive effects due to linkages with stray magnetic fields. 
The effects produced by these couplings vary with the frequency, being 
more troublesome at higher frequencies. 

Stray electromagnetic couplings are particularly important in the case 
Their conclusions are based on tests made with a screen placed near one branch 

of the bridge network, which introduced a n  unbalanced earth capacity effect into the 
circuit. Such a test does not prove, however, that  electrostatic screening cannot be 
used without error if i t  is proper1 y designed. 
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of parts of circuits, such as transformer coils, which have appreciable 
inductance. These mutual inductive couplings may be reduced by using 
materials of high permeability in the cores of the transformers, by shield- 
ing stray fields with screens of high permeability, or by sufficiently sepa- 
rating the branches of the circuit having high inductances from each other. 
In the case of a Wheatstone bridge for measuring electrolytic conductance, 
the only branches in the network capable of very serious inductive coup- 
ling with each other are the detector and the oscillator. The best plan 
is to avoid the necessity of electromagnetic screening, which is always 
difficult and seldom completely satisfactory. This is readily accomplished 
by removing the oscillator to a sufficient distance from the detector, which 
is more conveniently located near the bridge, and avoiding as much as 
possible the introduction of stray inductance in the bridge itself. A dis- 
tance of 10 to 15 feet between 

ex=- -- 
the detector and the oscillator is 
usually sufficient. 

P,lectrostatic couplings exist- 
ing between various branches of 
a circuit, directly or to ground, 
cannot be eliminated entirely in 
this simple manner without intro- 
ducing another difficulty. The 
difficulty is that excessive separa- 
tion of all the branches of the 

-- 
bridge from each other and from 114 

fir--, 
ground, besides being inconve- ,i7 , -J________,~:CI_________ , -- . -- .. 

II 
. - 

nient, introduces additional in- 
ductance into the network be- 
cause of the increased length of 

Fig. 1. 
leads required. The result of this 
increased looping is that although capacitative couplings are reduced, induc- 
tances capable of disturbing the bridge balance are thus added, since the 
bridge balance may be changed by the inductive effect of varying stray 
fields enclosed. 

In Fig. 1 is shown a diagram of a bridge supplied with alternating current, 
indicating the position of some of the capacitative couplings. The ca- 
pacity paths from one lead of the oscillator to the other, either directly 
(C1) or through ground (C, and C, in series), merely shunt the current 
input, and do not affect the bridge balance. Similarly, the coupling be- 
tween the leads to the detector does not influence the bridge reading, merely 
shunting the detector. However, couplings are possible which may disturb 
the balance of the bridge. For example, current leaking from the branch 
AD, through CB to the terminal B, and back to the oscillator through 
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the branch BC, would have an effect on the bridge balance. (I t  should 
be pointed out that the bridge terminals A, B, C and D include the leads 
appended to them since if they are not too long their resistance is usually 
negligible.) Although some of these numerous possible paths will tend 
t o  neutralize each other, the effects of these paths must be controlled; 
otherwise, the bridge readings will depend on the relative positions of 
the units in the circuit and on the surroundings. 

Precise measurements are not possible unless these troublesome couplings 
are neutralized by being made symmetrical with respect to the terminals 
of the detector. It is not possible to avoid electrical asymmetry entirely 
in the construction of the apparatus, particularly if the bridge is used for 
measurements with various frequencies of current, requiring readjust- 
ments in the oscillator, or perhaps different oscillators. Neither is it 
practicable to reduce these couplings so as to make them negligible, es- 
pecially a t  the higher frequencies, and in the measurement of dilute solu- 
tions having large resistances. For these reasons i t  is necessary to pro- 
vide means for controlling and balancing these disturbing effects. This 
is accomplished (a) by properly designed shielding6 and (b) by the "Wagner 
earthing device," both of which will be discussed below. Shielding makes 
i t  possible to fix definitely and to control the possible interbranch capaci- 
ties. Before discussing the effect of capacity couplings on the bridge as 
a whole, i t  is first necessary to consider the effect on the impedance of a 
single branch due to the capacity between i t  and the ground (or a surround- 
ing screen). 

2. Effect of Earth Capacity on a Conductor.-In general, with a con- 
ductor carrying alternating current, there will be present a distributed 
capacity of total magnitude c to earth, or to a surrounding screen, as indi- 
cated in Fig. 2a, where OR is the conductor of impedance7 R, and S is 
the ground or screen. In Fig. 2b is shown a special condition which will 
help in the consideration of a more general case. In this special case the 
total capacity from OR to S is concentrated a t  some point P, between 
0 and R. Let [x] be the impedance from 0 to P, [ y ]  the impedance from 
P to  R and [z] the impedance from P to S. Let us now substitute for the 

The necessity of electrostatic screening for measurements at frequencies of, say, 
above 10,000 cycles is generally recognized. See for example G. A. Campbell, "The 
Shielded Balance," Electrical World, April, 647 (1904); W. S. Shackelton, "A Shielded 
Bridge for Inductive Impedance Measurements," Bell System Technical Journal, 6,  
142 (1927); J. G. Ferguson, "Shielding in High Frequency Measurements," ibid., 8, 
560 (1929). 

Ohm's law can be applied to sinusoidal alternating currents if vector symbols 
instead of scalar symbols are used. On this basis the impedance operator, which is 
analogous to resistance in D. C., is defined as the vector voltage divided by the vector 
current. See B. Hague, "A. C. Bridge Methods," pp. 32-35; R. M. Wilmotte, Phil. 
Mag., 6, 788 (1928). 
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arrangement connecting the points 0, R and S as in Fig. 2b, the arrange- 
ment shown in Fig. 2c. which we shall prove can be made equivalent by 
the "Kennelly T - n transfor- 

60) (bl 
m a t i ~ n . " ~  In Fig. 2c [a] ,  [Pf 
and [r] are the impedances con- ~x-Y--+ 

R 0 P necting the three terminals of Q -y=2 R interest, 0, R and S. By 
equivalence of the two circuits 
(shown in Figs. 2b and 2c) is cC) Id) 

meant that the potentials of 0, ,& 
R and S are the same a t  any i-** 

instant in both arrangements. 
Thus, for example, the imped- *vR or + 
ante operators x + y must be 

S 
equal to a  and P + r in parallel. Fig. 2. 
(The letters in brackets [x], [ a ] ,  
etc., refer to impedances; x, a, etc., refer to the corresponding impedance 
operators.) We consequently get the following relations 

Solving, we obtain the equations 
XY f f = x + y + y  (4) 

(a) Capacity Concentrated at the Midpoint.-Now, referring again t o  
Pig. 2b, if we consider R a resistance with its total capacity to the ground 
(S) concentrated a t  the midpoint, x = y = R/2; z = -j/wc, where c is 
the total capacity to ground. w/2a  is the frequency and j is the "reac- 
tance" o p e r a t ~ r . ~  Substituting these values in (4), (5) and (6) we obtain 

R2 wc 
o r = R + j ~  (7 )  

This transformation has been used by Butterworth [Proc. Phys. Soc., 33, 312 
(1921); ibid.,  34, 8 (1922)j and more recently by Bartlett [J. Sci. Instruments, 6, 277 
(1929)l in dealing with the effects of earth capacities. 

( j ) e  = - 1 .  The reactance due to a capacity c is - ( j lwc);  the reactance due 
to an inductance L is jwl, .  See, for example, B. Hague, "Alternating Current Bridge 
Methods," p. 35. 
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That  is, due to earth capacity effects, the resistance R between the points 
0 and R is modified by a reactance R2wc/4 (this may be considered to be 
an inductance of magnitude R2c/4 in series with the resistance R) and by 
the impedances (8) from 0 and R to ground (S) (these may be considered 
t o  be capacities of magnitude c/2 in series with a resistance R/2). 

(b) Capacity Uniformly Distributed. -The more general case of a dis- 
tributed capacity, as shown in Fig. 2a, is somewhat more complicated to 
deal with rigorously. However, the values of a!, P and 7 for this case 
are approximately represented by Equations 7 and 8. This assumes, 
of course, the approximation that the total distributed capacity is repre- 
sented by a single capacity from the middle of the arm to the screen. If 
the capacity is uniformly distributed, the effect on a! due to the differential 
capacities (dx/R)(c) from the differential proportions dx/R (see Fig. 2) 
is obtained from Equation 4 to a first approximation by integration as 
follows10 

, J 
"(R -;)~cd" d a = x + R - x 3 - J  

Equation 10 shows that the resistance of OR, due to the distributed 
earth capacity effect, behaves as a resistance R in series with an inductance 
R2c/6. 

(c) Impedance Directly Connected to Earth or Screen.-Another case 
of interest is one in which the ground or screen S is connected to one termi- 
nal of the impedance (Pig. 2d), since screens are often so connected, and 
bridges are frequently grounded directly from one terminal. The effect 
due to the capacity from a differential section to the screen S (or earth) 
is a shunting impedance [dz]. As before, -j(R/wcdx) = dz. 

The total impedance operator, then, from 0 to R is 

neglecting terms of higher order." Integrating from x = 0 to x = R 

lo For a more rigorous treatment of this uniformly distributed case, see A. E. 
Kennelly, "Electric Lines and Nets," McGraw-Hill Book Co , New York, pp. 61, 395. 
The  method of integration (Equations 9 and 10) used below for obtaining a in this 
distributed case amounts to  neglecting higher order terms in the rigorous treatment 
which involves the use of hyperbolic functions. However, no such approximations are 
involved in obtaining Equations 7 and 8. 

l1 This derivation involves the approximation that  the differential capacity effects 
ac t  independently. For a more rigorous derivation see R. Davis, J Sci. Instruments, 5, 
306 (1928). 
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In  this case we see that the earth capacity effect introduces a negative 
inductance in series with i t  of magnitude R2c/3. 

3. Earth Capacity Effect on the Bridge Circuit.-In the light of the 
discussion in the previous section we may now view the effect of "stray 
couplings" on the bridge network. We shall assume that direct couplings 
between the branches have been avoided by shielding. Assuming, then, 
that the branches of the bridge are so shielded from each other by screens, 
and making the Kennelly T - i~ transformation for every branch, the 
bridge with its capacity couplings to ground can be represented as in Fig. 
3. The segments L1, L2, etc., represent the inductive effects discussed 
above produced in the branches by the earth capacities. AE, BE, CE 
and DE are the impedances 
from the four bridge terminals 

8 

to ground a t  E. Each of these 
impedances includes the sepa- 
rate earth capacity effects from 
the three branches (correspond- 
ing to the various ,B and r terms, A 
Equation 8) meeting a t  each 
terminal of the bridge network. 
In addition, there are the capaci- 
ties to earth from the terminals 
(and leads) A, B, C and D . For 
instance, (1) is a resistance in 
series with a capacity due to 
AB; (2) is a similar, though not 
necessarily equal, impedance 

Fig. 3. 
due to AD; (3) is another one 
due to the oscillator branch; and (4) is a capacity from A to  a ,  due largely 
to the lead from the oscillator. All these in parallel constitute A@. 

It should be noted that the representation of the bridge in Fig. 3 takes 
into account the distributed dissipations of current from the branches 
in the circuit to the screens and earth. The advantages of the artifice 
used in this representation are that it shows the effects produced on the 
branch impedances from the standpoint of the four terminals of the bridge, 
making clear the necessary conditions for proper bridge balance, and shows 
the limitations which must be observed in designing suitable screening 
so as not to introduce errors in the measurements. 

When the bridge is balanced, the terminals B and D are a t  the same 
potential, both in magnitude and in phase. That is, the potentials are 
equal a t  every instant and no current Aows between the two points through 
the detector. Referring to Fig. 3, if J7 is the potential between two points 
a t  balance 
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VAB = VAD and VBC = VDC 

This gives by the Vector Ohm's Law12 

where I is the current and Z the impedance. Now, if the points B and D 
are brought to the same potential as the ground E, there will be no current 
flowing in either BE or DE, and the conditions 

IAB = IBC and IAD = IDC (4 
will be fulfilled. (There are only three possible paths for current from 
B or D, when no current flows in the detector.) 

Then 

If no errors are to be introduced into the measurements, the ratio arms 
(AD and CD) should be identical in all respects in the case of a direct 
reading (equal ratio) bridge (ZAD = ZDC). Not only must the resistances 
R4 and R3 be equal, but the inductances I,d and L3 must also be equal. 
The latter need not, however, necessarily be negligible, since i t  is quite 
feasible to have two equal coils, of similar construction, similarly screened 
so that, practically, R4 = R3 and L4 = L3, in which case ZAD = ZDC. 
Nevertheless, slight differences, in resistance particularly, are likely to 
occur. This, as well as slight unbalances in the I, terms due to screen 
capacity, are automatically corrected for if two readings are taken, one 
with the ratio arms reversed. The average value (strictly speaking, 
the geometric mean) gives the correct measurement. 

However, the characteristics of the measuring branch and of the un- 
known (cell) cannot be considered identical as in the case of the ratio 
arms. That is, it is not possible to shield the two with relatively close 
screens, and feel assured that the capacity effects are similar in both cases. 
However, shielding is desirable from the standpoint of screening out ex- 
ternal influences which may affect the circuit. The correct procedure, 
therefore, is to shield these branches not closely, but a t  a sufficient distance 
t o  make the effect of the capacity on the impedance negligible under the 
limiting conditions existing in measurements. If the upper frequency 
range does not exceed 4000 cycles, direct test showed that a separation 
of 2.5 inches between the coils of the resistance box (or cell) and the shield 
introduces a negligible error. That is, the terms LI and I,z in Pig. 3 are 
negligible. 

If these conditions for the ratio arms and the other two branches in 
the bridge are fulfilled (d and I,z negligible, LQ = L4, R4 = Rg, no current 
in BE or DE) then Equation d reduces to 

Z'AB = Z'BC (4 
12 See Hague, Ref. 9, p. 32. 
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(2' is the impedance free from earth or screen effect) l3 which is the correct 
balance condition for an equal ratio bridge without error. Jones and 
Josephs4 state in their paper that the necessary condition for the validity 
of Equation e is that no current whatever escape from any of the bridge 
parts. Of course, if that is so, correct balance is obtained a t  once. Prac- 
tically this is not possible. However, as shown above, correct balance, 
without error in the measurements, is quite attainable when the proper 
precautions are observed in spite of a certain amount of current leakage 
from a t  least some of the branches. 

4. The Wagner Earthing Device.-One of the conditions for the 
validity of Equation e is that the terminals B, D and E (Fig. 3) be a t  the 
same potential. This may be done by adjusting the earth impedances 
AE and CE until no current flows in the detector connected from E to  B 
(or D), when the main bridge (ABCD) is also balanced. That is, ZAE/ZCE 
= ZAB/ZcB = ZAD/ZCD. This is the principle of the device. Since 
ZAE and ZCE are mixed impedances, consisting of resistance and capacity, 
the adjusting impedance must similarly comprise a variable resistance 
and reactance. The reactance may be either a capacity or an inductance, 
or both, since any impedance may be balanced by such combinations. 
It is merely necessary to adjust the impedances ZAE and Zcs to  the proper 
ratio. 

The scheme used by Jones and Josephs4 who, however, do not discuss 
the theoretical basis of the device, is a very convenient one. It consists 
of shunting AE and CE with resistances permitting of sufficient varia- 
tion in adjustment, and a variable condenser from A to  E, or C to  E,  as 
required. The advantage of their method lies principally in the fact 
that for the same delicacy of adjustment condensers of lower capacity 
can be used than would be required with series resistance and capacity 
combinations. l4 

An examination of Fig. 3 shows the limitations of connecting the ground 
point E$ directly to B or D, and securing balance by the adjustment of a 
condenser in parallel with the necessary branch. Evidently, except in 
the case of accidental balancing between AE and CE, the bridge reading 
will not be free from error. The magnitude of the error will depend on 
the magnitudes of AE and CE and on the extent of their unbalance. It 
is, however, possible to determine the unbalance between AE and CE, 
and then to calculate the error thus introduced in the measurements. 

l3 This impedance may be a pure resistance. The somewhat more complicated 
case of a cell for measuring electrolytic conductance will be discussed in a later paper. 
However, if the cell impedance is of sufficiently low-phase angle, it  can be regarded as 
a resistance. 

l4 Joiles and Josephs dcserve tile credit for describing the proper use of the earthing 
device for balancing the earth admittances in a conductance bridge for work with 
solutions, although the underlying principle of the method is due to Wagner. 



1802 THEODORE SHEDLOVSKY VO~. 52 

This scheme, though feasible in certain types of impedance measurements, 
is inconvenient since i t  requires an estimation of the earth capacity with 
subsequent calculations. For a bridge designed to measure electrolytic 
conductance the Wagner device is simpler and preferable. 

PART 11. A SCREENED ALTERNATING CURRENT WHEATSTONE BRIDGE 

The shielded bridge, which was discussed from the theoretical stand- 
point in Part I, is shown diagrammatically in Fig. 4. The detector and 
oscillator are connected to the bridge by duplex cables inclosed in flexible 
copper shielding which is grounded. The oscillator and the earthing 
circuit WR, Wc are connected directly to terminals of the measuring 
branch and of the conductivity cell, a t  M and N. 

1. Balancing Condensers.-A twin (double) variable air condenser K is connected 
across the measuring resistance (MS) and the cell (BN) as shown, for balancing out the 

reactance of the cell, due to  polariza- 
tion a t  the electrodes. The ordinary 
type of single variable condenser has 
a disadvantage. It is sometimes im- 
possible t o  get complete balance in 
the bridge with it, owing to the fact 
that the residual zero capacity is too 
large for the required setting. The 
twin type, which makes it possible to  

- - remove. capacity from one side, add- 
ing it  to  the other, avoids this diffi- 
culty, and does not require a switch 
for shifting the condenser from one 
branch to the other. The entire con- 
denser K consists of two such twin 
condensers. One is of 25OPpf. ca- 
pacity, easily reconstructed from the 
"tandem type" condenser made by 
the General Radio Co. The other, 

,-Al connected in parallel witli the first, 
is similarly constructed from two 

I 

/ 1 Oscillahr micro condensers. The latter has a 
maximum capacity of about lOp,uf. 

L_---J 
i and it  is provided with a "Vernier" 

Fig. 4. control knob, allowing of very delicate 
adjustment. 

2. Ratio Arms.-The ratio arms are connected to the bridge by means of a double 
pole double throw reversal switch (not shown in Fig. 4). In  making determinations 
the  mean of readings with the ratio arms in the two reversed positions is taken. This 
procedure corrects for slight variations in the resistances (and reactances) of the ratio 
coils, and avoids the necessity of adjusting them t o  perfect equality. The ratio coils 
are  surrounded by local symmetrical shields connected to the junction point D. The 
shield localizes the total distributed capacity of the ratio arms a t  point D, and avoids 
the possibility of any stray couplings directly with these important branches of the bridge. 

The ratio arms consist of two closely matched Ayrto~i-Perry coils of 1000 ohms 
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resistance which are wound on flat bakelite cards. It has been shown in Part  I tha t  the  
effect of the distributed capacity in  these coils will add an inductance of magnitude 
- c R ~ / ~  to  them. For this reason i t  is important to  make shielding the same around the 
two ratio arms. I n  our arrangement the flat coils are mounted parallel t o  each other, 
symmetrically between three parallel copper plates spaced 1.5 inches apart. The plates 
are soldered to a copper strip joining the two resistance coils. 

3. The Detector.-The detector consists of a two-stage audio transformer coupled 
amplifier with sensitive telephones. The output from the bridge is fed into the primary 
winding of the first transformer. By means of the switch S in Fig. 4, the detector may 
be connected across DB, for recorditlg the balance in the main bridge, or across DE, 
for the earthing adjustment. 

4. The Earthing Circuit.--The earthing circuit consist'; of two 1000-ohm bifilar 
coils (Leeds and Northrup) and a 10-ohm rheostat (WR) connected as shown in Fig. 4 
to the ratio arm extremities, and to - - - - - - - - - - - - - -- - - - - - - - - - 
ground. I n  addition, there is a vari- r-----'~---- Oso/lator - ----. 7 I 
able air condenser, with a "Vernier" 1 I 

control knob connected between the 1 I 

earth E and the point A (or C, as 1 
I 
[;+ 

required). I I 1 
I 

Various parts of the bridge, in- I I 

cluding the oscillator and detector, are 1 I 
I 

shielded from external electrostatic I I 
I 

disturbances by the earthed metal I 
I 

shields surrounding them. The vari- I 
1 
I 

ous earth points E are all brought I I I 
together by soldered connections. 1 

The ratio arms, earthing resist- I 
I 

I 
I 

ances, condensers H, and the reversal I I I 
and detector switches ("Federal Anti- /k I 

I 
capacity Switches") are mounted in I 

I 
I 

l a grounded copper screened box, as I 
I 

shown diagrammatically in Fig. 5 .  i I 
The top of the box consists of a brass 1 I 

plate in which the terminals are / 
mounted with adequate insulation of 1 -. 

-1- - 
_.--- 

transparent bakelite. 
L 1 

L-- - _ ____--- Oe/eCLE-:= -_---_- i 
5. Measuring Resistance.-The Fig. 5.  

resistance standard MB (Fig. 4) con- 
sists of three parts. A five-dial box of bifilar coils containing decades of 1/100, 1/10, 1,10 
and 100 ohm steps, is mounted in a shielded box. The screening in the box has a clearance 
of not less than 2.5 inches from any of the coils or contacts. This spacing proved t o  be 
sufficient by actual test to make the effect of the screen capacity on the resistance neg- 
ligible for our purposes. The control knobs for operating the resistance dials are on the  
outside of the box, over a brass plate which forms a part of the shielding. They are 
fastened to the dials through stout bakelite rods. Complete shielding of these lower 
resistance dials as well as of the condenser K (Fig. 5 )  is of great convenience in entirely 
eliminating "hand effects" in measurements. 

The effect of temperature on the resistance coils of higher values is not negligible 
in work requiring readings to  0.01 ohm and is not the same on every coil, so that  cor- 
rections are not readily made. For this reason we found it desirable t o  control the  
temperature of the 1000-ohm step decade and the 10,000-ohm coils. These coils, of a 
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woven type, forming one loop, are made by the Leeds and Northrup Co. They are 
practically reactance-free, compact and more constant in resistance than the card- 
wound type, being subject to very slight mechanical strain. 

The 1000-ohm decade is mounted in air in a glass jar which is immersed in the metal 
shielded, oil-filled thermostat which holds the conductivity cell. The 10,000-ohm coils 
are mounted separately in large test-tubes, which are sufficiently spaced in a wooden 
frame, and also immersed in the thermostat. The 1000-ohm decade is permanently 
connected to  the resistance box with a stiff heavy wire, avoiding close screening. The 
required connections in the thermostat, of the cell and measuring resistance are made 
with short heavy strands of bare copper wire through mercury cups. To avoid appre- 
ciable "dead end effects" the 10,000-ohm coils are appended one a t  a time as needed. 
Connections to the "bridge box" (Fig. 5)  of the various units are made with flexible 
copper screened stranded wire, the screening being grounded. 

I I , > 

Fig. 6. 

6. The Oscillator.-We are indebted to Dr. N. Frank of the Massachusetts In- 
stitute of Technology for furnishing us with the specification for an improved type of 
vacuum tube oscillator, designed by Eccles and Jordan. It consists of a double bal- 
anced oscillating circuit which has the advantage of giving an alternating current of 
very good wave form and of more constant frequency and intensity than that generated 
by the usual type of one-tube oscillator. The circuit is shown in Fig. 6. In varying the 
magnitude of the capacity C, which is made up of mica condensers which can be thrown 
in parallel by a system of switches (not shown in Fig. 6), the instrument can be made to 
give currents of frequencies ranging from about 600 to about 8000 cycles. The fila- 
ment supply from the 6-volt storage battery A can be thrown on or off by means of a 
switch located near the bridge, so that the oscillator can be started or stopped con- 
veniently during the measurements. The voltage supplied may be varied by looser 
coupling of the "pick up" coil I,, or by changing the connections of K and K' to the taps 
TI, Tz, Ta and TI', T2', Tgf, respectively. I t  is important to use separate batteries for 
the oscillator and detector circuits; otherwise, troublesome inductive couplings will 
occur. A calibrated vacuum thermoco~rplr (V) is included in the apparatus for measur- 
ing the current supplied to the bridge. 

7. Tests and Calibrations.-The resistance box, 100-ohm step decade, and the 
10,000-ohm coils were calibrated with direct current against Bureau of Standards re- 
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sistance standards, by the Carcy I:oster n~etliotl, using an auxiliary resistance box. 
This was done directly with the> bridge described ahovc., 11si11g a high seiisitivity gal- 
vanometer, and then checked ou a well calibrated direct current Wheats to~~e  bridge. 
The individual 10,000-ohm coils and various parallel eombinatiolls of them were also 
measured with the shielded bridge, a t  frequencies of 1000, 2000 and 3000 cycles, and with 
direct current. The variations from the direct current values obtained were less than 
0.002q/o a t  3000 cycles for 10,000 ohms, and entirely negligible a t  1000 cycles, or for 
lower resistances. 

The quality of the insulation, which is particularly important for the higher resist- 
ance measurements, was tested by connecting a 45-volt battery between the  various 
binding posts, leads and screens, with a sensitive galvanometer in series. It was found 
to be well over 500 megohms across the important paths. The resistances of the metal 
contacts, important for the comparatively low resistance measurements, were also 
tested. A film of vaseline on the terminals and switch points made the resistance of the 
contacts reproducible and negligible (under 0.01 ohm). 

I n  using the bridge, measurements are made by alternately adjusting R and K 
for the main balance, and WZ and WK in the earthing circuit, with the detector in the 
correct position for each. The unknown%nd standard are then interchanged by  throw- 
ing the reversed switch, and the procedure is repeated. The mean of the two readings 
gives the desired value. 

No difficulty is found in making the adjustments, which may be made rapidly with 
a sensitivity of O.OO1q/o directly without interpolation in measuring resistances of 1000 
ohms or over. I t  is possible to  use the bridge for measurements of high precision under 
conditions in which the use of an unshielded bridge would be quite difficult or impossible 
due to  disturbances from other electrical circuits. 

Measurements made with this bridge on the conductance of mixtures 
of potassiuni and sodium chlorides have already been reported. 

The author wishes to express his gratitude to Dr. D. A. MacInnes for 
his helpful suggestions both during the progress of the work and in the 
preparation of the manuscript. 

Summary 

Part I. The theory of earth and shield capacity effects on alternating 
currents is discussed, and the results are applied to the Wheatstone bridge. 
The principles for the design of an electrostatically screened bridge for 
precision work are developed. 

Part 11. An alternating current, shielded bridge for precise elecCrolytic 
conductance measurements is described. 

NEW YORK, N. Y. 



1806 THEODORE SHEDLOVSKY VO~.  52 

[CONTRIBUTION FROM THE LABORATORIES O P  THE ROCKEPELLBR INSTITUTE DOR 

MEDICAL RESEARCH] 

A CONDUCTIVITY CELL FOR ELIMINATlNG ELECTRODE 
EFFECTS IN MEASUREMENTS OF ELECTROLYTIC 

CONDUCTANCE 

The electrolytic conductivity of a solution is ordinarily determined by 
measuring its resistance, with alternating current, in a cell previously 
calibrated with a solution having a known specific conductance. The 
product of this specific conductance and of the corresponding cell resistance 
is the "cell constant." Values of the specific conductance of other solutions 
are obtained by dividing the cell constant by the resistance measured in the 
cell. 

r 
Parker1 has compared measurements on solutions of potassium chloride 

and hydrochloric acid, obtained in several cells over a range of concentra- 
tions. He found that determinations with different cells would lead to 
somewhat different conductance values. That is, there seemed to be an 
apparent variation in "cell constant" when the nature or concentration 
of the measured solutions was varied. Randall and Scott2 found similar 
variations on measuring in two cells the conductance of solutions of 
several substances. These workers found very surprising variations, 
which in some cases were as high as 0.5y0. Such large variations evi- 
dently make precision work impossible, and the following study was 
made with the purpose of eliminating them. 

We have made a number of intercomparisons between several cells and 
have also observed apparent variations in cell constants, although con- 
siderably smaller ones than those found by the above investigators. In 
our work the variations were never greater than 0.2% with bright platinum 
electrodes, and were always under 0.1% with platinized electrodes. This 
smaller variation is due, we believe, to the fact that our measurements 
were made with a bridge3 which gave readings free from certain sources 
of error possible in the arrangements these workers used. 

Parker has suggested that the variations of cell constants are due to ad- 
sorption a t  the electrode. However, adsorption would be less on bright 
electrode surfaces, which, as we have just seen, give the largest variations. 
Therefore, adsorption cannot entirely account for the observations. In  
addition, the bridge readings with bright electrodes showed fluctuations 
of a nature suggesting variable polarization effects. Such fluctuations 
disappeared when the electrodes were lightly platinized, but it is quite pos- 

Parker, THIS JOURNAL, 45, 1366, 2020 (1923). 
Randall and Scott, ibid.,  49, 636 (1927). 
Shedlovsky, ibid.,  52, 1793 (1930). 
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sible that such polarization was made constant by this procedure, rather 
than eliminated. 

In this paper is described a cell which was designed for studying means 
of eliminating any effects a t  the electrodes which would disturb con- 
ductance measurements. The results of test measurements with the cell 
are also reported. To anticipate the conclusions, these results indicate 
that cell constant variations disappear if electrode effects are completely 
eliminated. 

The Cell 
The cell is shown diagrammatically in Fig. 1. It is provided with two end, or con- 

ducting, electrodes O and D, and the three loop, or detector, electrodes a, b and e. 
The electrodes 0 and D are hollow cones of platinum foil, made as  
nearly alike as  possible, and a ,  b and c are loops of platinum wire. 
All the electrodes are sealed directly to the inner surface of the cell 
and are very lightly platinized. The cell is constructed from Jena 
glass 16'11, which may be sealed directly to  platinum. This glass 
also has a very low solubility. 

Such a cell may be connected into the Wheatstone bridge cir- 
cuit in a number of different ways. For instance, measurements 
may be made in the ordinary manner between various electrode 
pairs. We have used the pairs OD, ab, bc, and ac in this way. This Fig. 
is obviously equivalent to  a n  intercomparison between four ordinary 
cells. One of the purposes of this investigation was to  see whether variations of the  
cell constant would disappear if similar electrodes were included i n  two arms of the 

bridge during measurement. The 
arrangement is shown in Fig. 2.  It 
was hoped that the  disturbing varia- 
tions would be eliminated if measure- 
ments were made with one of the loop 
electrodes (a, b or c) connected t o  the 
detector, electrode 0 t o  one end of the 
current source, and the electrode D 
to a resistance box in the other arm 
of the bridge. Thus, for example, the 
poition of the cell (aO) with the  elec- 
trode effect from 0 is balanced by  the 
resistance box in series with the elec- 

D a b c  o trode effect from D, and the portion 

Kg.  2. of the cell (aD) K is the condenser for 
balancing the resistances in the  two 

arms, and the two 1000-ohm coils are the ratio arms. This particular arrangement we 
have called [a]. [b] and [c] are similar arrangements with the detector connected to 
(b) or (c) instead of to  (a). 

Parker,' who has made some excellent determinations of absolute con- 
ductance values for potassium chloride solutions, partially corrected for 
electrode effects by subtracting measurements made in two different cells 
provided with similar electrodes. He hoped that the electrode effect 
would be eliminated from the measurements if all determinations were made 
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with the same two cells and  thc difference between thc two readings were 
always taken as thc resistance value. 'I'his would be so if the electrodes in 
the two cells behaved in exactly the same manner in all measurements. 
The method of making measurements by arrangements [a], [b] and [c] was 
chosen for obtaining directly the results given by Parker's two cell scheme. 
The difference between two of our measurements, ab, ac, bc, using the 
various pairs of loop electrodes as ordinary cells, corresponds to Parker's 
actual scheme. In Table I1 these arrangements are represented by (ac) 
(ab) and (ac) - (bc) . 

Referring once more to Fig. 2, let us call x the effect on the resistance 
due to the electrode Dl and y the effect due to the electrode 0. The cur- 
rent density a t  these electrodes depends on whether the detector is con- 
nected to a, b or c;  that is, on the resistance between the detector elec- 
trode and the current source terminals, other things being equal. We 
found that a ten-fold change in current density attained by altering the 
voltage supplied to the bridge had no effect on the value of a particular 
measurement, so that it is fair to assume that x and y remain essentially 
the same whether the detector is connected to a, b or c. Let us call R,, Rb, 
R, the resistance box readings for the arrangements [a], [b] and [c], re- 
spectively. Since the loop or detector electrodes draw no current when the 
bridge is balanced, it seems plausible to assume that there is no effect a t  
such electrodes that influences the readings. 

We can write the following equations representing the conditions of 
balance in our bridge for the arrangements [a], [b] and [c] 

[a1 R, + x + PD,  = P O ,  + Y;  R, = PO,  - PDS + Y - I 
[bl Rt, + x + P D ~  =  PO^ + Y;  Rb = POI, - P D ~  + Y - x 
LC]  R c f  ~ + P D C  = P ~ c + Y ;  R a = P a o - ~ ~ c + y - ~  

where p ~ ,  is the resistance of the solution between D and a, etc. The 
actual reading observed, for instance R,, corresponds to the difference 
between the two fixed portions of the solution Oa and Da, modified by the 
effects from the electrodes. If x = y, this method of measuring con- 
ductances is free from these electrode errors. However, if x and y are not 
equal, the electrode effects can be entirely eliminated by taking the dif- 
ference between any two of the measurements [a], [b] and [c]. Thus 

[a] - [bl R, - Rb = PO* -  PO^ + P D S  + P D ~  = 2 P a b  
[a] - [c] Ra - R c  = 2 ~ a e  

[b] - [c] Rb - Rc = 2 p b c  

Thus, for instance, the difference R, - Rb is equal to twice the resistance 
of tbe solution between a and b, without error due to effects a t  the con- 
ducting electrodes. 

The Measurements 
Measurements were made with the cell described in the various ways 

discussed above. Four series were carried out at 1000, 2000 and 3000 



May, 1930 A CELL FOR ELIMINATING ELECTRODE EE'PECTS 1800 

cycles. First the cell was filled with potassium chloride solution (approx. 
0.005 N) and then with three different concentrations of hydrochloric 
acid (approx. 0.001, 0.002 and 0.004 N). The cell was immersed in an 
oil thermostat which maintained a temperature regulation accurately to 
*O.OOlO. The temperature was measured with a platinum resistance 
thermometer sensitive to about 0.0002O. A shielded bridge. described in 
another paper,3 supplied with current from a balanced vacuum valve 
oscillator, and a detector amplifier was the measuring apparatus. 'She 
resistance box used in the measurements was calibrated to 0.01%. 

The data are summarized in 'i'ables I and 11. The figures shown in 
'fable I represent the resistances corresponding to the various arrange- 
ments when the cell was filled with approximately 0.005 N potassium 

TABLE I 

RESISTANCES WITH (APPROX.) 0.005 N POTASSIUM CHLORIDE 

1000 cycles 2000 cycles 3000 cycles 

r:: 8118 9 8118 9 8118.8 
1161 .0 1160.6 1160.4 

1:: 1206 9 1206 A 1206.5 
2030 0 2029 6 2029.4 

ac - ab 869.0 869.0 869.0 
ac - bc 823.1 823 . 0 822.9 

[!;I 6064 3 6064.0 6063.6 
4414.6 4414.4 4413.9 
2705.8 2705.5 2705.1 

[a1 - ihl 1649.7 1649.6 1649.7 
[a1 - [el 3358 5 3358.5 3358 5 
[bl - [el C" 1708.8 1708.9 1708.8 

Resistance HC1 (concn.) 
Resistance KC1 (approx. 0.005 N) 

C = approx. % C = approx. 
0 004 I\' error 0 002 N 

0.42605 -0.03 0.83440 
.42605 - . 3  .83437 
,42604 - -03 .83437 

. . . .  . . . .  .83437 
,42618 + .O1 .83448 
,42620 4- .O1 ,83454 

. . . . . . . . .83429 
.42616 . . . .  ,83441 
,42619 + . O l  .83448 

. . . .  . . . . .83439 
,42612 - .O1 .83445 
,42613 . . . . .83439 

% 
error 

-0.01 
- .02 
- .02 

- .02 

Top value, 1000 cycles; 
middle value, 2000 cycles; 
bottom value, 3000 cycles 

C = approx. % 
0 001 N error 

1.6763 -0.02 
1.6760 - . 4  
1.6756 - . 7  

1.6755 - . 7  
1.6759 - . 5  
1.6760 - . 4  

I 6760 - . 4  
1 6762 - .03 
1.6763 - .02 

1 6760 - -04 
1.6762 - .03 
1.6764 - . 2  
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C = approx. 
0.004 N 

I 
.42599 

[a] ,42801 
.42604 

[b 1 .42591 
.42593 
.42595 

.42579 
[c] .42584 

,42590 

I 
.42618 

[a] - [b] ,42618 
.42618 

.42615 
[a] - [c] .42615 

.42615 

,42611 
[bl - [cl ,42611 

.42610 

Correct value taken .42615 

TABLE 11 (Concluded) 
70 C = approx. % 

error 0.002 N error 

. 0.83437 -0.02 
-0 03 . a 4 3 7  - . 2  
- 06 .83414 - . 4  

- .03 . a 4 5  . .  . 
- .03 . a 4 5  . . . .  

.8342 - .03 

- .04 ,83438 - .01 
- . 3  ,83440 - .O1 
- .03 ,83442 - .01 

- .06 .83437 - . 2  
- .05 . a 4 3 6  - . 2  
- .05 .83439 - .01 

- .08 .83425 - . 3  
- .07 .83426 - . 3  
- .06 .83428 - .03 

+ .01 .83446 . . . .  
f . O 1  .83445 . . . .  
+ .O1 .83448 .. . . 
. . . . . a 4 5 0  . . . . 
. . . .83451 . . . . 
. . . . .83450 . . . . 
- .O1 .83456 . . . .  
- .01 . a452  . . . .  
- .01 ,83454 . . . . 

.83450 

C = approx. % 
0.001 N error 

1.6767 . . . .  
1.6772 4-0.03 
1.6768 . . . .  
1.6761 - . 4  
1.6761 - .04 
1.6765 - .O1 

1.6774 + .04 
1.6763 - . 2  
1.6762 - . 3  

1.6762 - . 3  
1.6761 - .04 
1.6760 - .04 

1.6760 - -04 
1.6758 - . 5  
1.6755 - .07 
1.6767 . . . .  
1.6767 . . . .  
1.6767 . . . .  
1.6767 . . . .  
1.6767 . . . .  
1.6767 . . . .  
1.6767 . . . .  
1.6767 . . . .  
1.6767 . . . .  
1.6767 

chloride. Table I1 gives the corresponding resistance ratio, i. e., RHCl ( c ) / -  

RRCl (0.005 N, approx ) for the three hydrochloric acid solutions measured. 
These values are, therefore, proportional to the specific resistance of 

the three hydrochloric acid solutions as obtained from the various types of 
measurements, after calibrating with a potassium chloride solution. 

I t  is evident that the arrangements [a] - [b], [a] - [c], [b] - [c], 
which are free from conducting electrode effects, as shown above, give 
the most consistent values. These figures show practically no variations 
with frequency, nor of "cell constant," the average deviation being within 
0.01%, which is the precision to which the resistance box is calibrated. 
We have, therefore, assumed as correct the values obtained by making 
measurements in this manner. The percentage error of the values obtained 
from the other arrangements on this basis is indicated in Table I1 to the 
nearest O.O1~o. 

Discussion 

Since electrodes 0 and D were made as nearly alike as possible both 
in construction and in the subsequent platinizing, we should expect smaller 



&/lay, 1930 A ~ E I , I ,  FOR ELIMINATING EL$CTRODE EPPECTS 1811 

variations in the arrangements [a], [b] and [c] in which these two elec- 
trodes are in opposite arms of the bridge than in the ordinary arrangement 
OD, if the cause of the variations is due to simple adsorption. This does 
not seem to be generally true, which suggests that besides adsorption there 
is superimposed another effect. Referring to the equations [a], [b] and 
[c], the results seem to indicate that x and y may have opposite signs, 
so that their effect on the measurements may increase instead of decreasing 
when they appear in opposite branches of the bridge. Such may be the 
case if there is a definite difference between the rates of building up and de- 
caying of the e. m. f. at the electrode surfaces for the oxidation and re- 
duction parts of the current cycle. 

I t  appears from our results that conductance values, free from errors 
due to effects at  electrodes which tend to change the apparent cell con- 
stant, can be obtained with a four electrode cell. The measurements for 
the arrangements [a] - [b], [a] - [c] and [b] - [c] represent a comparison 
between three such four electrode cells and lead to consistent conduct- 
ance values. 

Cells of the ordinary type (with two electrodes), which may be more 
convenient for routine work, can be calibrated by comparison with a 
four electrode cell. 

Summary 

1. A multiple electrode cell for studying the elimination of electrode 
effects in conductance measurements is described. 

2 .  Data obtained with one potassium chloride solution and three 
hydrochloric acid solutions of different concentrations, using various meas- 
uring arrangements of electrodes, are given for three frequencies. 

3. The assumption of adsorption at the electrodes does not entirely 
explain the variations in "cell constant" which are observed. 

4. A four electrode arrangement is found to give consistent results 
at the three frequencies without variations in "cell constant." 

NEW YORK, N. Y. 
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THE USE OF ORTH0,PARA-DIHYDROXY-AZO-PARA- 
NITROBENZENE AS A TEST FOR THE MAGNESIUM ION 

The azo dye o,p-dihydroxy-azo-p-nitrobenzene has been reported by K. 
Suitsu and K. Okumal as rendering a very sensitive test for the magnesium 
ion. A recently published note by Ruigh2 gives the method of preparation 
and use. A 0.5% solution of the dye in 1% sodium hydroxide solution is 
stated to be the proper concentration to employ. The test depends upon 
the formation of a blue lake with the azo dye in dilute sodium hydroxide 
solution. I t  is also stated that ammonium salts render the test less sensi- 
tive, while the presence of nickel or cobalt, cations which form similar 
lakes with the dye, invalidates or confuses the test. 

Numerous tests with this reagent have been made in this Laboratory, and 
i t  is believed that a more sensitive and more convenient method for its use 
has been developed. In addition, this usage has the advantage of being 
very simply conducted and, with very few exceptions, can be carried out, if 
desired, without the preliminary, time-consuming removal of interfering 
anions or cations. The classical magnesium ammonium phosphate method 
of determining magnesium is often confusing, inasmuch as aluminum hy- 
droxide, silicic acid, strontium phosphate and calcium phosphate often 
precipitate at this point in the ordinary qualitative analysis schemes. 
Methods of removing these substances usually involve several time-con- 
suming separations which are, in addition, generally not very sensitive. 

'She method which was found to be the most practicable, involves the 
evaporation of the unknown solution to a small volume, or to dryness if the 
quantity of magnesium is very small and if substances such as organic ma- 
terial (which would char under such treatment) are absent. A clean porce- 
lain crucible is essential for this test and the evaporation should be con- 
ducted within it. Five or ten ml. of 6 N sodium hydroxide is now added to 
the porcelain crucible or casserole and finally one drop of the dye reagent. 
I n  about ten seconds or more, depending upon the concentration of the 
magnesium ion, a light blue stain will appear upon those portions of the 
casserole which had been in contact with the solution containing mag- 
nesium. This stain adheres quite tenaciously to the surface of the casse- 
role. If the supernatant liquid is now poured from the casserole and the 
stain washed twice with 5 to 10 ml. of water, the stain turns green in color 
but does not disappear. If the same test is carried out with nickel alone, 
the stain does not form as rapidly, adheres less tenaciously and turns red- 

Suitsu and Okuma, J. Soc. Chem. Ind. Japan, 29, 132--138 (1926) ; C. A. 20, 3000 
(1926). 

Ruigh, THIS JOURNAL, 51,1456-1457 (1929). 
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brown in color upon washing with water. If a similar procedure is followed 
with cobalt, no stain whatever forms, although a blue lake will appear. 

Treatment of the stains with concentrated ammonium hydroxide is also 
characteristic. In the case of magnesium, the stain is not affected, but in 
the case of nickel the stain dissolves readily. If desired, this solution could 
be tested for nickel in the usual manner, that is, by the addition of di- 
methylglyoxime to the solution with the formation of a precipitate of nickel 
dimethylgl yoxime. 

Quantitative investigation indicates that in the absence of de-sensitizing 
material, 3 X g. of magnesium can be readily detected with this tech- 
nique. If, therefore, the magnesium test is applied in its customary place 
in the fourth or fifth group of the commonly employed qualitative analysis 
schemes, this small quantity of magnesium will be capable of detection. 

Experiments were also conducted to determine the validity of this test 
in the presence of the cations commonly met with in qualitative analysis 
either tested singly or in any possible combination. In the presence of 
these cations, tested individually, no interference in any case was obtained. 
A great many combinations were tested, and, in general, any grouping of 
cations which form colored precipitates (particularly blue precipitates) 
upon the addition of sodium hydroxide, renders the test somewhat un- 
certain. Portunately, however, only a few such conflicting combinations 
were found. Copper and aluminum illustrate a case in point, the cupric 
hydroxide apparently being absorbed by the aluminum hydroxide, thereby 
forming a cbnfusing lake not readily soluble in concentrated ammonium 
hydroxide. 

Further investigation indicates that acetates, tartrates and ammonium 
salts render the test less sensitive but that if magnesium be present in 
sufficient quantity (and in the case of organic material such as tartrates) 
evaporation is not carried to complete dryness (to prevent charring), the 
test is still valid. The quantity of these conflicting substances determines, 
quite naturally, the amount of detectable magnesium. Quantitative tests 
show that with 1 g. of these substances present only 3 X g. of mag- 
nesium can be detected. Consequently, when great sensitivity is required, 
organic matter and ammonium salts should be first removed and the solu- 
tion then evaporated to dryness before applying the stain method tech- 
nique. 

Summary 

A new technique for the use of o,p-dihydroxy-azo-p-nitrobenzene as a 
test for the magnesium ion has been described. 

With this technique the test is valid in the presence of any one of all of 
the common cations met with in qualitative analysis and in a great many 
combinations of these cations. 

Nickel, cobalt or both do not confuse the test. 
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Acetates, tartrates and ammonium salts do not interfere but decrease 
the sensitivity of the test. 

The test can be used most efficiently as a substitute for the classical 
magnesium ammonium phosphate test commonly employed in qualitative 
analysis procedures. Used in this way, 3 X g. of magnesium can be 
detected. 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF CALIFORNIA] 

THE INTERPRETATION OF THE COLLIGATIVE PROPERTIES OF 
WEAK ELECTROLYTES 

Introduction 
Although the importance, in the study of solutions, of the activities or 

activity  coefficient^'^^ of the components has been most emphasized in the 
field of strong electrolytes, these quantities are, of course, of no less impor - 
tance to the study of weak electrolytes and of non-electrolytes. Moreover, 
although the methods of determining the activity  coefficient^^'^ have been 
most widely studied in the case of strong electrolytes, these methods are, of 
course, equally applicable to weak electrolytes and non-electrolytes. The 
application of these methods is illustrated by the work of Randall and Fai- 
ley3 in determining the activity coefficients of gases, of non-electrolytes, 
and of the undissociated part of weak electrolytes in solutions of electrolytes. 

I n  the study of electrolytes i t  has been customary to regard as strong 
those completely or practically completely dissociated in dilute aqueous 
solution, and as weak those incompletely dissociated at  finite concentra- 
tions. The question as to the actual extent of dissociation of a strong 
electrolyte in a given solution is of importance from a kinetic standpoint 
and has received considerable attention. To account for apparent evi- 
dences of incomplete dissociation of strong electrolytes consisting of small 
ions or those having "un-centrally located charges," Bjerrum4 suggested a 
modification of the inter-ionic attraction theory of Debye and Hiicke15 
whereby such ions, of opposite charge, when closer together than a certain 
minimum distance (dependent upon the dielectric constant of the medium 
and the absolute temperature) would be regarded as associated-behaving 

Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw-Hill Book Co., New York, 1923, Chapters XXII to XXVIII. 

Randall, Trans. Faraday Soc., 23,498,502 (1927). 
(a) Randall and Failey, Chem. Reviews, 4, 271, 285, 391 (1927); see also (b) 

Livingston, THIS JOURNAL, 48,45 (1926). 
Bjerrum, Det. Kgl. Danske Videnskab. Selskeb. Math.-fys. Medd., 7 ,  No. 9 (1926). 
Debye and Hiickel, Physik. 2.. 24, 185 (1923). 
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osmotically as though undissociated. M~e l l e r ,~  Gronwall,' and, more 
recently, Gronwall, LaMer and Sandved? have shown, however, that 
Bjerrum's practical results can be explained by a more thorough eonsider- 
ation of the postulates of Debye and Niickel. 

Whether or not we consider an electrolyte as completely dissociated, 
especially for thermodynamic treatment, is largely a matter of convenience. 
For example, i t  has been convenient for a long time to consider such sub- 
stances as ammonium hydroxide, acetic acid and mercuric chloride as 
mostly undissociated in solution and to consider a definite equilibrium 
between the ions and undissociated portions. On the other hand, with 
substances as strong as dichloro-acetic acid it is perhaps more convenient to 
consider them strong electrolytes but having activity.coefficients less than 
those of the typically strong electrolytes. 

It is not the purpose of this paper to discuss the colligative properties of 
weak electrolytes on the basis of any particular mechanistic theory, but 
rather to indicate methods whereby the activity of weak electrolytes may 
be calculated from measurements of the activity of the solvent, and to 
clarify our conceptions of the thermodynamic treatment of "so-calledJ' 
incompletely dissociated substances. 

Theoretical 
For clearness we shall confine our discussion entirely to an aqueous solu- 

tion of a univalent electrolyte. We shall use the symbols employed by 
Lewis and Randall1 and by Randall and F a i l e ~ . ~  

The stoichiometrical molality of the electrolyte will be denoted by m, 
the molality of the undissociated portion by mu, that of the negative ion by 
m- and that of the positive by m+ ; a,, a- and a+ will represent the corre- 
sponding activities, and al that of the solvent. Also we will for simplicity 
call m+ = m- = m,, so that m = mu + m, and callm,/m = a, the degree 
of dissociation in the usual sense. 

Now, if we use the basis of treatment which we have used for strong 
 electrolyte^,'^^ the activity of the solute, az, is equal to the product a+a - , or 

'/z a, = a2 . E'or slightly weak electrolytes, or weak electrolytes a t  very 
low concentrations (if the effect of the ions of the solvent upon the dissoci- 
ation is neglected), the activity of the solute is more nearly equal to the 
square of the mean molality of the ions than to the molality of the undis- 
sociated substance. 

We therefore define the following activity coefficients: 
YO = az/m, 7 = aZ1/2/m, r, = a,/mu, Ti = a , / m ,  

where 7 0  is the stoichiometrical activity coefficient of a solute considered as 
undissociated; r is the stoichiometrical activity coefficient of a univalent 

6 Mueller, (a) Physik. Z., 28, 324 (1927); (b) 29, 78 (1928). 
Gronwall, Proc. Nat. Acad. Sci., 13, 198 (1927). 

8 Gronwall, LaMer and Sandved, Physik. Z., 29,358 (1928). 
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electrolyte, regardless of whether or not the electrolyte is completely 
dissociated, and, moreover, by our conventions, is the stoichiometrical 
mean activity coefficient of the ions; Y, is the activity coefficient of the 
undissociated portion of the solute, and r, the mean activity coefficient 
of the ions. By these definitions 

Y E  a?,; log Y = log a + log Y, (1) 
By virtue of the rapid interconvertibility of the solute constituents, we 

have also the relation1 

HA = H + + A P ;  K = a,2/a, (2 )  

where K is the dissociation constant. 
For an aqueous solution of a binary electrolyte, the general partial molal 

equation1 in the form 
m d ln  a2 = -55.51 d lna,  (3) 

is equivalent to 
d 111 YO = - (55.51/m) d In al - d m / m  (4) 
d In Y = - (55.51j2m)d In el - d m / m  (5 )  

At the freezing point of the solution, these equations become1 

d In yo = d @/Am + B d B / x " ~  + . . . -d m / m  (6 )  
d l n ~  = dB/2Xm + Bd0/2XRm + . . .  - d m / m  (7) 

where X = 1.858 and X" = (0.00057)-I are constants, and 19 is the freezing 
point lowering. 

Introducing the Lewis and Randall divergence functions1 

1 - %/Am = j,; (V = 1)  and 1 - e/2Am = 5, (V = 2)  

and integrating, we have 

n ( Y )  = ( I  - j - ( j l /m)d  m - (@/X"nz)d 8. . . (8) C 
and, following Randall and Whites 

For a binary electrolyte at infinite dilution 
Limit Limit Limit 

m- 0  (azlrn2) = 1; A ( ~ o l m )  = 1; m+o ( 7 )  = 1 (10) 

By definition, if we wish to use the quantity Yo in a region in which the 
divergence function using v = 1 is most convenient, we may refer Yo to  a 
proper standard state by the relation 

log yo = log (r)2 + log m (11) 

and where we wish to use the quantity Y, in the region in which v = 2 is 
most convenient, we have 

Equation 12 may be easily evaluated by means of Equation 1 if we also 
know the a, 7, and m relations (in dilute solutions). 

"andall and White, THIS JOURNAL, 48,2514 (1926). 
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Application of Foregoing Considerations.-Our correlation of Y,, r, 
and a with the empirical freezing point lowering equations of Lewis and 
Randall is to facilitate the treatment, in certain cases, of weak electrolytes 
in very dilute solution. Similar relations, of course, hold for the generalized 
divergence function of Randall and Wl~i te .~ .~  Moreover, i t  is fully as 
important as in the case of strong electrolytes to adopt a consistent and 
logical standard state for the activity of weak electrolytes. (Values of 
quantities proportional to the activity coefficients have recently been ob- 
tained for several weak acids1° by measurements of the freezing point lower- 
ing in concentrated solution. These quantities were given on the basis of 
an activity coefficient equal to unity in one molal solution. Such a 
standard state is not to be recommended and must ultimately cause con- 
fusion.) It is our immediate purpose to show that, on the basis of complete 
dissociation of the electrolyte a t  infinite dilution, we may evaluate the 
activity coefficients of weak electrolytes in dilute solution and that where 
K is known this is facilitated. 

To this end we shall examine the consequences of two postulates: (I) 
that the mean activity coefficient of the ions of a partially dissociated univa- 
lent electrolyte at  small molalities is the same as that of hydrochloric acid1' 
a t  the same ionic strength and that the activity coefficient of the acid would 
not be considerably affected by the presence of small amounts of undis- 
sociated substance. (If the effect on the dielectric constant of dilute 
hydrochloric acid due to small additions of non-electrolyte were thought 
considerable, it could, of course, be corrected for on the basis of the inter- 
ionic attraction theory.) 

(2) That in sufficiently dilute solution the freezing point lowering or 
other similar colligative property due to the ions, Bi, is the same as i t  
would be if the undissociated part were not present; that the freezing 
point lowering of the undissociated part, O,, is the same as that if the dis- 
sociated part were not present, and that the total freezing point lowering is 
the sum of these two quantities. 

The validity of Assumption 1 has to a large extent been dem~nstra ted,~ 
by methods which give directly the activity of the solute. If, as Randall 
and Failey found, the quotient, logarithm of activity coefficient of undis- 
sociated part of weak electrolyte by ionic strength, is approximately con- 
stant for weak electrolytes in salt solutions (the constant varies with the 
weak electrolyte or salt being considered), then in sufficiently dilute solution 

(In ~ , ) / p  = k', Y, = epk' = 1 + pk' + ( ~ k ' ) ~ / 2  + . - . 2 1 (13) 

Furthermore, we offer here the possibility of verification of Assumption 2 
by a correlation of the activity of the undissociated portion of an electrolyte 
with the activity of the solvent. 

lo Jones and Bury, Phil. Mag., [7] 4,841 (1927). 
l1 For bases we would take sodium hydroxide as a type strong base. 
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Inasmuch as the apparent dissociation constant from conductivity meas- 
urements, extrapolated to infinite dilution, KAO, must be equal1 to K 
(the correct interpretation12p13 of a will give us K) we are frequently in a 
position to utilize this quantity, by the relations developed in the present 
section, to evaluate activity coefficients of weak electrolytes from measure- 
ments which give directly the activity of the solvent.14 

0 0.1 0.2 0.3 0.4 0.5 
Square root of molality. 

0,  Hausrath; i3 Wildermann, 0, Petersen. 
Fig. 1.-Freezing point function for weak univalent electrolytes of various 

dissociation constants and for dichloro-acetic acid. 

The curves of Fig. 1 were prepared from Randall and Young'sls plots of 
the activity coefficient of hydrochloric acid a t  OO. Knowing the true dis- 
sociation constant, K = a,2/a,, of any univalent electrolyte, we may 
calculate the molality of the electrclyte corresponding to given values of 
ionic strength and ionic activity coefficients in the region where Y, = 1, 
i. e. 

l2 Sherrill and Noyes, THIS JOURNAL, 48,1861 (1926). 
l3  MacInnes, ibid., 48,2068 (1926). 
'4 The following experimental methods all give the activity of the solvent: freezing 

point lowering, vapor pressure lowering, boiling point raising, osmotic pressure, "dew- 
point" lowering, distribution ratio of the solvent and, in the case of a few solvents, meas- 
urements of the electromotive force in which the solvent is the substance involved in the 
electrode reactions. See Ref. 2. 

l6 Randall and Young, THIS JOURNAL, 50,989 (1928). 
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Although we use the assumption that the freezing point lowering caused 
by the undissociated part is the same as that of a perfect solution 

8 = 28, + 8, = 28, 3. Xm, (15) 

jl, j2, etc., are independent of this assumption. 

0.0 0.2 0.4 0.6 0.8 1 .O 
Square root of molality. 

Fig. 2.-Freezing point function for acetic acid. 0 Hausrath, C)  Jahn, 
A Jones and Bury, J Jones and Getman, Kendall, 64 Kendall and King, 
@ Ostwald, Roth. 

In pigs. 1 and 2 are given the plots of j2/m"~hus calculated for univalent 
electrolytes of various dissociation constants. 

In Fig. 1 we have also placed the points, j2/m'", calculated from the 
data of three investigators,16 of the freezing point lowering of dichloro- 
acetic acid. These points are evidently in very poor agreement among 
themselves. According to the dissociation constant a t  la0, K 2 9 1  = 

0.0583,17 and the heat of dissociation given by Steinwehr,ls K273, should be 
approximately 0.07. In cases of this sort, where the freezing point data 

l6 (a) Hausrath, Ann. Physik, [4] 9, 522 (1902); (b) Petersen, 2. physik. Clsem., 
11, 174 (1893); (c) Wildermann, ibid., IS, 337 (1894); (d) ibid., 19, 233 (1894). 

l7 Schreiner, 2. anorg. allgrm. Chem., 122,201 (1922). 
l8 Steinwehr, 2. physik. Chem., 38, 185 (1901). 
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are very discordant, curves of this type serve to indicate the probable ac- 
curacy of the data. 

In  Fig. 2 are given the points, jz/wt1/" calculated from all the available 
datal%f the freezing point lowering of acetic acid. These points show ex- 
cellent agreement among themselves and, in turn, lie very closely along the 
curve for K = 2 X which according to the extrapolation by Lewis and 
Randall of the data of Noyes and Cooper,20 very likely represents the true 
K of acetic acid within 4 or 5%. 

The curves of jl/m for weak electrolytes are not given, as these, of course, 
rapidly approach extreme negative values in dilute solution, as is always the 
case when the value of v assigned the substance is less than the true value 
(see Randall and Cann) .21 

Regarding the sharp peaks shown in the jz/mih curves for weak elec- . 
trolytes of low dissociation constant,22 we see from our previous discussion 
that in just the region where they manifest themselves and graphical in- 
tegration becomes laborious (very dilute solution) we may place most con- 
fidence in our postulates. 

According to our discussion, we should have the relations 

log (a?'+/ar?'*') = -0.4343 (js - j2') + 2 ( js/?nl/.)d ml/z] (16) [ 
and 

log a?'* = -0.4343[$ + 2 r ( j s / m i h ) d  m l h ]  

true in very dilute solution where the integral of the 0 term is negligible 
and our postulates should almost certainly be valid. As we have drawn 
our curves of Figs. 1 and 2 from our values of m,, 7, and Oi, and m's 
calculated from the K's, satisfaction of Equations 16 and 17 in these cases 
is, of course, to be expected. 

Higher accuracy in determining the activity coefficients of weak electro- 
lytes from freezing point lowering data is to be gained by higher accuracy 
in the values of the dissociation constant at  0°, as well as in the freezing 
point measurements. 

The values of Yo and r for acetic acid a t  round values of d / \ t  the freez- 
ing point are given in Table I. 

It will be noted that the values of Yo are very near the vzlue of K, namely, 
2 X The quotient yo/K given in the third column of the table shows 

l9 (a) Hausrath, Ref. 16a; (b) Jahn, Ann. Physik. Chem , [3] 60,119 (1897); (c) Jones 
and Bury, Ref. 10; (d) Jones and Getman, A m .  Chem. J., 30, 198 (1903) ; (e) Kendall, 
THIS JOURNAL, 39,2318 (1917); (f) Kendall and King, J. Chem. SOC., 127,1380 (1925); 
(g) Ostwald, 2. physik. Chem., 75,278 (1898). 

20 Noyes and Cooper, Pub. Carnegie Inst., No. 63 (1907). 
21 Randall and Cann, THIS JOURNAL, 50, 347 (1928). 
22 It is a characteristic of the curves of Fig. 1 that the maximum appears in more and 

more dilute solution the smaller the value of K. 
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TABLE I 
THE ACTIVITY COEPPICIBNT OP AQUEOUS ACETIC ACID AT THE FREEZING POINT 

m'/z x lo5 ro/K Y 

0.1 1.910 0.955 0.0440 
.15 1.940 .970 .0295 
.2 1.956 .978 .0220 
.25 1.964 .982 .0175 
. 3  1.970 .985 .0143 
.35 1.974 .987 .0121 
.4 1.976 .988 .0108 

that in solutions as strong as 0.1 M the effect of ionization of the acid may 
be disregarded. The quotient is easily interpolated and convenient for 
this purpose. When using this value of Yo, however, we in effect make the 
same convention as in the case of a strong electrolyte, namely, that the 
standard state of aqueous acetic acid is one which is defined by the infinitely 
dilute solution; moreover, it is so defined that the standard free energy of 
the aqueous acid is the same as the sum of the free energies of the ions. 
The value of y is as is to be expected very nearly the value of the degree of 
dissociation as ordinarily used, being the product of this quantity and y,, 
the activity coefficient. Since the effective ionic strength is very small, 
y* is nearly unity. 

I t  will be seen that the effect of our definitions is to make a distinction 
between the quantities and 7, as formerly employed by Lewis and 
Randall, who made these quantities as well as m and m, identical for a 
univalent electrolyte. We have retained that part of their convention 
which makes the activity of the solute the geometrical product of the ac- 
tivities of the ions. 

Regarding the possibility of testing the validity of the assumption Y, = 1 
from measurements of the activity of the solvent, we should be able to 
subtract the calculated quantity 28, from observed freezing point depres- 
sions, form the function j,/m, = [l - (B,/Xm,)]/m, and examine its 
approach to constancy in dilute solution. (A plot of 28; and m, against m 
for the electrolyte studied, K = 2.0 X in this example, is useful for 
the purpose.) 

Table I1 shows j,/m, for acetic acid, calculated from the data of Haus- 
rath16a,23 and Jones and Bury,'" probably as accurate data as any in ex- 
istence in their respective ranges of molality. The values are of the ex- 
pected order of magnitude3a (see Equation 13) except in the most dilute 
solutions. Such a test is exacting and enormously magnifies the experi- 
mental errors.24 

It might be pointed out that our postulates have intrinsically rather a 
wide field of applicability. That is, the assumption that the ions of weak 

23  Hausrath, Ann. Physik, [4] 9, 548 (1902). 
24 For the purposes of this paper we may neglect the comrnotl ion from the solvent. 
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TABLE 11 
VALUES OF ju/mu FOR AQUEOUS ACETIC ACID 

B mu j d m s  Author 

0.003522 0.001569 -14.357 ~ a u s r a t h ~ ~ ~ , ~ ~  
.006062 .002767 - 1.352 ~ a u s r a t h ' ~ ' , ~ ~  
.01172 .005562 - 1.899 ~ a u s r a t h ' ~ ~ ~ ~ ~  
.02061 .01002 -1.501 ~ a u s r a t h ~ ~ ' ~ ~ ~  
.04035 .02017 -0.589 ~ a u s r a t h ' " ~ ~ ~  
.06839 .03449 - .502 ~ a u s r a t h ~ ~ ' , ~ ~  
.I1124 .05765 - .00509 ~ a u s r a t h ' ~ ' . ~ ~  
.314 .I650 - ,00899 Jones and Bury

Lg0 

.497 ,2629 + .00201 Jones and 

.526 .2786 .00520 Jones and BuryLg" 
,578 .3071 .01202 Jones and BuryL9" 
.636 .3374 .00373 Jones and 

1.002 .5397 ,02480 Jones and BuryLgo 

1.197 .6476 .02575 Jones and BurylgO 

much as freezing point measurements are frequently not dependable in 
solutions more dilute than 0.01 M, we may employ a simple modification 
of the curves of Pig. 1 as an aid in evaluating divergence functions in more 
dilute solutions. For example, values of jz/ml'' a t  wz = 0.01 (Pig. 1 and 
Table 111) are plotted against log K as illustrated in Fig. 3, giving us a plot 
whereby we may determine probable values of K from a single value of the 
freezing point lowering a t  0.01 M. Thus if we have a single measurement 

electrolytes act like those of hydrochloric acid (at the same ion molality) 
makes little difference in electrolytes of K < 0.01, because the important 
thing is how far the undissociated portion departs from the ideal. On the 
other hand, with electrolytes of K > 0.5, the assumption of 7, = 1 makes 

i l  
little difference. Of course, 

I 

i 

8 
II 

E 
* 1 
cd 

< acetic acid up to about 
-E 0.4 M, far beyond the range 
1 
..r: in which they are needed. 

Curves of the type shown 
in Fig. 1, in addition to serv- 

0 ing as a criterion for the ac- 
o I 2 curacy of data, may also be 

-Log K. employed for the detection 
Fig. 3.-Preezing point function at 0.01 M for uni- of and estimation of the de- 

valent acids of various dissociation constants. 
gree of dissociation. Inas 

such assumptions should not 
be employed and are not 
needed except in quite di- 
lute solution. Our postu- 
lates appear to be very 
nearly valid in the case of 

I 

I ----- 
I 

/ 

// 
A 

I 



of the freezing point at  0.01 M, we may calculate the value of jz/rn1/' and 
by interpolation along the curve of Fig. 3 we find the value of log K, or, 
having K, may complete the divergence function in the very dilute range. 
This method is most valuable in the range of K > 

TABLE I11 
STOICHIOMETRIC ACTIVITY COEFFICIENTS OF WEAK ACIDS AT m = 0.01 

K m , a t m = 0 . 0 1  y* m * / m  Y j2/m1/z 

0.9 0.0099 0.907 0.99 0.898 0.343 
.2 .0094 .909 .94 .854 ,479 
.07 .Om0 .910 .90 .819 .747 
.04 .OO& .913 .84 .767 ,993 
.02 ,0075 .917 .75 .687 1.425 
.01 .0065 ,921 .65 ,599 1.935 
2 X 10-6 .0005 .975 .05 .044 4.85 

Summary 

The methods of Lewis and Randall for determining activity coefficients 
from freezing point measurements or from other measurements of the 
activity of the solvent are formally reviewed for weak univalent electro- 
lytes. 

The logarithm of the activity coefficient of a weak electrolyte (basis of 
strong electrolytes) is equal to the sum of the logarithm of the degree of dis- 
sociation and the logarithm of the activity coefficient of the ions as such. 

Use of the dissociation constant, K = U,~/U,, in evaluating the diver- 
gence functions of weak electrolytes in very dilute solution is introduced. 

The procedure to be followed in determining the activity coefficient of 
acetic acid in dilute solution from measurements of the activity of the 
solvent is shown as an example of the treatment of a typical weak electro- 
lyte. 

In dealing with weak electrolytes it is expedient to have an easily inter- 
polated activity coefficient for employment where dissociation is inap- 
preciable and one for use where dissociation is considerable. These should 
be thermodynamically related and should permit of evaluation in very 
dilute solution. In addition, these coefficients should reduce in the limiting 
cases, on the one hand to the activity coefficient of a non-electrolyte, and 
on the other to that of a completely dissociated electrolyte. They should 
also be defined so that the reference solution is the same for solvent and 
solute. These requirements are entirely satisfied by the methods described 
in this paper. 

A method of detefmining the dissociation constant of moderately weak 
electrolytes from a single measurement of the freezing point a t  0.01 M is 
given. 

BERKELZY, CALIFORNIA 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF PRINCETON UNIVERSITY] 

THE DIELECTRIC POLARIZATION OF LIQUIDS. VIII. ACETIC 
AND BUTYRIC ACIDS 

BY C .  P. SMYTH AND H. E. ROGERS 

The fatty acids have been so extensively investigated from many points 
of view that their dielectric behavior sholild be of unusual interest. Solu- 
tions of acetic acid in benzene and in ether were studied some years ago 
by Dr. S. 0. Morgan and one of the writers, but, as the results were pe- 
culiar and as some doubt arose as to the purity of the acetic acid which 
had been employed, no use was made of the data. The measurements 
have been repeated with carefully purified acetic acid over a wider range 
of temperature and extended to butyric acid. The apparatus, with which 
the dielectric constant was determined a t  a wave length of 600 meters, 
has been described previously. l 

Preparation of Materials 
Benzene.-Benzene was purified in the usual manner, being finally dried and dis- 

tilled over sodium; b, p. 80.1 "; n y  1.50135. 
Ether.-U. S. P. ether was shaken several times with a strong sodium chloride 

solution containing a little sodium hydroxide, washed with water, dried over calcium 
chloride and distilled; b. p. 35.1 "; diO 0.7137. 

Acetic Acid.-Merck's c. P. glacial acetic acid was crystallized twelve times, the 
final melting point being 16.6' and the refractive index n 2  1.37175. This sample was 
fractionally distilled; b. p. 117.8'; diO 1.0491; n? 1.37175. 

Butyric Acid.-n-Butyric acid obtained from the Eastman Kodak Company was 
fractionally diptilled, the fraction boiling between 163.2 and 163.4' being taken for the 
measurements; di0  0.9591. 

Experimental Results 

For the acetic acid solutions and the pure substance the dielectric con- 
stants e were measured at temperature intervals of approximately 10' 
and the densities d at intervals of about 15'. The values given for them 
in Table I were obtained by graphical interpolation. The butyric acid 
measurements were made at  three fixed temperatures, which make interpo- 
lation unnecessary. The polarizations, PZ, of the acids were calculated 
by means of the equations 

in which Plz is the polarization of the mixture, and CI and c2, MI and Ma, 
and PI and Pz are, respectively, the mole fractions, molecular weights, 
and polarizations of the individual components. 

I n  the case of pure acetic acid slightly supercooled to 16.4', a resistance 
Smyth, Morgan and Boyce, THIS JOURNAL, 50,1536 (1928); Smyth and Morgan, 

ibid., 50, 1547 (1928). 
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DIELECTRIC CONSTANTS AND D~NSITIES os SOLUTIONS AND POLARIZATIONS OP ACIDS 

Benzene-Acetic Acid 
Mole fr. 
CHaCOOH = 0 0 0978 0 2305 0.4372 0 6134 0 7912 1 000 

1.  O C .  f . 

Ether-Acetic Acid 
0 0 0339 0 0673 0 1039 0 1269 0 3549 0 5233 0 7198 1 000 

7 - 
0 4 746 4 817 4 869 4 966 5 015 5 489 5 793 6 28 

10 4 499 4 608 4 671 4 749 4 797 6 275 5 606 6 12 6 07 
20 4 296 4 402 4 462 4 542 4 593 5 072 5 428 5 97 6 13 
30 4 113 4 197 4 276 4 348 4 406 4 880 5 268 5 81 6 20 
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TABLE I (Concluded) 
Benzene-Butyric Acid 

Mole fr. 
CaHrCOOH= 0 0 0379 0 0640 0 0894 0 1875 0 4729 0 7183 1 000 

t ,  OC. . 
10 2 315 2 301 2 333 2 342 2 388 2 542 2 705 2 932 
40 2 253 2 266 2 280 2 290 2 340 2 519 2 715 3 001 
70 2188 2203 2219 2231 2291 2500 2725 3.074 

of 3.6 ohms had to be inserted in series with the condenser in the oppo- 
site arm of the bridge to balance the small conductance of the liquid. 
At 85.1' the dielectric constant was 7.11 and the compensating resistance 
41.5 ohms, and a t  100.OO E was 8.05 and the resistance 60.0 ohms. For 
the benzene solution containing a mole fraction 0.7912 of acetic acid, 
the resistance required a t  room temperature was negligible, but rose to 
6.6 ohms at 90.6'. In the less concentrated solutions the conductance 
was negligibly small. In the ether solutions the conductances were small, 
as the temperature of measurement was not above 30°, but were detectable 
a t  concentrations of acid down to mole fraction 0.3549. 

Discussion of Results 

The acetic acid data in Table I do not agree precisely with the earlier 
unpublished values, but the small differences observed are no greater 
than might be expected in view of the difference in the material used and 
are insufficient to affect the conclusions to be drawn. When these earlier 
measurements were made upon acetic acid, the increase in the dielectric 
constant of the pure liquid with rising temperature was thought to  be the 
first observed case of such a phenomenon, although it was known that the 
polarization of pure ethyl bromide increased with rising temperature. 
Since these first measurements were made, similar behavior has been 
observed for a number of secondary and tertiary octyl  alcohol^.^ As the 
dielectric constants of the dilute benzene solutions decrease in the normal 
manner with rising temperature, there is an intermediate region of con- 
centration within which the temperature coefficient of the dielectric con- 
stant is very small. Thus, the solution containing 0.6134 mole fraction 
of acetic acid shows a slight increase in E with rising temperature up t o  
40' followed by an even more gradual decrease. The values of Plz which 

Smyth and Stoops, THIS JOURNAL, 51,3330 (1929). 
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are not shown in Table I increase with temperature throughout the entire 
range of concentration, although the increase is very slight in the dilute 
solutions where the effect of the almost constant polarization, PI, of the 
benzene predominates. As the polarization Pz of the acetic acid in the 
dilute solutions is lower than that of benzene, the P ~ T C ~  curves pass through 
a flat minimum in a region where there is little change of PI% with concen- 
tration. 

The reason for this peculiar behavior is to be sought in the strong mo- 
lecular association which is known to occur in acetic acid. Freezing point 
and partition coefficient measurements show that the apparent molecular 
weight of acetic acid in dilute solution in benzene is close to 120, the weight 
which it would have if polymerized into double  molecule^.^ X-ray in- 
vestigations indicate that the molecules of the higher fatty acids in the 
solid state are paired4 end to end with their carboxyl groups in contact 
and a similar conclusion has recently been drawn for the l i q ~ i d . ~  Such 
a pairing should bring the electric moments of the single molecules into 
opposition with resultant partial or complete cancellation of one another's 
effects. It is easy to picture the acetic acid in dilute solution in ben- 
zene as consisting largely of these double molecules possessing little or no 
electric moment. The concentration of single molecules is so low in the 
solutions here measured that extrapolation of the Pz values t o  cz = 0 gives 
not the polarization of the molecules existing singly but rather their polari- 
zation when paired in the double molecules. Since these values of P, 
increase with rising temperature, presumably because of increasing dis- 
sociation into single molecules, i t  is evident that they are not wholly free 
from the effect of the small number of single molecules present. It may 
be concluded, however, that the polarization of the molecules in this com- 
plex state is not far from 20. The molar refraction of acetic acid for the 
sodium D line is 13.0.'j The difference between this and 20 is little, if 
any, larger than the value which the atomic polarization PA might be 
expected to have. Consequently, the dipole contribution t o  the polariza- 
tion, PM, must be close to  zero, if not actually zero, the electric moments 
of the single acetic acid molecules being practically canceled in the com- 
plex molecules. This conclusion is in agreement with results privately 
communicated some years ago by Dr. I,. Ebert, who obtained 18.85 as 
the value of P, for acetic acid in benzene and 19.4 for the molar polariza- 
tion of the solid measured a t  0' with a wave length of 5 meters. As there 
is no dipole contribution to  the polarization of the solid measured under 

3 Beckmann, Z. physik. Chem., 22, 610 (1897); Herz and Fischer, Ber., 38, 1138 
(1905); Trautz and Moschel, 2. anorg. allgem. Chem., 155, 13 (1926). 

Muller, J. Chem. Soc., 123, 2043 (1923); Miiller and Shearer, ibid., 123, 3156 
(1923) ; Trillat, Ann. phys., 6,  5 (1926). 

ti Morrow, Phys. Rev., 31, 10 (1928). 
Landolt-Bornstein-Roth, "Tabellen," 5th ed. 
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these conditions, it is evident that P, is made up of the electronic and 
atomic polarizations only, that is, P, = PE $. PA and PM = 0, which 
is equivalent to saying that the molecular complexes in the dilute benzene 
solutions possess no electric moment. 

Apparently, when the concentration increases, these complexes, in spite 
of their lack of electric moment, affect one another sufficiently to cause in- 
crease of polarization. It seems possible that the higher dielectric constants 
of the more concentrated solutions may further the dissociation of the com- 
plexes into single molecules and so increase the polarization. The fact 
that  the polarization increases with rising temperature would seem to sup- 
port the attribution of the increase to the separation of single molecules 
rather than to the formation of a different type of complex. The absence 
of electric moment in the complexes in the dilute solutions and the close- 
ness of the apparent molecular weight to that of a double molecule point 
t o  a polymerization to double molecules in which the carboxyl groups 
are in contact as indicated by the x-ray results. However, the mere 
assumption of the existence of single and double molecules without effect 
upon one another is inadequate to  explain the observed phenomena. The 
freezing point measurements of Trautz and Mosche13 give an apparent 
molecular weight of 117.5 for acetic acid when the mole fraction in the 
benzene solution is 0.0288, increasing to 124.9 when the mole fraction 
is 0.0650. This and similar results may indicate the formation of definite 
complexes containing more than two molecules, but i t  appears possible to 
explain the observed phenomena in terms of single and double molecules 
and strong intermolecular forces. 

In the hope of reducing the intermolecular forces and the extent of the 
association, a solvent of higher dielectric constant than benzene was sought. 
Ether was adopted as being the only liquid of higher constant which, 
when dissolved in non-polar solvents, showed a polarization independent 
of concentration. Unfortunately, however, ether may form an addition 
compound with acetic acid and thus complicate the situation. The 
polarization of the acetic acid, Pp, calculated on the assumption that the 
polarization of the ether, PI, is unaffected by the presence of the acid, 
shows a normal behavior, although the values for the dilute solutions 
contain errors larger than usual because of loss of ether by volatiliza- 
tion. The Pl fcz  curve passes through a flat maximum in the region of 
high dilution where the apparent polarization of the acetic acid is higher 
than that of the ether. The value of PM is calculated by subtracting 
from P, the approximate value 20 found for PE + PA and, from PM,  
the electric moment 1.40 X 10-ls is obtained for the single acetic acid 
molecule. This value cannot be regarded as certain since i t  may be really 
the moment of an addition compound of acetic acid and ether, but there 
is some evidence in its favor. 
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I n  order to investigate the question of a definite equilibrium between 
single and double acetic acid molecules in ether solution, Mr. C. H. Lindsley 
has measured the distribution of acetic acid between water and ether a t  
25" over a range of concentration of 0.086 to 1.644 moles of acetic acid 
per liter of ether, a range within which lie the four most dilute solutions 
in Table I. The most constant value of the distribution coefficient was 
obtained when an equilibrium between single and double molecules was 
assumed. If a is the total number of moles per liter of acetic acid, all 
the acid being calculated as having molecular weight 60.04, and x is the 
concentration of single molecules, the equilibrium constant K = x2/ (a - x). 
The mean value obtained for K was 2.7. 

Since it has been shown that the double molecules have practically 
no moment and do not, therefore, contribute to the orientation polariza- 
tion PM and, since i t  has been assumed that the P, obtained from the 
ether solutions is the polarization of the single molecules, the value of 
PM observed a t  any concentration should be the orientation polariza- 
tion for the single molecules PAf, multiplied by the fraction of the acetic 
acid which is present as single molecules, that is, PM = (x/a)PM , . The 
values of P have been obtained by interpolation at 25' and those of P, 
by subtracting from then1 PE + PA = 20. From the value Phfm = 41 
thus obtained, the values of PM have been calculated by means of K and 
the values of a and x calculated from it. The difference between the 
observed and calculated values of PA[ is large at 6% = 0.1039 and 6 2  = 

0.1269, but for the other solutions and the pure acid the average difference 
is only 1.9. 

Since the value of K determined in the distribution measurements 
may be affected by the water with which the ether layer is saturated and 
since i t  may be different in the concentrated solutions and the pure acid 
from what i t  is in the dilute solutions, too much significance should not 
be attached to the agreement between the observed and calculated values 
of PSI. It may be said, however, that the entire behavior of acetic acid 
which has been described is consistent with the theory of its existence 
in single and double molecules, the force fields of which may affect one 
another and cause further abnormalities. As the moment of acetic acid 
might be expected to be not very different from that of methyl acetate, 
for which Williams7 has found a value of 1.67 X 10-18, the value 1.4 X 
10-Is seems reasonable, but i t  must be borne in mind that there is a possi- 
bility that this is really the moment of an addition compound of acetic 
acid and ether. 

The behavior of butyric acid is very similar to that of acetic. The 
dielectric constants of the pure liquid and the most concentrated solu- 
tion increase with rising temperature. The dielectric constant is lowered 

Williams, Physik. Z., 29, 174 (1928). 
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by the lengthened hydrocarbon chain, which reduces the number of di- 
poles in unit volume so that pure butyric acid behaves much like a benzene 
solution containing 0.6 to 0.7 mole fraction of acetic acid. The two 
methylene groups which differentiate butyric from acetic acid have a 
combined refraction for the sodium D line of 9.2, which is their contribu- 
tion to PE for the compound. This is very nearly the difference between 
the values of P, for the two substances. The larger proportion of hydro- 
carbon in the butyric acid molecule lessens the rate of increase of the 
polarization with decrease in the concentration of benzene in the mixture 
so that  pure butyric acid happens to have the same polarization as acetic. 

The close resemblance of butyric acid to  acetic is what would be ex- 
pected from freezing point and partition coefficient measurements and 
the indication of double molecules by x-ray studies. The single butyric 
acid molecules must have approximately the same moment as those of 
acetic acid and form similar complexes in which the carboxyl groups are 
in contact with one another, canceling their rnoment~.~ 

Summary 
The dielectric constants and densities of solutions of acetic and butyric 

acids have been measured a t  different temperatures, and the data have 
been used to calculate the polarizations of the substances. 

The dielectric constants of the pure acids behave abnormally in that 
they increase with rising temperature instead of decreasing. 

The results are shown to be consistent with the theory of the existence 
of the acids in single and double molecules, the latter of which have little - 

or no electric moment. It must be supposed, however, that the molecu- 
lar force fields may affect one another and cause further abnormalities. 

PRINCETON, NEW JERSEY 

8 Since the submission of the manuscript of this paper for publication, Dr. C .  T. 
Zahn has communicated to the authors a value 1.4 X 10-l8 for the moment of acetic 
acid measured as vapor a t  high temperatures and low pressures where i t  must have 
existed as single molecules. This may be regarded as excellent confirmation of the value 
for what was thought to be the single acetic acid molecule in ether solution. Wolf, in 
a paper just published [Physzk. Z., 31, 227 (1930)], obtains a value of 0.74 X 10-'8 for 
acetic acid from measurements in benzene solution a t  22 O, a value of 0.68 X 10d18 for 
butyric acid and 0.63 X 10-l8 for both propionic and isovaleric acid. In calculating these 
results he used an estimated value of P A  equal t o  1TiY0 of the molar refraction, which 
the evidence cited above shows to be much too small in the case of acetic acid. If 
P - PE in our results is used to calculate the moments of acetic and butyric acid, 
the values obtained are close to those calci~lated by Wolf. As i t  has been shown that 
P - PE consists mainly of the atomic polarization P A  for molecular complexes, the 
values calculated for moments from these differences and attributed to single molecules 
would seem to have little significance. These results also cast doubt upon the moment 
assigned to the carboxyl group in aromatic compounds from measurements upon the 
strongly associated benzoic acid in benzene solution [Williams, Chem. Rev., 6, 589 
(1929) 1. 
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In the previous papers of this series there has been discussed the re- 
lation between electric moment data and the structure of benzene and a 
number of its derivatives. Another article1 has been devoted to a study 
of the structure of derivatives of methane and ethane. It was thought 
that the extension of this type of study to cyclohexane and its derivatives 
would lead to a number of interesting conclusions, particularly because 
considerable information is now available concerning the structures of the 
mono- and di-substitution products of benzene. 

Fig. 1.-Crystal oscillator. 

Experimental Method 
The method of determining the electric moment of a solute molecule 

from dielectric constant and density data of a suitable binary mixture has 
been completely described in a number of  place^^-^ and will not be repeated 
here. The measurement of the dielectric constants was made using an 
apparatus which was improved in several details over that previously 
described. A quartz crystal controlled circuit (frequency, lo6 cycles) 
was used as the standard oscillator and a resistance-coupled three-tube 
detector and amplifier circuit replaced the transformer-coupled arrange- 
ment of the earlier investigations. The actual method of measurement 
of the dielectric constant of a solution was not changed from that which 

Williams, Z. Physik. Clzcm., 138A, 7.5 (1928). 
(a) Williams and Krchma, THIS JOURNAL, 49, 1676 (1927); (b) Williams and 

Weissberger, ibid., 50, 2332 (1928). 
a Debye, "Polar Molecules," The Chemical Catalog Co., New York, 1929, et al. 
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has already been described. A diagram of the circuits used is given in 
Figs. 1 to 3. 

Results 
All chemicals used were carefully purified and their boilng points checked 

with those given in the "International Critical Tables." All dielectric 
constant and density measurements were made at  25O. The frequency 
lo6 cycles was used for the dielectric constant determinations. The dielec- 
tric constant of benzene under these conditions was assumed to be 2.280. 

The dielectric constant and density data for the various binary mixtures 
are given in Table I. 

TABLE I 
DIELECTRIC CONSTANT AND DENSITY DATA FOR MIXTURES 

The symbols used have the following significance: f, is mole fraction of the solvent, 
in this case benzene; d i 5  is density of the solution; E is dielectric constant of the solution; 

is molar polarization of the solution = ( E  - I)/(€ + 2) X [(fiM~ + fzM2)/dl = 
fiPl + fiP2; Pp is molar polarization of the solute molecule. 

f~ (Benzene) d2,6 e PI,% Pz 
Cyclohexane 

100.00 0.8731 2.280 26.77 28 
99.18 .8722 2.280 26.80 30 
97.58 .8704 2 276 26 82 28 
96 04 .8686 2.270 26.83 28 

Chlorocyclohexane 
100.00 0 8731 2.280 26.77 143 
99.27 .8742 2.337 27.63 143 
97.85 .a764 2.440 29.23 141 
96.47 .8789 2.543 30.73 140 

Bromocyclohexane 
100.00 0.8731 2 280 26.77 150 
98.89 .8798 2.363 28.10 149 
97.48 .8884 2.489 29.96 153 
96.79 .8965 2.567 30.94 156 

Cyclohexanone 
100.00 0.8731 2 280 26.77 202 
99.15 .8741 2.385 28.29 205 
97.40 .8761 2.605 31.27 200 

Methylcyclohexane 
100 00 0 8731 2.280 26.77 33 
99 32 ,8722 2 279 26.80 33 
97 96 .8702 2.276 26.92 34 
96.01 ,8673 2.270 27.06 34 

Cyclohexanola 

100 00 0.8735 2.276 26.66 105 
99 64 .8737 2.292 26.93 103 
99.12 ,8740 2 318 27.32 101 
98.25 ,8745 2.357 27 93 99 

' Data of Mr J. M. Fogelberg. 
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f r  (Benzene) 

TABLE I (Concluded) 

d y  € 

1,4 Dioxan 

0.8731 2.280 
.8762 2.283 
.8793 2.290 
.8824 2.300 

2-Methylcyclohexano1 
0.8731 2.280 

.8744 2.360 

.8757 2.437 

.8770 2.504 

Cyclohexane carboxylic Acid 
0.8731 2.280 26.77 

,8763 2.292 27.07 
.8794 2.305 27.41 
.8827 2.318 27.73 

From the molar polarization of the solute molecules their electric mo- 
ments have been calculated, making the assumption that that  part of 

TABLE I1 
ELECTRIC MOMENT DATA FOR SOLUTE MOLECULES 

Molecule Pz Pz" Pz' p X  1018 e. s. u. 

Cyclohexane 28 27.7 ca 0 .3  0 
Methylcyclohexane 33 32.7 ca 0 .3  0 
Chlorocydohexane 143 33 110 2 .3  
Bromocyclohexane 150 36 114 2 .3  
Cyclohexanone 202 28 1 74 2 .8  
Cyclohexanol 105 30 75 1.9 
l,4-Dioxan 26 22 4 0.4 
2-Methylcyclohexanol 113 34 79 1.95 
3-Methylcyclohexanol 108 34 74 1 . 9  
4-Methylcyclohexanol 106 34 72 1.9 
Cyclohexane carboxylic acid 49 33 16 0.9 
In this table, Pz is molar polarization of the solute molecule; P2" is polarization due 

to  deformation of the molecule; Pz' is polarization due to orientation of the molecule; 
p is electric moment of the molecule. 
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the total polarization which is due to the deformation of the molecule 
is given by the Lorentz-Lorenz formula, using the refractive index for the 
"D" line. The results of these calculations are believed to be correct to 
within 0.1 X 10-l8 e. S. u., with the possible exception of dioxan, whose 
moment cannot be distinguished from zero by the method used. These 
data are presented in Table 11. 

Since the dielectric constants of but few of these derivatives of cyclo- 
hexane are to be found in the literature, measurements were made upon 

certain of the more common 
ones. The measurements were 
made in the manner described in 
the earlier papers of this series, 

I -3, v~~~ - using the apparatus which has 
- loo VOLTS just been described. It is evi- 

dent that this method neglects 
the effect of any change in the 
absorption of energy in the 
liquid dielectric as the position 
of the rotor plates of the meas- 
uring condenser is changed. 
When substances like benzene 

Gen~RadiOCondmser and dilute solutions of polar 
Prec~s~on  Condenser molecules in benzene are stud- 
G c n  RadtoType 222 ied, the absorption of energy is 

so low that corrections for this 

A effect are not necessary. This 

Fig. 2.-Variable oscillator. is not the case, however, when 
appreciable a n d  different 

amounts of energy are absorbed, and for precision measurements not only 
capacity changes but also resistance changes should be accounted for. For 
this reason the data, presented in Table 111, are recorded to  the nearest 
tenth of a unit only, since it was not possible to make the proper correc- 
tions. The results for the last four substances given are certainly the only 
ones which could be a t  all affected by this difficulty, and even in these cases 
the error introduced must be small. 

DIELECTRIC CONSTANT DATA FOR CYCLOHEXAN~~ AND ITS DERIVATIVES 

Temperature, 25 O. Frequency, 106 cycles 
Molecule Dielectric constant Molecule Dielectric constant 

Cyclohexane 2 . 0  Bromocyclohexane 7 .9  
Methylcyclohexane 2 .1  Cyclohexanol 15.0 
1,4-Dioxan 2 . 2  Cyclohexanone 18.1 
Chlorocyclohexane 7 . 6  
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Discussion 
There are now sufficient electric moment data for various mono-sub- 

stitution products of cyclohexane, methane and benzene to be able to 
compare the effect produced by substituting a simp12 atom or group of 
atoms into these various parent substances. The data are collected in 
Table IV, in which those figures marked by the asterisk have been taken 
from other  observer^.^ 

TABLE I V  
DATA FOR SUBSTITUTION PRODUCTS OF SIMPLE HYDROCARBONS 

Electric Moment X 1018 Electric Moment X 1018 
Atom or For For Por Atom or For For For 
radical CaBi~a CBII~P CHaa radical CcHi~a CsHna CHaa 

As one would expect, cyclohexane itself is a symmetrical molecule. 
When a CH3 group is substituted into it, an electrically symmetrical mole- 
cule is again formed, since methylcyclohexane has a zero moment as well. 

C C 

COOPL~NG CO~L 

135 VOLT- 

6 VOLTS BATTEVY 

Fig. 3.-Detector-amplifier. CF 0.01,upF.; R2F 5 megohms; 
K1 = RzF 0.25 megohms; R4F 5 megohms. 

Thus cyclohexane behaves like methane and not like benzene on the 
substitution of a CH3 group. Toluene is a slightly polar substance. Pur- 
thermore, Raman spectra for benzene and for toluene indicate distinct 
differences in energy levels which are not found in methane hydrocarbons 
and presumably will not be found in cyclohexane  hydrocarbon^,^ so that 

Debye, "Polare Molekuln," Table of Dipole Moments, Hirzel, Leipzig, 1929. 
Kohlrausch and Dadieu, Physik. Z., 30, 385 (1929); Reynolds and Williams, 

THIS JOUXNAI,, article submitted March, 1930. 
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these two types of study lead to similar conclusions involving two different 
carbon to carbon linkages. 

The electric moments for chlorocyclohexane and bromocyclohexane are 
practically identical. This might have been predicted since the corre- 
sponding derivatives of methane and of benzene, respectively, also have 
like values. The moment produced in the cyclohexane derivatives is 
distinctly higher than that of the other compounds in question. Also, 
the substitution of an hydroxyl group in cyclohexane produces a more 
polar molecule than the substitution of the same group into benzene or 
methane. This appears to be a matter of internal compensation of charges 
about which little is known in a quantitative way a t  present. 

The data for cyclohexane carboxylic acid are to be compared with those 
previously reported6 for benzoic acid. In each case the molar polarization 
of the solute molecule is constant over a considerable range of concentration. 
This is a surprising result, because, a t  least for benzoic acid and presum- 
ably for cyclohexane carboxylic acid as well, the molecular weight of the 
solute in benzene solution increases as its concentration is increased. In 
other words, the degree of association of the solute is increasing with in- 
creasing concentration and, therefore, according to the explanation given 
this phenomenon by D e b ~ e , ~  the molar polarization of the dissolved 
molecule should either increase or decrease, the latter being more probable. 
The same reservation must be made for the value of the electric moment 
reported for cyclohexane carboxylic acid as was made for benzoic acid, 
namely, that it is difficult to state exactly what the effect of this asso- 
ciation will be upon the result. The moment reported is to be considered 
of the right order of magnitude only. I t  is possible that measurements 
over a range of temperature would be of material assistance in assigning 
more definite values for the electric moments of these two compounds. 

The data for the methylcyclohexanols are of interest in connection 
with the data for the cre~ols.~ For the latter it will be recalled that each 
had a smaller moment than phenol, and that the moments for the meta 
and para compounds were practically identical. The electric moments 
of the three methylcyclohexanols are in every case of identical magnitude 
with that  of cyclohexanol itself and are all three practically identical. 
The fact that all four molecules have nearly identical moments is not 
surprising. The moment is characteristic of the OH group alone and is 
quite independent of the presence of the CH3 group. This result was to 
have been expected from the zero moment found for methylcyclohexane. 
It is also true that these substances, bought under the names used in the 
tables from the Eastman Kodak Co., may be mixtures of isomers; in that 
event the electric moments reported are average values for equilibrium 

6 Williams and Allgeier, THIS JOURNAL, 49, 2416 (1927). 
7 Williams, Physik. Z., 29, 683 (1928). 
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mixtures. Because of the possibility of isomerism it is evident that any 
extension of dipole moment studies to disubstituted cyclohexanes will be 
considerably more difficult and involved than the corresponding study of 
benzene derivatives has been. Nevertheless it should be an interesting 
problem. 

There are included in Tables I and I1 the results of measurements 
for solutions of 1,4-dioxan in benzene. Dioxan is found to have an elec- 
tric moment which can differ but slightly, if a t  all, from zero (p  = 0.4 X 
10-l8 e. s. u.) in spite of the fact that there must be two very active parts 
in the molecule. This interesting chemical, though not classed as a deriva- 
tive of cyclohexane, has a ring structure and has certain properties in 
common with cyclohexanol and cyclohexanone. Since it is such an un- 
usual solvent and a t  the same time a molecule of extremely low polarity, 
i t  was thought that it might serve as as uitable solvent for the determi- 
nation of the electric moments of substances insoluble in the usual non- 
polar solvents. This idea will form the basis of the next article of this 
series. 

Summary 
1. Dielectric constant and density data at  25' have been obtained 

for dilute benzene solutions of cyclohexane, chlorocyclohexane, bromo- 
cyclohexane, cyclohexanone, methylcyclohexane, cyclohexanol, 1,4-dioxan, 
2-methylcyclohexanol, 3-methylcyclohexanol, 4-methylcyclohexanol and 
cyclohexane carboxylic acid. The electric moments of the solute mole- 
cules have been calculated. 

2. Certain improvements, shown only by diagram, have been made 
in the apparatus used to measure the dielectric constants. 

3. The electric moment data for the various derivatives of cyclo- 
hexane have been compared with those for the corresponding derivatives 
of benzene and methane. 

SCHENECTADY, NEW YORK 
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THE DIELECTRIC CONSTANTS OF BINARY MIXTURES. XI. 
THE USE OF DIOXAN AS A SOLVENT FOR ELECTRIC 

MOMENT STUDIES 

There are a t  present two methods by which the electric moment of a 
molecule may be determined, as follows: (1) from the temperature coeffi- 
cient of the dielectric constant of a gas or vapor;l (2) from dielectric con- 
stant and density data for suitable binary mixtures. 

The previous articles of this series have utilized the second of these 
methods, for while it is perhaps not as sound theoretically as the first one, 
i t  is easier from an experimental viewpoint and does give a result which 
is in good (though not exact) agreement with that of the first method. 
The latter statement has now been amply verified. It has been the pur- 
pose of these articles to show the application of a new physical method to 
the study of the structure of molecules-an important chemical problem. 

Both methods have difficulties inherent in them. For example, the 
electric moments of a number of organic molecules may never be deter- 
mined by the first method because these substances are unstable in the 
vapor state. The second method is not as yet a general one because for 
i t  there are required "suitable" binary mixtures. A suitable binary 
mixture is defined as one in which one of the components, the solvent, is 
non-polar, that is, its electric moment is zero. Benzene, carbon tetrachlo- 
ride, carbon bisulfide and hexane are liquids having no moment and con- 
sidered to be suitable solvents for electric moment determinations of this 
sort. Unless other solvents can be found the second method will then 
be applicable only to those substances which can be dissolved in these 
solvents to the extent of something like lY0, using the best apparatus 
now available for the dielectric constant and density determinations. 
Measurements have been made for substances having lower solubilities, 
but the results cannot be considered to be entirely dependable. Thus the 
electric moment of the water molecule has been calculated from dielectric 
constant and density data for a saturated solution of water in b e n ~ e n e , ~  but 
i t  can only be claimed that the result is of the right order of magnitude. 

Several recent articles have discussed the solvent properties of 1,4- 
d i ~ x a n . ~ , ~  It is found to be an excellent solvent for a large number of 

Dielectric constant measurements on gases and vapors a t  a single temperature 
have also been utilized for this purpose. 

Williams, Physik. Z., 29, 204 (1928). 
Anschutz and Broeker, Ber., 59B, 2844 (1926). 
Reid and Hofmann, Ind. Eng. Chem., 21, 695 (1929) 
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substances, inorganic as well as organic. Its electric moment, reported 
in the previous article of this ~ e r i e s , ~  is not greater than p = 0.4 X 10-la 
e. s. u. This value is so small that it is indistinguishable from zero by the 
method used; therefore it seemed possible that dioxan might act as a 
non-polar solvent, in spite of the fact that it is a molecule containing two 
very active groups. Dielectric constant and density data a t  25' were 
obtained for dilute solutions of chlorobenzene, water, chlorocyclohexane 
and 0-diethyl phthalate in 1,4-dioxan, and the molar polarizations of the 
respective solute molecules were calculated, making the assumption that  
the polarization due to the solvent dioxan was always exactly proportional 
to its mole fraction in the solution. The electric moments were calculated 
from the molar polarizations in the usual manner. These four substances 
were chosen at  random to represent different types of molecules. In  the 
interest of a saving of space the dielectric constant and density data for 
the four mixtures have not been included. The results of the calculations 
of the electric moments of the solute molecules are presented in Table I. 
The symbols used have been defined completely in the previous a r t i ~ l e . ~  

TABLE I 

ELECTRIC MOMENT DATA FOR SOLUTE MOLECULES 
Molecule PI Pt" P2' I* X 10'8 e s u. 

Chlorobenzene 80 3 1 49 1.5 
Water 82 4 78 1 .9  
Chlorocyclohexane 146 33 113 2 .3  
o-Diethyl phthalate 226 60 166 2.S 

Electric moment data for chlorobenzene, water and chlorocyclohexane 
are available in the literature. The electric moment of o-diethyl phthalate 
was determined from dielectric constant and density data (Table 11) 
for this substance in dilute benzene solution. 

fr (Benzene) d'," 
P1,z P2 

100.00 2.280 0.8731 26.77 206 
99.64 2.316 .8756 27.37 202 
99.29 2.360 .8782 28.10 209 

Finally, there is given in Table I11 the comparison of the polarization 
and electric moment data for the four solute molecules obtained from ben- 
zene solution and from dioxan solution. 

The only conclusion to be drawn from this table is that dioxan is just 
as good a solvent as benzene for determinations of the electric moments 
of these particular molecules. For chlorobenzene and chlorocyclohexane 

Williams, THIS JOURNAL, 52, 1831 (1930). 
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TABLE 111 
COMPAKISON OR DATA USING DIOXAN AND BENZENE AS SOWENTS 

Molecule Solvent Pz Pz' IL X 1018 

1 Chlorobenzene C6H6 82 51 1 . 5  
C4H802 80 49 1 .5  

2 Water CfiHe 64 60 1.72 
C4HsOa 82 78 1.9 

Electric moment of water, calculated from temperature coefficient of dielectric 
constant of water vapor = 1.85-1.87.6 

3 Chlorocyclohexane csH6 143 110 2 . 3  
C4Ha02 146 113 2 . 3  

4 o-Diethyl phthalate CfiH6 205 145 2.7 
C4HsOz 226 166 2.8 

the results are identical, within the limits of experimental error. Dioxan 
would appear to be the more desirable solvent for the determination of 
the electric moment of the water molecule, since the value obtained us- 
ing it, p = 1.9 X 10-la e. s. u., is identical, to two significant figures, with 
the commonly accepted value obtained from the temperature coefficient 
of the dielectric constant of the vapor. The molar polarization value 
for o-diethyl phthalate obtained from the dioxan solution is somewhat 
higher than the corresponding value obtained from the measurements 
in benzene solution. Indeed, there is good reason to believe that in a 
number of cases the resulting molar polarization obtained-in dioxan solu- 
tion will be somewhat higher than they should be. Since dioxan con- 
tains two very active groups in the molecule, one might expect segrega- 
tion and orientation effects upon solute molecules which happen to be 
within a certain distance of these more active  center^.^ These orienta- 
tion effects would result in an additional polarization contributing to the 
total polarization. In this case the assumption could hardly be made 
that the polarization due to the dioxan (as solvent) is always exactly pro- 
portional to its mole fraction in solution. 

Furthermore, in spite of the fact that it is a stable substance it does 
form addition compounds wi.th both organic and inorganic substances 
in solution. It is evident in the event of a compound formation 
between solvent and solute that the dielectric constant and density measure- 
ments would be of little significance. 

Jona, Physik. Z., 20, 14 (1919); Sanger, in Debye, "Leipzig Lectures," S. Hirzel, 
Leipzig, 1929. 

These segregation and orientation effects are important not only in connection 
with measurements of molar polarization but  also in connection with numerous chemi- 
cal phenomena. For example, they will undoubtedly have t o  be considered in the study 
of solubility relationships and in the study of reactions in solution. These effects, now 
the subject of further investigation by us, have been defined by Langmuir [Chem. Rev., 
6, 451 (1929)l. 
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It is not claimed as a result of this table that dioxan is a suitable sol- 
vent for the determination of the electric moment of any dissolved mole- 
cule in the same sense that either benzene or carbon tetrachloride is, How- 
ever, it  does appear possible that dioxan may be used to determine a t  least 
the correct order of magnitude of the electric moment of molecules which 
are difficultly soluble in the recogaized non-polar solvents. For example, 
if the electric moment of the water molecule could not have been deter- 
mined by studying the temperature coefficient of the dielectric constant 
of its vapor, the value obtained from the dioxan solution would have indi- 
cated that the value obtained from the single solution of water in ben- 
zene could not be greatly in error. Indeed, it would be desirable to make 
comparison measurements in some solvent like dioxan in every case where 
the solute molecules are so difficultly soluble that measurements for only 
one (very dilute) solution can be made. 

Another use of dioxan suggests itself. In a practical way i t  should be a 
suitable solvent in which to study the electrical properties of cellulose 
derivatives, gums, resins and other more complicated organic compounds, 
the idea being that certain information concerning the sizes and shapes 
of the various substances could be made available. 

Summary 

1. Dielectric constant and density data have been obtained for dioxan 
solutions of chlorobenzene, water, chlorocyclohexane and o-diethyl phthal- 
ate and for benzene solutions of o-diethyl phthalate. 

2. The electric moments of the solute molecules calculated from the 
data in dioxan solution are compared with those obtained using the usual 
non-polar solvents, and found to be in good agreement. 

3. It is suggested that while dioxan is probably not a suitable sol- 
vent for the determination of the electric moment of any dissolved mole- 
cule, it does offer interesting and important possibilities in cases where 
the usual solvents cannot be used. 
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[ C ~ N T R I E I ~ ~ I ~ N  F'RoM THE: CIIEMICI);I, LABORATORY OF THE UNIV~RSI'CY OF ~OCHSSTITR] 

THE SOLUBILITY OF GOLD IN MERCURY. I1 

Although several investigators1 have worked on the system gold-mer- 
cury, the majority of the results have been confined to temperatures above 
100°, and strangely enough the few values between 0 and 80" disagree 
remarkably with each other-differences of several hundred per cent. being 
common in this temperature range. Quite recently a rather precise piece 
of work was published by Sunier and Gramkee on the solubility of gold 
in mercury from 80 to 200°, using the tube of Sunier and Hess2 slightly 
modified. It was thought advisable, therefore, to continue these measure- 
ments with the apparatus just mentioned. This paper will present re- 
sults on the solubility of gold in mercury from 7 to 80'. In spite of the 

low apparent solubility (0.1 to 0.5%) in 
this temperature range, the precision of 
measurement is considered to be excel- 
lent, the average deviation from the 
mean for all the determinations being 
about 5 parts per thousand, which cor- 
responds on the average to about 0.001 
atomic %. 

Materials.-Mercury was covered with a 
considerable amount of dilute nitric acid and air 
was aspirated through the mercury for a week; 
it was then distilled several times in an all-glass 
apparatus under diminished pressure, according 
to the method of Hulett and Minchin.8 Samples 
of this mercury yielded no weighable residues 
when slowly evaporated a t  270° in a current 
of air. The gold was used in the form of foil 

Fig. 1.-Solubility tube. which had been rolled from a bar of gold said to 
contain less than 0.05% impurity. 

Apparatus.--The solubility tube, Fig. 1, a modification of the one used by Sunier 
and Gramkee, was made of pyrex glass and consisted of a sample tube, A, capillary 
filter, B, a tube for preparing amalgams, C, the cup, D, and the capillary, E, both of 
which were used in filtering the amalgams. The dimensions of the tube were increased 
a t  lower temperatures to accommodate larger volumes of mercury. 

The shaking and sampling apparatus differed considerably from that used in the 

Parravano, Gazz. chim. itul., 48, 11, 123 (1918); Braley and Schneider, THIS 
JOURNAL, 43, 740 (1921); Britton and McBain, ibid., 48, 593 (1926); Sunier and 
Gramkee, ibid. ,  51, 1703 (1929); Kasanzeff, Ber., 11, 1255 (1878), determined the 
solubility of gold in mercury at 0, 20 and 100". 

Sunier and Hess, THIS JOURNAL, 50, 662 (1928). 
Hulett and Minchin, Phys. Rev., 21, 288 (1905). 
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first research, and since i t  proved so satisfactory it will now be briefiy described. The 
apparatus was designed with a view to making it possible to handle the low and high 
sides independently or simulta~~eously a t  will.' Figures 2 and 3 give front and side 
views, respectively, of the apparatus; these views correspond to the sampling and ro- 
tating positions, respectively. The apparatus is built in two units which are nearly 
identical; each unit is capable of carrying four solubility tubes; only one tube, however, 
is shown in Fig. 2 in order not to complicate the figure. 

A large round piece of brass rod, R, was drilled to slip over the axle, G, and was 
fitted with suitable clamps to hold the tubes firmly in position. A cotter pin through 
G served to hold R in position. The 
axle G was supported by the square 
brass rod H, which in turn, was se- 
curely damped to rigid supports (not 
shown in Ags. 2 and 3). A smaller 
rod M was fixed to R in a manner in- 
dicated, and was connected by the 
long rod J to the eccentric; thus a 
motion could be given the tubes as 
indicated by the full and dotted lines 
in Fig. 3. The rods JJ could easily 
be detached from the eccentric and 
were used in rotating the tubes 
through 180" a t  the time of filtering. 

The two units differ only in the 
rods H and I. Rod H was never re- 

/ 

moved from the bath and was always 
used to support the four tubes that 
corresponded to the high side. When 
the other unit (constituting the low 
side) was to be inserted in the bath, 
the peg N on the rod I was put in the 
hole in

di

cated on the rod H; then 
the movable rod Q was pushed to the Fig. 2.-Shaking and sampling apparatus. 
left until the two rods I and H were 
securely fastened together. It should be apparent then that each set of tubes could be 
inserted in the bath, rotated and sampled independently of the other set. 

The tubes were immersed in a thermostat, which was very heavily lagged and con- 
tained 334 liters of water.6 The top of the thermostat was partly covered in all the 
runs except in those a t  70 and 80" where it was completely enclosed to prevent excessive 
evaporation of the water. Two or three centimeters of the sampling tubes projected 
above the water level in all the runs except in series I, where the entire tube was sub- 
merged. A revolving shaft, loaded with forty oil sample bottles, produced the necessary 
agitation within the bath. The bath could be heated by steam and by six 500-watt 
heaters; i t  could be cooled to temperatures below that of the room by running cold water 
through a special cooling coil, or by adding finely mashed ice directly to the water; this 
latter procedure was resorted to in run F (7 "). In some of the runs a thermoregulator 

Mr. Law G. Weiner, working in the laboratory, first applied this idea (but his 
apparatus was necessarily quite different) in determining the solubility of gold in mer- 
cury a t  high temperatures. 

6 It is hoped to publish in another place further details concerning this type of 
thermostat, which has proved very satisfactory during the eight years of its use. 
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was used; in others hand regulation was resorted to. In  either case variations of 
temperature as large as 0.1 occurred very rarely and only for a very short time. A 
Beckmann thermometer inserted in the bath was read a t  frequent intervals and indi- 
cated that the average temperature variation was about *0.02 ". 

The temperatures were read from two mercury thermometers (graduated in tenths 
of a degree) which were compared with thermometers recently standardized by the 
Bureau of Standards. Temperatures are recorded to the nearest 0.02", which was 
readable with ease. . 

Experimental Procedure 
A certain volume of mercury (depending on the temperature of the run) was charged 

in the tube D (Fig. 1) with about 100% excess of gold, using Britton and McBain's 
data as a guide, with the solubility tube in a 
horizontal position. A rubber tube and pinch 
clamp on the capillary E prevented the mercury 
from running out. After sealing off at  D, the 
mixture was transferred to the opposite end of 
the tube and the capillary E was attached to 
a Cenco Hyvac pump. When the tube was 
thoroughly evacuated and outgassed, the capil- 
lary was sealed off and file marked. 

To determine the solubility a t  a certain 
temperature saturation was (with two excep- 
tions, Runs E and F) attained from both the 
high and the low sides. A total of eight tubes 
was made up and four were placed in each rack. 
One set was introduced and rotated for two and 
one-half to three hours when the bath was about 
5" above the solubility temperature. This con- 

Fig. 3.-Shaking apparatus (side view). stituted the high side of the run. The tempera- 
ture was then allowed to drop to the desired 

point when the remaining four tubes were inserted; all eight tubes were then shaken for 
three to four hours (in one case six hours) a t  constant temperature. By running the 
high and low side determinations together, considerable time was saved. 

When it was time to sample, the connecting bars JJ were slipped from the eccentric 
and used as handles to rotate the tubes through 180'. Water was allowed to run out 
until the entire length of capillary E projected above the water level. A piece of brass 
rod (P), drilled to fit the capillary, was provided with two screws, one of which (lower) 
held the breaker fast while the second produced the necessary pressure above the file 
mark, which would break the ca~il lary.~ After filtration, the tubes were taken from the 
bath. The sampling tubes were cut off and their contents transferred to weighed 
crucibles. Some of the empty used tubes were cleaned thoroughly and repaired and 
were thus used for more than one determination. 

To analyze the amalgams, the evaporation method was used which Sunier and 
Gramkee have shown to yield results 0.2% high if proper precautions are taken. Since it 
was known that hydrogen would not be available a t  all times during the course of this 
research, air was used in place of hydrogen. Carefully performed experiments seem to 
indicate that the results are identical in both cases. It should be noted that occasionally 
a small amount of a red powder was visible on the sides of some of the capsules when 

This improved breaker was designed and used by Mr. Law G. Weiner in another 
research. 
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held below 300'. On heating to about 650' this powder always disappeared, thus in- 
dicating that some mercuric oxide was formed a t  the lower temperatures. These ob- 
servations appear to be in accord with the free energy changes for mercuric oxide given 
by Lewis and Randall,? who made use of data determined by Taylor and H ~ l e t t . ~  
The capsules were placed on iron supports in a large pyrex tube, which was electrically 
heated. Air was passed through the tube, which was heated to 270° until no mercury 
was visible. Since the danger of bumping was lessened with these dilute amalgams, 
a higher evaporation temperature was employed. After heating the gold residues for 
ten to twelve hours at  450 to 550 ", they were weighed and then reheated for three more 
hours when they were again weighed. If their weights differed by more than two-tenths 
of a milligram, the residues were further heated until this degree of constancy was 
obtained. 

To test the entire experimental arrangement, six tubes were made up with weighed 
amounts of gold and merc~ry ,~  and were carried through the entire procedure. The 
results are given in TabIe I. The average differences in the values in columns four and 
five are seen to be a little less than 2 parts per thousand, which would appear to be very 
good, considering the small amount of gold weighed; furthermore, the averages of these 
two columns differ by less than one part per thousand. 

ANALYSIS O# AMALGAMS OF KNOWN CONCENTRATION 

Gold taken, Mercury taken, Atomic P/, Atomic % 
No. %. g .  taken found 

1G 0.1957 67.357 0.2959 0.2958 
2G .I945 68.426 ,2898 .2901 
3G .I740 67.517 .2628 .2631 
4G .I881 67.910 ,2824 ,2829 
5G .I961 68.433 .2921 .2906 
6G .I998 68.096 .2990 ,2985 

Average .2870 .2868 

Diff., 
P. p. t. 

0 .4  
1 .0  
1 . 0  
1 .7  
5.0 
1.7 
1.8 

Experimental Results 

In Table I1 will be found complete data for two temperatures, while 
Table I11 contains a summary of all the data obtained. In Table IV 
will be found the solubility a t  rounded temperatures, taken from the log 
N vs. 1/T plot. 

TABLE I1 
SOLUBTLITY OP GOLD IN MERCURY. COMPLETE DATA ROR TWO TEMP~RATURBS 

Approx. w t  of Wt. of Wt. of Atomic P/, 
No. Temp., O C .  Au a t  start gold, g. amalgams, g. sol. 

1E High side 0 4 0 1176 92 240 0 1296 
2E at  .4 ,1402 117.456 .I280 
3E 20.00 .4 ,0942 72.741 .I299 
4E Low side .4 .I478 115.573 .I307 

Lewis and Randall, "Thermodynamics," McGraw-Hill Book Company, 1923, 
pp. 483, 484. 

Taylor and Hulett, J. Phys. Chem., 17, 565 (1913). 
In making up the knowns, a small amount of mercury was probably vaporized 

during the outgassing procedure; this constituted a source of error which was not 
present in the regular procedure. 
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TABLE I1 (Concluded) 
Approx. wt. of RTt. of Wt. of Atomic % 

No. Temp., OC. Au at start gold, g. amalgams, g. sol. 

5E (see text) 0.4 0.1391 111.089 0.1279 
6E a t  .4 ,1467 117.360 .I276 
7E 20.00 .4 .I304 103.300 .I292 

Average .I290 

11 High side 1.0 0.3080 67.269 
21 a t  1.0 .3047 66.955 
31 80.40 1.0 .3084 67.525 
51 1 .O '3175 70.010 
61 Low side 1.0 .3213 70.783 
71 at  1 . O  .3144 69.793 
81 80.40 1.0 .3063 67.141 

Average 

Av. dev. 
(from the mean), 

Series no. No. of detns. Temp., "C. Atomic % sol. P . P . ~ .  

E 7 20.00 .I290 7.7 
D 6 29.68 .I638 4.7 
C 6 39.98 .2045 5.4 
B 4 49.50 .2461 4.1 
A 6 60.32 .3152 5.2 
H 7 70.36 .3753" 3 .1  
I 7 80.40 .4647' 4.3 

" Several years ago Mr. C. B. Hess, working in this Laboratory, made some de- 
terminations of the solubility of gold in mercury; his results, which were distinctly 
preliminary in character, are tabulated here 

No. of detns. Temp., "C. Av. atomic % sol. 

3 69.2 0.375 
3 83.8 .498 

The method of analysis was nearly identical with that used by Fitzsimmons; whose 
method was described in the first paper of this series. The temperatures were read from 
uncalibrated thermometers, hence it did not seem proper to include these results in 
Table 11. I t  should be pointed out that the agreement in the two series of determina- 
tions is all that could be desired. 

TABLE IV 
SOLUBILITY OF GOLD I N  MERCURY AT ROUNDED TEMPERATURES (FROM LOG N VS. 1/T 

PLOT) 
Temp., O C .  0 10 20 30 40 
Atomic yo sol. (0.0813)" 0.1038 0.1306 0.1629 0.2014 
Temp., O C .  50 60 70 80 
Atomic % sol. 0.2489 i3076  0.3767 0.4614 

" Extrapolated value. 

Of the fifty-six determinations, eight have been omitted, because the 
deviation of each was greater than four times the average deviation from 
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the mean for that temperature. All solubilities are given in atomic per 
cent. (atoms of gold per I00 total atoms). Atomic weights as follows 
were used in the calculations: Au = 197.2, Hg = 200.61. 

Discussion of Results 

From the log N vs. l / T  plot (Pig. 4) it is seen that the present results 
are considerably lower than most of the previously published values. 
The present work appears to be in excellent agreement with the data 
presented by Sunier and Gramkee, the respective values reported a t  80' 
being 0.4614% and 0.459%. The determination of Kasanzeff a t  100° 
is in good agreement with the work of Sunier and Gramkee. Kasanzeff's 

1/T X 103. 
A, Kasanzeff ; - - - , Parravano; - - - - , Britton and McBain; 

-8-, Sunier and Gramkee; -0-, Authors. 
Fig. 4.-Solubility of gold in mercury. 

three determinations were made about fifty years ago by an apparently 
crude method (the whole article of this author is really only an abstract, 
three paragraphs long). Britton and McBain's values are high a t  lower 
temperatures, but approach the authors' values as the temperature is 
raised.'@ 

Qualitative proof of the solubility at 25' was obtained from some pre- 
Iiminary experiments. Weighed quantities of gold and mercury, which 
corresponded to an average value of Britton and McBain's data a t  IS0, 

From unpublished work of Mr. Law G. Weiner, working in this Laboratory, i t  
appears that these investigators are low at about 230". Incidentally, he does not find 
the maximum which they report. 
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were sealed in pyrex test-tubes and rotated for four hours a t  constant 
temperature (25'). At the end of this period, the gold foil was plainly 
visible, thus indicating that Britton and McBainJs data are high a t  these 
lower temperatures. Braley and Schneider's results, which differ so 
radically from the present work, could not be conveniently plotted. It 
would seem that some serious error had been made in obtaining their 
data, which indicate a solubility of 15 atomic per cent. a t  20°. Parravano 
has only two determinations in the temperature range plotted in Fig, 4; 
the results obtained in these determinations would appear to be much 
too high. I t  is well known that fusion curve methods often give high re- 
sults if proper precautions are not taken. 

The present results, however, are higher than the values which one gets 
from the equation of Sunier and Gramkee, loglo N = (-1167.4/T) + 
0.996, which was valid from 80 to 160'; consequently, when both sets 
of data are plotted, the resulting curve is not a straight line, nor was it 
possible to obtain a simple equation for this curve. Of the three possi- 
bilities, (I) solid phase may not be the one indicated, (2) an actual transi- 
tion may take place a t  the temperature where the break occurs, (3) the 
latent heat of fusion of the solid phase is a function of the temperature, 
the last one seems to offer the best explanation; it should be mentioned, 
however, that the nature and composition of the solid phase in equilibrium 
with the solution has not been determined by any of the above-mentioned, 
investigators,ll each (with one exception) suggesting a different compound. 
It would seem that evidence has been obtained in another research, un- 
published but mentioned earlier, which tends to prove that the maxi- 
mum in the solubility curve reported by Britton and McBain is quite 
likely in error, and thus the formula of the compound suggested by these 
workers is in error. Very recently Pabst12 has published the results 
of an x-ray investigation of this system. Solid solutions appear to be 
present in the concentration range 0 to 15% mercury. Work in the range 
considered in this paper has apparently not been completed, but the author 
makes the general statement that there are several other phases of unde- 
termined structure in the mercury-rich end of the diagram. It is to be 
hoped that these investigations may be continued and that other methods 
may be used in attempting to check the results that may be obtained. 

At this point it might be well to mention the few sources of error in 
the apparatus and method. In the first paper attention was called to the 
error that might arise if the bore of capillary E was too large. In  runs 

- l1 Since this was written it has been possible to look into the recent publication 
of I. N. Plaskin [J. Russ. Phys.-Chem. Sot., 61, 521 (1929)l who declares that the com- 
pound AuHgz is stable under the conditions existing in the experiments recorded in 
the present paper. I t  is hoped to discuss Plaskin's work more fully in the near future. 

l2 Pabst, Z. physik. Chenz., 3B, 443 (1929). 
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A to F, the only available capillary had such a diameter that  a 2-cm. 
length contained about 0.6 g. of mercury; but since the tubes were made 
up twelve hours or more before being used (and the gold was always in 
contact with the mercury during this interval) the mercury may well have 
become saturated with gold a t  room temperature, which was 25" or a 
little higher. It should be quite evident that in the runs a t  20 and 30" 
the concentration of gold in the mercury in the capillary was nearly the 
same as in the main body of the amalgam; the same was nearly true of 
the runs a t  7 and 40'. I n  the runs a t  50 and 60" the concentration of 
gold in the mercury in the capillary was about half (see Tables 111 or IV) 
that in the main body of the amalgam; thus the results a t  50 and 60' 
may, a t  the most, be low by (0.6/2/80) 100 = 0.4%. The capillary availa- 
ble for the runs a t  70 and 80 " had a bore sufficiently fine so that no apprecia- 
ble error arose from this cause. 

In a few of the runs the folded strips of gold foil caught occasionally 
on the sides of the tubes and were not transferred with the amalgam every 
time; therefore, an excess of gold was not always in contact with the 
amalgams for the entire shaking period. Since the authors feel that  a 
better technique was developed in the later runs, the first determination 
was not weighed as heavily as the succeeding ones. (The series numbers 
in Table I11 indicate the order in which the runs were made-A first, 
B next, etc.) 

Run F (7") gave high results probably because the sampling tube was 
not long enough to contain the large volume of amalgam; consequently, 
some of it remained in the filter cup with the excess gold, after the tubes 
were taken from the bath. Possibly some of this more concentrated amal- 
gam might have fallen into the filtered portion while the sampling tube 
was being broken. Three determinations were omitted from the average 
in this determination because their deviation was more than four times 
the average. 

Throughout the temperature range 7 to 80°, the temperature coefficient 
of solubility was such that one-tenth degree corresponded to about 2 parts 
per thousand change in the solubility; since the temperature of the bath 
was held to +0.02', i t  would appear that no appreciable error arose from 
this cause. 

In  conclusion then i t  is felt that since the method of analysis of very 
dilute amalgams (described above) hzs proved so reliable and since the 
precision of measurement in the various determinations is so good, the 
values presented in Table IV appear to be considerably more accurate 
than those published heretofore. 

Bearing of Data on the Metallurgy of Gold.-The amalgamation proc- 
ess for the mining of gold consists essentially of treating the crushed ore 
with mercury, which amalgamates with the gold and leaves impurities 
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on the surface of the mercury. Later the solid amalgam which settles 
out, is distilled to remove the mercury from the metal. 

The explanations which have been put forth to account for the extraction 
of gold by mercury are rather indefinite and somewhat confusing. Mellor13 
states, "The gold is miscible with mercury in all proportions. . . .I' Evans1* 
says, "Gold is soluble in mercury. . . .," and farther on he writes, "It should 
be pointed out that the actual catching of the gold grains by amalgamated 
plates is a process of surface adhesion; the dissolution of the adhering 
gold in the mercury to form an amalgam occurs slowly after the grains 
have been caught." From these quotations, it is seen that solubility 
is believed to  play an important part in the formation of the amalgam. 
From the present results, however, the solubility appears to be 0.1306 
atomic per cent. a t  20'. A simple calculation shows that 100 pounds of 
mercury would only dissolve 2 ounces of gold (the amount found in a ton 
of some ores) which is far too small an amount to form a 10% amalgam 
which S~hnabel '~ mentions as being fluid. 

At present, therefore, the best mechanism seems to be that of surface 
adhesion followed by only very slight solubility effects. The gold parti- 
cles, after being coated with mercury, settle to the bottom under gravity. 
The nature of this solid phase has not been determined as yet, as men- 
tioned earlier. 

Summary 

1. Amalgams as dilute as 0.3% have been prepared and analyzed, 
by a method described, with a precision approaching one part per thousand. 

2. An improved type of apparatus is described for shaking the solu- 
bility tubes and sampling the amalgams. 

3. Pifty-six determinations of the solubility of gold in mercury have 
been made with the tube described earlier (with slight modifications). 
The results are lower and the precision of measurement is much higher 
than those previously reported. 

4. The bearing of the present data on the well-known amalgamation 
process for mining gold is briefly discussed. 

ROCHESTER, NEW YORK 

l3  Mellor, "A Comprehensive Treatise on Inorganic and Tlieoretical Chemistry," 
Longmans, Green and Company, 1923, Vol. 111, p. 497. 

l4 Evans, "Metals and Metallic Compounds," Longmans, Green and Co., 1923, 
Vol. IV, pp. 113, 116. 

l6 Schnabel, "Handbook of Metallurgy," Macmillan Co., New York, 1905, p. 924. 
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CALCIUM PERCHROMATE. A NEW TYPE OF RED 
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In spite of the very painstaking work of Riesenfeldl, Wiede,2 and others, 
our knowledge of the constitution of the perchromates is far from satis- 
factory. Their instability makes their isolation difficult, and no theory 
of the mechanism involved in their formation from chromates and per- 
oxides has been advanced to prove their structure. The supposition that 
blue perchromic acid is formed in acid medium by a hyper-oxidation of 
chromates by means of hydrogen peroxide is hardly conclusive, when it 
is recalled that chromic acid is one of the strongest oxidizing agents and 
hydrogen peroxide in acid medium tends to behave as a reducing agent. 

The red perchromates, which are formed when chromates and peroxides 
react in neutral medium, are more stable than the blue perchromic acid, 
and for this reason are better suited for isolation and analysis. Riesen- 
feld3 has been the principal contributor to our knowledge of the red per- 
chromates. From his analysis of the perchromates of the alkalies, he 

M - S O \  ,O 
has proposed the type formula g2eg7~40. 

Experimental Part 
Red Perchromic Acid.-A solution of what may be considered to be perchromic 

acid was prepared by the action a t  0" of 30% hydrogen peroxide on freshly precipitated 
chromic hydroxide. The reaction is slow, an hour or more being required for its com- 
pletion. The solution thus prepared has a brown to grape-juice color, and decomposes 
slowly upon standing a t  0 O, and very rapidly if the temperature is allowed to rise, giving 
a yellow solution of chromic acid. Up to this time, the product has not been isolated 
in a crystalline form. It is insoluble in organic solvents, and for this reason cannot 
be extracted from its water solution. Upon attempting to separate the excess water 
by freezing, the whole mixture congeals to a mushy mass. Upon acidification, the acid 
changes to the blue perchromic acid, and upon adding alkalies chromates are formed. 

Calcium Perchromate.-This compound was first prepared by adding very slowly 
one volume of 30% hydrogen peroxide to three volumes of saturated calcium chromate, 
cooled to slightly below 0" by means of a bath of ice and salt. The mixture was allowed 
to stand a t  about -5" for an hour, and then the calcium salt was filtered off in a Gooch 
crucible. The product was washed with several portions of ice water, and finally with 
acetone, and dried on a clay plate in a desiccator. The yield was from 15 to 20% of the 
weight of the original calcium chromate. 

Later it was found that calcium perchromate could be prepared by the action be- 

' Riesenfeld, Ber., 38, 1885, 3059, 3380, 4068 (1905); 39, 3181 (1906); 41, 2826, 
3536, 3941 (1908); 44, 147 (1911); Ber. Naturforsch. Ges. Freiburg, 17, 1 (1906); 2. 
anorg. Chem., 74, 48 (1912). 

Wiede, Ber., 30,2178 (1897); 31,516, 3139 (1898); 32, 378 (1899). 
3 Riesenfeld, ibid., 41, 3947 (1908). 



1852 J. A. RAYNOLDS AND J. H. REEDY VO~. 52 

tween calcium acetate solution and the red perchromic acid as prepared above. The 
products obtained by these two methods are identical in every respect. 

Calcium perchromate is a buff-colored, fluffy powder, slightly soluble in water with 
slow decomposition, and practically insoluble in ether, alcohol and acetone. It is stable 
a t  ordinary temperatures, but decomposes explosively a t  about 100 ", leaving a greenish 
residue of calcium oxide and chromic oxide. The purity of the salt is indicated by the 
failure of its water solution to give a precipitate with barium or lead acetate solutions. 
Upon acidification, the blue perchromic acid is formed. 

Calcium perchromate prepared in this way was analyzed as follows. The calcium 
was determined by dissolving about 0.2 g. in dilute hydrochloric acid and boiling to de- 
stroy any peroxides. The calcium was then precipitated as calcium oxalate, and de- 
termined by titration with standard potassium permanganate solution. 

The chromium was determined as barium chromate by the following procedure. 
About 0.2 g. was dissolved in very dilute acetic acid, the solution heated to boiling, and 
the chromium reconverted into the chromate form by means of sodium peroxide. After 
neutralization with acetic acid, barium acetate was added, and the precipitated barium 
chromate was filtered, ignited and weighed. 

The available (or peroxide) oxygen was determined by dissolving about 0.1 g. in a 
mixture of potassium iodide and dilute sulfuric acid solutions and titrating the iodine 
liberated with standard sodium thiosulfate solution. 

The water of hydration was determined by passing a current of dried air over 
samples of about 0.2 g. heated in a combustion tube, and absorbing the moisture evolved 
in a Swartz tube containing magnesium perchlorate trihydrate. On account of the ex- 
plosive nature of the material, the charge was distributed over the length of the tube, and 
the heating was started a t  one end of the tube and slowly extended toward the pther end. 

The results of these analyses have been collec.ted in Table I. 

TABLE I 
RESULTS OF ANALYSES 

Peroxide 
Ca, % Cr, % oxygen, % 

Experimental 18.74 16 37 15 27 15.19 
18.70 16.42 15.25 15.26 
18.69 16.34 15.21 15.23 
18.70 16.39 15.22 

Average 18.71 16.38 15.23 
Calcd. for 
CaaCrzO~~.12Hz0 19.01 16.45 15.18 

Oxygen (by 
Hz0, 7% difference), % 
34.56 
34.46 
34.49 
34.57 
34.43 
34.50 15.17 

These analytical data indicate that the molecular formula for calcium 
perchromate is Ca3Crz012-12HzO. The only plausible configuration to 
represent this formula is 

The type formula for univalent perchromates then should be 
M-0-O\ 
M-0-0-Cr 
M-0-O/ 
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A very direct mechanism can be postulated to explain the formation of 
red perchromic acid: 

/0-H H-0-0-H /0-0-H 
Cr-0-H $ H--0--0-H --+ Cr-0--0--H + 3HZ0 

0 H-0-0-H \o-0-H 

The formation of chromic acid by the action of hydrogen peroxide on 
chromic hydroxide may, presumably, be represented 

These methods are now being used to prepare other red perchromates, 
with a view to ascertaining if their formulas are analogous to that of the 
calcium salt. 

Summary 
1. A solution of red perchromic acid was prepared by the action of 

30% hydrogen peroxide on freshly precipitated chromium hydroxide 
a t  temperatures near 0'. 

2 .  Calcium perchromate is formed at  low temperatures, either by the 
action of 30% hydrogen peroxide on saturated calcium chromate, or by 
the action between calcium acetate and red perchromic acid solutions. 

3. Analysis of calcium perchromate indicates the formula, Ca3CrzOI2.- 
12H20. 

4. A mechanism for the formation of chromates from chromium hy- 
droxide by means of alkaline peroxides is suggested. 

URBANA, ILLINOIS 

[CONTRIBUTION FROM TRE: SCHOOL OP CHEMISTRY OF THE UNIVERSITY 01 MINNESOTA 

SYNTHESIS OF PHOSGENE BY LIGHT AND BY ALPHA 
RADIATION 

BY HUBERT N. ALYEA~ AND S. C. LIND 
RECEIVED JANUARY 28, 1930 PUBLISHED MAY 8, 1930 

Bxtensive evidence shows that the initial step in a chemical reaction 
under alpha particle bombardment is ionization. In  a great many reac- 
tions the subsequent formation of ion clusters2 seemed sufficient to explain 
the resulting chemical reaction and yield per ion pair, which was in the 
neighborhood of two. Such a mechanism, involving ions, differs radi- 
cally from the usual photochemical processes where the energy is insufficient 
for ionization. Among all the reactions studied, however, the union of 
hydrogen and chlorine was ~ n i q u e . ~  In this, many thousands of mole- 

' National Research Fellow. 
S. C. Lind, "The Chemical Effects of Alpha Particles and Electrons," The Chemi- 

cal Catalog Co., 1928, p. 139. 
S. C. Lind, J. Phys. Chem., 16, 610 (1912); Le Radium, 9, 426 (1913); Boden- 

stein, 2. Elektrochem., 22, 53 (1916); H. S. Taylor, THIS JOURNAL, 37, 24 (1915); 38, 
280 (1916); Porter, Bardwell and Lind, ibid., 48,2603 (1926). 
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cules react per ion pair produced by radon, and since this is an histori- 
cally famous photochemical chain reaction, it seemed probable that while 
the primary step might be different (ionization by alpha particles versus 
photochemical excitation of the chlorine molecules), the subsequent mech- 
anism involving an atomic chlorine chain was identical in the two cases. 
This has been decisively confirmed by the very recent work of Lind and 
Livingston,* proving that not only has the yield per ion pair the same 
value as the yield per quantum absorbed, but also that the two reactions 
have the same temperature coefficient. 

Since this hydrogen-chlorine reaction bridged the gap between alpha 
particle and photochemical chain mechanisms, it seemed timely to investi- 
gate other photochemical chain reactions to ascertain how general this 
analogy might be. Such a study has been made on a number of reac- 
tions, and is reported elsewhere.& The present paper deals with one of 
them: the formation of phosgene from moist carbon monoxide and chlorine. 

No previous work has been done on the formation of phosgene under 
alpha particle bombardment and it is scarcely necessary to review here 
the literature on the photochemical f~rmation.~ Suffice it to state that 
the photochemical formation is a chain reaction a t  least several thousand 
molecules in l e ~ ~ g t h , ~ . ~  and to emphasize, in particular, that the reaction 
rate is proportional to the square root of the number of quanta absorbed. 
I t  is generally accepted that the latter is an indication of an atomic chlorine 
chain mechani~m,~ and the question immediately arises whether the alpha 
particle reaction will give rise to atomic chlorine chains, and exhibit similar 
kinetics. This has been the objective of the present research. 

Theoretical 
The experimental conditions and calculations necessary for establishing 

the identity of the kinetics subsequent to the two types of activation 
in the reaction 

CO 3- C12 + cociz  

are as follows: the kinetics of the photochemical reaction have been ex- 
pressed 

+CIPc0c12 = K,, cB. . 6 - P c ~  
dt (1) 

Lind and Livingston, THIS JOURNAL, 52, 593 (1930). 
4a THIS JOURNAL, forthcoming. 
See in particular the recent series of papers by Bodenstein, Part I, M. Bodenstein, 

Z. physik. Cltem., 130, 422 (1927); Part 11, J. Schumacher, ibid., 129, 241 (1927); 
Part 111, Bodenstein and Onoda, ibid., 131, 153 (1927); Part IV, ibid., 3B, 459 (1929). 
See also Bodenstein, ibid., 85,373 (1913); Davy, Phil. Trans., 101, 144 (1812); Weigert, 
Ann. Physik, 24,243 (1907); Bonhoeffer, 2. Physik, 13, 94 (1923); Coehn and Becker, 
Ber., 43, 130 (1910); and the review and bibliography of Kistiakowsky in "Photo- 
cliemical Processes," The Chemical Catalog Co., Inc., New York, 1928, pp. 100-102. 

6 Bodenstein, Refs. 3 and 5, and Sitzb. preuss. Akad. Wiss., 13, 114 (1926). 
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and the correspondillg alpha particle reaction would bc 

-i-dPcocle = KI d;). dZ>. PC,, 
dt (2) 

in which the number of ion pairs, i,, corresponds to the number of ex- 
cited molecules produced photochemically, labs Furthermore, i, = 

(icoPco + ia,PclJEt, in which i is specific ionizations, 1.00 for CO and 
2.42 for Cl2,? P is partial pressures, and Et is nuniber of curies of radon 
present .8 

If the analogy is complete, the alpha reaction would he proportional 
to the square root of the radon concentration, which would give evidence 
of an atomic chlorine chain mechanism as discussed above. For simplicity 
in calculation, this was measured when the carbon monoxide pressure 
was the same as the chlorine pressure, i. e., where Pco = PC12 = 

(PC, + Pc1,)/2. Under such conditions, if P = Pco + Pelz, we have 
from Equation 2 above 
+dPcoc.lz - dPco + clz - I /*  ------ = 

dt dt K, -t . d p c o  - Pc12 = 

The radon concentration E, remained essentially constant under the 
normal experimental run of thirty minutes, and can be treated as a con- 
stant. In  such a case, integrating Equation 3, we obtain 

where Kl is the velocity constant for the alpha particle reaction. Kl 
has been evaluated in the following results over an eighty-three-fold varia- 
tion of the amount of radon and hence of the intensity of alpha radiation. 

Our next step is to test kinetic Squation 2 by varying the carbon mon- 
oxide to chlorine ratio. Defining k = Pclz - PC,, three cases present 
themselves with the following solutions. 

Case 1.-Where k > 0, i. e., where Pel, > P o ,  from Equation 2 

+ ~ P C O C I ~  - = - -  
dt 

dPcO = K1 2/& 4% . (PCO + k )  
dt 

and therefore 
- dPco - = K1 t/g - dt  

(Pco + k) d P c o  
( 5 )  

Considering 6 as constant during each successive interval (see Col. 
5, Table IV) and integrating, we obtain 

7 i for chlorine, 2.42. See Porter, Bardwell and Lind, Re f .  3. 
As is sometimes allowable in alpha particle calculations, oxlly the ionization on 

the  reactants is considered. See S.  C. Lind, Ref. 2, p. 100. 
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and since 
%% = d(1.00 Pco + 2.42Pc12)Et = d(3.42 PCO + 2.42 k)Et 

we have 

Case 2.-Where k = 0, i. e . ,  where Pclz = Pco = (Pco + Pcl,)/2 = 
P/2. This has been discussed above, Equation 4, where K1 is evaluated. 

Case 3.-Where k < 0, i. e. ,  where Pel, < P o .  Let k' = -k = 

Po - PC,,. As in Equation 5,  Case 1, we obtain 

in which 
GP = d(l .00 Pco + 2.42 PclJEt = d(3 .42 Pco - 2.42 kl)Et 

Expressipn 7 integrates into 

2.3026 Fog - log 

K1 = 
f dt l/k' d(3.42 Pco - 2.42 kl)Et 

(8) 

K1 has been evaluated experimentally in this paper for the three cases. 
yield per ion pair Returning to Equations 1 and 2, it remains to evaluate 
yield per quantum 

Considering only the case where Pco = PC,, = P/2, let under the experi- 
mental conditions used: q = number of quanta absorbed at  P = 760 
mm. CO + Clz and N = number of ion pairs produced a t  P = 760 mm. 
CO + Clz. Assume that Pq/760 = number of quanta absorbed at  pres- 
sure P of CO + ClZ,9 let x = number of quanta equivalent to one ion pair. 
Substituting these values in Equation 2, we obtain 

Letting Kz = K1/760 X 2, and integrating, we have 

Incomplete light absorption. This simplifying assumption introduces an error, 
by not applying Lambert's law, which is less than 30% even in the most unfavorable 
experimental run in this paper. The error is small because gab,. and the photochemical 
rate were measured in the same region of chlorine pressure, and the pressure changes less 
than 30% during a light run. 
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The experimental method was to measure (1) alpha rate alone, (2) alpha 
plus light rate, during a single run with the same gas mixture. This gives 
the following solution for x, the number of quanta necessary to produce 
as much reaction as one ion pair 

Solving for x, we obtain 

Or, for a comparison between (1) alpha rate alone, and (2) light rate alone, 
we have 

This paper determines these values of x experimentally. 

Experimental 
The reaction vessel M, Fig. 1, was a pyrex bulb about 4 cm. in diameter, the pres- 

sure in which was indicated by the quartz spiral manometer V.1° Alpha particles were 
supplied through the usual type of radon bulb a.ll The stopcocks were treated with a 
special chlorine-resisting lubricant.12 The evacuating system, H, consisted of a liquid- 
air trap, a refluxing mercury bath as a trap for chlorine, a McLeod gage, a mercury vapor 
pump and finally the oil pump, connected with the reaction vessel a t  H in the order 
named. The water pump, I, was used for removing chlorine-rich gases. Immediately 
before a run the reaction apparatus was flushed out five times by evacuating to loF2 
mm. of mercury, and filling with carbon monoxide through F. It was then evacuated 
to lop3 mm. of mercury and chlorine admitted through valve J, until the spiral manom- 
eter indicated the partial chlorine pressure desired. The tubing between stopcocks F, 
G, J and K was then flushed out with carbon monoxide by several evacuations. Finally, 
carbon monoxide was allowed to flow in until the mixture of gases registered about an 
atmosphere pressure. K was immediately closed (time = O), and pressure and tem- 
perature readings were taken every minute to follow the drop in pressure of the gases 
caused by the formation of phosgene from chlorine and carbon monoxide under alpha 
particle bombardment. 

Carbon monoxide, purer than 99.7%,13 was obtained by running c. P. 90% formic 
acid into concentrated sulfuric acid. Gentle heating of the generator, B, greatly 
accelerated the evolution of gas. Carbon dioxide was removed by the potassium hy- 
droxide in vessel C. Initially the carbon monoxide apparatus was evacuated and 
thoroughly swept out with fresh carbon monoxide many times, and during the subse- 
quent six months of measurements the apparatus was never again exposed to the air, 
since the generator could be nearly emptied by applying suction a t  A and recharged with 
fresh sulfuric acid without admitting any air. The carbon monoxide was freshly pre- 
pared about an hour before each run, and was delivered to the reaction vessel through 

lo Bodenstein, 2. Elektrochem., 22, 331 (1916). 
l1 Lind and Bardwell, THIS JOURNAL, 45,2586,2593 (1923). 
l2 H. N. Stephens, ibid.,  52, 635 (1930), to whom the authors are indebted. 
l3  Cf. Bodenstein and Plaut, 2. physik. Chem., 110,401 (1924). 
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stopcock F by proper manipulation of stopcock D, controlling the potassium hydroxide 
solution in the storage bulb, E. 

The chlorine was prepared according to the method described by Marshall.14 
Tank chlorine was bubbled through a tall water column, then through a tube a t  260' 
packed with powdered glass to dissociate chlorine oxides and finally frozen out with 
liquid air. It was then redistilled under high vacuum, four times a t  - l lgO (ethyl 
bromide) into a receiver immersed in liquid air. The apparatus in the last two distil- 
lations and final storage bulbs had been thoroughly baked out in vacuo. They held at  

X 

N O  P q P 5 0  
LIGHT SYSTEM 

Fig. 1.-.4, formic acid; B, sulfuric acid; C, KOH 
washing system, consisting of a tube of solid KOH, and 
several flasks of concentrated KOH solutions; E, car- 
bon monoxide storage tank; H, to evacuating system; 
I, to water pump; J, special chlorine valve; M, reaction 
vessel; N, mercury Lab-arc lamp;* 0, screens for defini- 
tion of light beam; P, 5-cm. filter of 5% CuS04 solution; 
Q, Corning glass filter, G585;* R, shutter; S, lens; 
T, capillary to radon bulb; U, pyrex to quartz seal; 
V, quartz manometer, W, to suction pump; X, to 
mercury manometer ; Y, to mercury level regulator ; 
Y-1, nickel cup holding mercury seal around stuffing box; 
Y-2, hole in rod for holding and breaking radon capillary; 
Y-3, rod hollowed out for flexibility-holds mercury in 
capillary at  fixed level; 2, focus of light; a, neck of alpha 
bulb; b, c, d, marked calibrated levels on capillary T. 

* We are indebted to Dr. Stenstrom for the use of the 
Lab-arc, and to Dr. G. L. Glockler for the Corning glass 
filter. 

5 X loa mm. for more than six hours. During a single collection two two-liter storage 
bulbs were filled with chlorine at  two atmospheres pressure, which sufficed for about 
fifty runs. The chlorine gas was delivered to the reaction vessel through a specially 
constructed capillary, J, described elsewhere,16 which permitted the removal of small 
samples from time to time without contaminating the main gas supply. 

In  some runs it was desired to vary the radon concentration; this was accomplished 
by the device shown in T, Fig. 1. The volume of the small bulb to a, and of the capil- 
lary to marks b, c and d were obtained by measuring the loss in weight of a container 
from which mercury was sucked into the capillary up to the various marks. Accuracy 

l4 Marshall, J. Phys. Chm., 30, 760 (1926). 
Alyea, 'I'm JOURNAI,, 52,1936 (1930). 
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was within 1%. The volume of the bulb was 0.00322 cc , the volume of the bulb and 
capillary to mark d, 0.0218 cc. By raising the mercury level to marks a, b, c or d, the 
volume occupied by the radon, and its subsequent pressure in the alpha bulb, could be 
varied. Since only the walls of the alpha bulb itself are thin enough to  permit the pas- 
sage of the alpha particles into the reaction sphere, this is a simple method for varying 
the effective radon concentration. For simplicity, in the tables which follow, only the 
eflective radon con~entration is given, that is, E, is the radon present only in the bulb it- 
self, disregarding how much radon may be in the capillary due to different mercury level 
settings. Unfortunately, measurements cannot be made until four hours after a new 
setting of the mercury level in the capillaryll since Ril, RaA and Rae', the sources of the 
alpha particles, must come to equilibrium. While this prevents making measurements 
on the same gas a t  different radon concentrations, fresh samples of gas gave reasonably 
reproducible results. 

The apparatus used for the photochemical runs, N to S, Fig. 1, is self-explanatory. 
Speckal photographs of the light entering the reaction vessel, M, showed that the 
3660 A. mercury line comprised a large prop2rtion of the light energy. The remaining 
20% was also calculated in as if it were 3660 A,, sjnce it was composed of approximately 
equal intensities of the 3130 A. and 40404070 A. mercury lines. The light radiation 
was expressed finally as the number of quanta absorbed in the reaction sphere by half an 
atmosphere of chlorine. For the calibration, the light energy was compared with a 
standard lamp, using a Moll thermopile. The cone of the thermopile received the light 
a t  point 2, Fig. 1. The galvanometer deflections were obtained for the light beam before 
and after its passage through the empty bulb, and through the bulb filled with chlorine 
a t  different pressures. There was no absorption with carbon monoxide. When the 
photochemical reactions were completed, the half of the bulb farthest from the light 
source was cut away, and the light coming through the remaining half of the bulb was 
measured. Similar measurements were made on the half of the bulb which had been 
cut away. These data enabled us to calculate in several different ways the original in- 
tensity of the beam, the percentage of light absorbed by, or reflected from, the walls of 
the reaction bulb and finally the number of quanta absorbed by the chlorine in the bulb. 

In practice the normal alpha rate a t  equal carbon monoxide and chlorine pressures 
was measured for a few minutes and then the shutter R, shielding the reaction vessel 
from the ultraviolet light, was raised and pressure readings on the combined alpha and 
photochemical rates were taken a t  half-minute intervals. Five minutes later the shutter 
was dropped and once more the alpha rate alone was measured. The radon concentra- 
tion and light intensity were so chosen as to give an alpha particle reaction several fold 
slower than the photochemical one, both to enhance the accuracy in measuring the 
photochemical reaction, and to prevent too much gas reaction before the photochemical 
measurements were begun. 

In a few runs the experimental procedure was reversed, the photochemical-alpha 
reaction coming first, followed by the alpha alone, and finally checked by a second photo- 
chemical-alpha series of measurernents. 

Results 

At Different Radon Concentrations.-Two typical runs are given in 
Table I. K1 is calculated from aquation 4. In Run 36 and all runs 
a t  high radon concentrations an induction period, corresponding to the 
usual photochemical "clean up" of impurities in chain reaction,16 is very 

16 Cf. Bodenstein, Refs. 3, 5 and 10, and Burgess and Chapman, J. Chem. Soc., 89, 
1402 (1906). 
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evident. I t  is not noticeable, however, irl Run 42 and similar runs a t  low 
radon concentrations. The smaller concentrations are undoubtedly un- 
able to clean up the impurities during the first few minutes, and hence 
the induction period extends over the greater part of the run. The error 
so introduced was minimized by comparing velocity constants over the 
same initial pressure drops in the various runs (about 100 mm.), assuming 
the relations during the induction period to be the same as those obtain- 
ing afterwards. Thus in Run 36, the value 6.2 and not 7.2 was taken 
as the velocity constant, while 5.3 was used for Run 42. It is seen that the 

TABLE 1 

SYNTHESIS OF PHOSGENE AT TWO DIFFERENT INTENSITIES OX ALPHA RADIATION 

Run 36. Temp., 27". Et = 0.00834 curie 

Pressure (1/Pz -  PI) X 1.0815 
Time, Pressures CO + Clz 

minutes Total Phosgene 1/p = Ki ( X  104) 
At 4% 

Run 42. Temp., 27 ". 
(709.6) 0.0 
709.4 0.2 
701.4 8 .2  
695.1 14.5 
689.3 20.3 
683.3 26.3 
677.6 32.0 
672.2 37.4 
666.6 43.0 
661.0 48.6 
649.6 60.0 

724.0 0.001381 3.2 
710.0 1408 3.5 
696.0 1437 5.6 
674.0 1484 6.7 
649.4 1540 6.8 
626.0 1597 8.0 
601.0 1664 7.8 (X  2) 
557.8 1793 

Average to 8 rnin., 6.2 

538.6 1857 7.6 
519.8 1924 8.0 
502.0 1992 8 .1  
469.6 2129 8.2 ( X  2) 
455.6 2195 7.9 
443.2 2256 7.3 
377.8 2647 7.7 (X 6) 

Average to 21 min., 7.2 

Et = 0.000101 curie 
(709.6) 0.001409 ... 
709.2 1410 6.0 
693.2 1443 4.7 
680.6 1469 . 4.7 
669.0 1495 4.9 
657.0 1522 4.9 
645.6 1549 4.7 
634.8 1575 5.2 
623.6 1604 6.4 
612.4 1633 6.2 
589.6 1696 - 

Average to 58 min., 5.3 
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velocity constant, calculated by assuming the reaction rate proportional 
to the one-half power of the radon concentration, is essentially the same 
in both runs, although the radon concentration has been varied eighty- 
three-fold (0.00834/0.000101). Table I1 summarizes the runs a t  dif- 
ferent radon concentrations. In the seventh column, K1 has been calcu- 
lated from Kl = ( 1 / z / '  - ~/P~~ '" /A~E, ,  an expression derived by the 
same reasoning as in Equation 4, only that it assumes that the reac- 
tion is proportional to the first power of the radon concentration. From 
the last two columns it is at  once evident that the reaction is proportional 
to the one-half and not to the first power of the radon concentration. 

TABLE I1 
VELOCITY CONSTANT. PHOSGENE FORMATION UNDER ALPHA PARTICLE BOMBARDMENT 

AT D I ~ E R E N T  RADON CONCENTRATIONS 
Et , 

av. radon Time, Values for KI (X  104) 
concn. during Pressure, mm. CO f Clz df, ~ ~ ~ ~ d a  Basedb 

run !n Initial, Final, elapsed, on 
Run curle PI Pz m ~ n .  fit Et 9 " ~  
42 0.000101 709.2 589.6 58 0.01005 23.0 5 . 3  
41 0125 694.2 635.0 24 .01181 31.0 6 .3  
45 0292 670 2 603.2 18 ,01709 19.0 5 9 
34 0413 713.5 622 5 18 ,02032 16.2 6.1 
33 0422 549.4 424.2 36 ,02054 24.0 7.9 
55 3740 698.9 588.1 6 .06116 7 . 1  7 .9  
44 656 719.6 597.4 5 .08099 5 .1  7 .6  
43 660 684.6 594.2 4 .08124 5 0 7 .4  
36 834 724.0 557.8 8 .09132 3 .8  6 . 2  
35 839 703.5 562.5 5 ,09160 5 1 8 . 4  - 

Average, 6 .9  

Pco = P c ~ ~ .  Volume of reaction sphere, 49.2 cc. Temperature, 27O 
(p2-$/2 - P~-~ /Z ) .  

" Here Kl = 
Here KI = (1/pz - 1/p1) X 1.0815. 

AtEt At 4 
Variation of the Chlorine-Carbon Monoxide Ratio.-Tables I11 and 

IV show values of K1 with one or the other gas in excess. Table V is a 
summary of the various runs, and shows that K1 is essentially constant 
over a range of carbon monoxide pressures from 638.5 to 162.8 mm., the 
corresponding chlorine pressures having been increased from 95.5 to 587.1 
mm. Runs 49 and 51 indicate that at still lower pressures of carbon 
monoxide the constant probably falls off. K1 is calculated for the first 
seven minutes of a run, using about 0.005 curie of radon (Col. 4). This 
gives experimental conditions identical with certain runs in Table 11, 
and makes the values in Tables I1 and V strictly comparable. If Kl in 
Table V is taken over very long time intervals, the values are all about 
20% higher, a fact which may be attributed both to the induction period 
and to the inaccuracy of our original kinetic equation in taking care of 
certain secondary factors in the phosgene reaction. 
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TABLE I11 

ALPHA RAY SYNTHESIS OR PHOSGENE IN EXCESS OR CARBON MONOXIDE 
Run 53. Temperature, 27'. PCO initial, 542.4 mm. Pub initial, 199.2 mrn. 

k = Pcln - Pco = 343.2. Et, 0.00389 curie. 
log A / B  

Pressure, mm. d 3 . 4 2 ~ 0 - 2 . 4 2 6  =log ---- 
Time Total Phosgene CO (av. value) 

- 4 (log A/B)z  - 
dF + 4 (log A / B ) ,  KI" x 1 0 4  

0 741.6 0 542.4 31.9 1 05631 662 4.1 
1 737.9 3.7 538.7 31.7 0.04969 1902 6.0 ( X  2) 
3 727.4 14.2 528.2 31.2 '03067 868 5.6 
4 723.0 18.6 5238 30.9 ,02199 856 5.6 
5 718.6 23.0 519.4 30.6 .01343 977 6.4 
6 713.8 27.8 514.6 30.4 .00366 1005 6.6 
7 709.2 32.4 510.0 . . . .99361 . . . . 

Average to 7 min., 5.8 

9 698.9 42.7 499.7 29.9 0.97047 2314 7.8 ( X  2) 
11 690.9 50.7 491.7 29.4 .95187 1860 6 . 2 ( X 2 )  
13 6827 58.9 483.5 29.0 .93107 2080 7 . 6 ( X 2 >  
15 675 3 66 3 476.1 28 5 ,91118 1989 7 . 0 ( X 2 )  
17 668.5 73.1 469.3 28.1 .89205 1913 6.6 ( X  2) 
21 659.1 82.5 459.9 27.6 .86279 2926 5 . 4 ( X 4 )  

Average to 21 min., 6.3 
2.3026 X (lgz - lgl) 

" K  - see Equation 8. - At .\/z .\/z d 3 . 4 2 ~ 0  - 2.42k 

TABLE IV 
ALPHA RAY SYNTHESIS OF PHOSGENE IN EXCESS OP. CHLORINE 

Pressure, mm 
Carbon 
monox- tan-' m k  

Time Total Phosgene ide, P 4 3  42P$-2  42k d P / k  ( C )  c2 - CI KI" (X 10') 

0 735.1 0.0 226.1 1459 0 895 51 "50' 39' 5.0 
1 725.4 9.7 216.4 1426 ,875 41 11 99.5 6.5 ( X  2) 
3 701 6 33.5 192.6 1343 ,825 39 31.5 43.5 5.9 
4 692.1 43.0 183.1 1310 ,804 3848 59 7.9 
5 679.4 55 7 170.4 1267 ,776 37 49 55 7.5 
6 668 8 66.3 159.8 1230 .751 36 54 55 7.6 
7 658.6 76.5 149.6 1176 ,727 35 59 59 

Av. to 7 mill., 6.7 

3500 56 8.4 
3404 60 8.0 
3304  61 8.7 
3203 58 9.0 
31 05 61 8.7 
30 04 59.5 9.3 
29 04.5 60.5 9.1 
28.04 126 9.5 
25 58 90 9.7 ( X  2) 
2428 98 7 . 2 ( X 2 )  
2250 80 8 . 1 ( X 2 )  - 

Av. to 21 min., 8.0 



May, 1930 SYNTHESIS OF PHOSGBNE 1863 

TABLR IV (Concluded) 
Pressure, mm. 

Carbon 
monox- 

tan-1 2/P7iS CI-CI  Kf ( X  10,) Time Total Phosgene ide, P  d 3 . 4 2 ~ 4 - 2 . 4 2 k  m k  (C) 

23 552.8 182.3 43.8 833.5 394 2130 96 6 . 7 ( X 2 )  
25 546.0 189.1 37.0 810.5 .362 19 54 64 8.2 (X  2) 
27 541.9 193.2 32.9 796.5 .341 18 50 115 5.5 (X  2) 
30 535.1 200.0 26.1 773.2 .304 1655 ( 3 0 X 2 8 ) 6 . 6 ( ~ 3 )  
60 509.8 225.3 0.8 686.7 053 3 01 5.2 ( X  30) 

Run 48. Et, 0.00508 curie. Initial Pel,, 509.0 mm. Initial PCO, 226.1 mm. 
k = - Pco = 282.9 mm. 

TABLE V 
SUMMARY OP VELOCITY CONSTANTS FOR PHOSGENE FORMATION UNDER ALPHA PARTICLE 

BOMBARDMENT AT DIFFERENT INITIAL PRESSURES OF CARBON MONOX~DB AND 01 

CHLORINE 
Initial pressures 

Carbon 
Run monoxide Chlorine Et k = Pcl2 - PCO KI ( X  10') 

Where k < 0, KI evaluated by Equation 8 

54 638.5 95.5 0.00384 -543.0 8.6 
47 620.2 138.3 514 -481.9 9.3 
56 604 5 137.0 369 -467.5 8.2 
53 542.4 199.2 389 -343.2 5.8 
52 505.0 235.7 422 -269.3 6.3 
41 434.2 300.0 0.125 -134.2 5.8 
46 382.0 352.0 530 - 30.0 7.1 

Where k = 0, KI evaluated by Equation 4, see Table I1 
55 349.5 349.5 0.00374 0.0 7.9 
44 359.8 359.8 656 7.6 
43 352.5 352.5 660 7.4 
36 362.0 362.0 834 6 .2  
35 365.8 365.8 939 8.4 

Where k > 0, KI evaluated by Equation 6 
48 226.1 509.0 0.00508 $282.9 6.7 
50 162 8 587.1 463 $424.3 5 .1  - 

Average, 7.2 

49 107.8 649.5 0.00468 $5417 (3.1) 
51 51.1 684.4 442 $633.3 (0.58) 

Quantum Efficiency Versus Yield per Ion Pair.-The first step in such 
a comparison was the calibration of the radiation intensities. The alpha 
radiation was calculated as the number of ion pairs produced per minute 
per curie of radon for a mixture of 380 mm. of chlorine and 380 mm. of 
carbon monoxide. Experimentally it involved evaluating the ionizing 
power of the alpha ray bulb, by measuring the velocity of a chemical re- 
action (the synthesis of water from electrolytic gas) for which the ratio 
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of ionization to chemical reaction is known, carried out in the identical 
apparatus used for the phosgene reaction. The experimental procedure 
and calculations appear in the literature,17 and the velocity constant 
(kP/X) l  = [log (Pl/P2)]/[Eo (e-'ll - e-'t"], where P is the pressure of 
hydrogen plus oxygen, had the experimental value of 2.03 in our appara- 
tus. The volume of the reaction sphere was 49.2 cc. Since (KP/X)l is 
"the number of times a given volume will completely react a t  any given 
pressure held constant during the decay of one curie of radon (5.55 days, 
average life) if the radon content were maintained constant,"18 the number 
of molecules which reacted per minute, with one curie of radon under the 
experimental conditions, was 

where 2.46 X 1019 is the number of molecules in one cubic centimeter of 
gas a t  760-mm. pressure and 27'. Now for each ion pair six molecules 
react,lQ forming four molecules of water, and therefore the number of 
ion pairs formed per minute was 3.08 X 1017/6 = 5.13 X lof6 ion pairs. 
The specific ionization in a gas mixture of chlorine and carbon monoxide 
at equal pressures, ico + c12, is 171.0; and that in electrolytic gas, iZH2 + 02 
is 52.7. Hence the total number of i o n  pairs produced in the chlorine- 
carbon monoxide mixture at 760-mm. pressure and 27' per curie of radon 
#er minute is 5.13 X 1016 X (171.0/52.7) = 1.66 X 1017 ion pairs. Strictly 
speaking, the water synthesis should be made a t  pressures more than three 
times (171.0/52.7) greater than the phosgene runs, in order to have identi- 
cal paths of i~nization.~ However, the size of the reaction vesse120 per- 
mitted the standardization to be made a t  the same pressures, a fact ex- 
perimentally verified when several runs made on phosgene a t  one-third 
of an atmosphere gave approximately the same velocity constant as at  
one atmosphere. 

The light radiation was expressed as the number of quanta absorbed in 
the reaction vessel per minute by a gas mixture of 380 mm. of chlorine 
and. 380 mm, of carbon monoxide. The standard lamp calibrated by 
the Bureau of Standards for 0.25, 0.30 and 0.35 ampere gave galvanom- 
eter deflections on a scale about 2.5 meters distant which corresponded 
to the following ergs of energy falling on the thermopile per minute per 
centimeter deflection on the scale: 1810, 1820 and 1780, giving an average 
of $800 ergs. Comparable measurements on the light entering the reac- 

l7 Lind and Bardwell, THIS JOURNAL, 45, 2585 (1923). 
I8 S. C. Lind, Ref. 2, p. 123. 
lo See S. C. Lind, THIS JOURNAL, 41, 531-559 (1919). In this paper, read before 

the American Chemical Society a t  Minneapolis, September 11, 1929, the error of di- 
viding by four instead of by six led to the ratio of quantum efficiency : yield per ion pair 
of 0.5 instead of 0.78 as given in Table VII. 

20 Bardwell and Doerner, ibid., 45, 2594 (1923). 
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tion vessel were then made. It was composed of 3600 A., one quantum 
of which has ch/X in cm. = (3 X 1010 X 6.55 X 10-27)/(3660 X = 

5.36 X 10-l2 ergs of energy, where 3 X 101° is the velocity of light in cm. 
per second and 6.55 X 10-27 is the value of the Planck constant h. One 
centimeter deflection on the galvanometer scale, therefore, represented 
1800/5.36 X 10-l2 = 3.35 X 1014 quanta per minute. As mentioned 
earlier in the paper, the amount of light absorbed by and reflected from 
the walls of the reaction vessel, about 30% of the total light, was checked 
in several ways. The following is a great simplification of the actual data, 
but will suffice to show the experimental value obtained: (I) galvanom- 
eter deflection from the light entering the gas mixture after passing 
through the first wall of the reaction vessel, 15.2 cm.; (2) calculated gal- 
vanometer deflections after passage through (1) and 380 mm. of chlorine, 
0.40 cm.; (3) calculated galvanometer deflection absorbed by 380 mm. of 
chlorine, or by a mixture of 380 mm. of chlorine plus 380 mm. of carbon 
monoxide, 14.8 cm. The deflection of 14.8 cm. represents 14.8 X 3.35 X 
1014 = 4.95 X 1015 quanta per minute absorbed by the chlorine-carbon 
monoxide gas mixture a t  760-mm. pressure in the reaction vessel. 

The results of a combined alpha particle-photochemical run made 
under these conditions of radiation are given in Table VI, where i t  is seen 
how the velocity constants for the run have been calculated. Table VII  
summarizes all of the runs. The final column calculates that 0.78 quanta 
produce as much reaction as one ion pair. The fact that this ratio remains 
approximately constant when the absolute rates have been cut down 
four-fold by the addition of oxygen is particularly interesting in the light 
of the recent studies of Bodensteins where it was shown that a t  even these 
small oxygen concentrations the oxidation of carbon monoxide, photo- 
sensitized by chlorine, plays a prominent role. There is little doubt 
but that the photochemical reactions which he postulates between oxygen, 
chlorine and carbonyl chloride are taking place in the alpha particle reaction 
as well. The value 0.78, however, is a t  least 20% lower than the true 
experimental value, since Lambert's law was not applied in developing 
the expression q / [ N ( A  - I)], Equation 9. Even after making this 
correction, the value of about 0.95 has been obtained under experimental 
conditions giving a large experimental error, and the best conclusion we 
can draw until measurements have been made with a more accurate ap- 
paratus is that the ratio of quantum yield to yield per ion pair is probably 1. 

At any rate, the results leave little doubt that the secondary chain steps 
are identical under the two types of radiation, that the alpha particle 
bombardment also leads to atomic chlorine chains. From the kinetics 
above, the calculated chain lengths will vary as the square root of the 
radiation intensity. The photochemical chain length in Table VI is about 
5000 molecules per quantum, while an alpha radiation 300 times less in- 
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RUN 61. PHOSGSNE SYNTHESIS INITIATED BY LIGHT AND BY ALPHA PARTICLES 

Time, Pressures in mm. Pressure, ( ~ / P z - ~ / P I )  (x  
min., 1 Total Phosgene CO + C12 = P 1/P At 

Alpha Rate 
(Light off) 

0 715.5 0 715.5 0.0013976 3.0 (induction 
1 708.0 7.5 700.5 14276 2 .6  period) - 
2 701.8 13.7 688.1 14533 4.0 
3 692.5 23.0 669.5 14937 3.9 
4 684.0 31.5 652.5 15326 4 .2  
5 675.4 40.1 635.3 15741 4.5 
6 666.5 49.0 617.5 16194 5.7 
7 656.1 59.4 596.7 16759 - 

Average, 4.46 

Light + Alpha Rate 
(Light on) 
7.5 648.3 
8.0 635.0 
8 .5  622.2 
9 .0  610.5 
9.5 600.2 

10.0 589.0 
10.5 580.5 
11.0 569.0 
11.5 562.0 
12.0 554.5 

(Light 
13 
14 
15 
16 
17 
18 
19 
20 
21 

0.0017209 16.5 
18034 17.5 
18907 17.5 
19782 16.8 
20623 19.9 
21622 16.5 
22447 24.4 
23669 16.2 
24480 20.7 
25413 - 

Average, 18.4 

Alpha Rate 

0.0026309 5.1 
26817 5.7 
27375 6.3 
28003 5.3 
28531 6.3 
29163 4 .8  
29647 5 5 
30202 7.3 
3093 1 

- 
Average, 5.8 

Alpha rate before light measurements, 4.46 Average, 5.1 
A l ~ h a  rate after light measurements. 5.8  
Alpha + light rate, 18.4 
Subsequent calculation (Table VII) gives (Yield per ion pair)/(Yield per quantum) 

= 0 78 
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TABLE VII 
PHOSGENE SYNTHESIS 

Ratio M/N:M/hv ,  i. e., (Yield per ion pair produced)/(Yield per quantum absorbed) 
(l/P2 - l/Pl) N 

x 1 0 5  (F 1.66 x qc 
Light 4- Alpha 10" X Et) N ( A  - 1) 

Run alpha alone X 10-14  v/Na Ab = N/N:M/hu 
. . 1 3 . 6 ~  6.9" 16.6 2.96 3.80 0 . 7 8 ~  

In the subsequent runs, the sensitivity of the CO + Clz mixture was reduced by ad- 
mixing small quantities (<lo%) of tank oxygen. 

64 10.4 2 .4  3.98 12.4 18.8 0.70 
68 5 .6  1.19 3.09 16.0 21.0 0.80 
66 3 .7  0.80 3.68 13.4 21.4 0.66 
67 3.85 0.79 3.25 15.2 23.6 0.67 - 

Average, 0.78  
" q = Number of quanta absorbed per minute a t  760 mm. Pco + cia = 49.5 

X l0l4. N = Number of ion pairs produced per minute at 760 rnm. Pco + clz. A = 

[(1/P2 - l/Pl)l~ght +alpha 1. ' This represents the number of quanta necessary to pro- 
(1/Pa - 1/Pl)s1~hs alone 

duce as much reaction as one ion pair. Average of a series of light rates; radon 
absent. " Average of a series of alpha rates; light absent. Calculated from Table I1 
for a radon concentration of 0.01 curie. The value 0.78 obtained from p/NA; see 
Equation 10. 

tense, Table I, Run 42, gives a chain length of over 50,000 molecules per 
ion pair. The mechanism of the primary step in the alpha particle chain, 
however, can only be elucidated by further experiments. It probably 
involves an initial ionization by the alpha particle, while subsequent 
dissociation gives rise to chlorine atoms which may be produced at the 
time of ionization or later by collision of the ion with neutral molecules, 
or upon final neutralization of the ions by recombination; the steps which 
succeed this atomization mimic those of the photochemical reaction. 

Summary 
1. The photochemical systhesis of phosgene from carbon monoxide 

and chlorine has been expressed kinetically by 

If the gas mixture is activated by alpha particle bombardment instead 
of by light, the reaction obeys this same kinetic equation, ip, the number 
of ion pairs produced, being substituted for labs, the number of quanta 
absorbed. This was tested over an eighty-three-fold range of radon con- 
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centration and a wide variation of the relative pressures of carbon monoxide 
and chlorine. 

2 .  Simultaneous measurement of the alpha particle and photochemical 
reactions shows that the yield per ion pair is equal to the yield per quan- 
tum absorbed. This is also true in the presence of oxygen ( < 10%) which 
inhibits the reaction. 

3. With exceedingly weak radiation, yields as high as 85,000 mole- 
cules per ion pair were obtained: the more intense light radiations gave 
5000 molecules per quantum absorbed. 

4. The secondary steps in the phosgene synthesis involve an atomic 
chlorine chain mechanism and the above facts prove that this mechanism 
occurs independently of whether the primary step has been photochemical 
excitation or ionization by alpha particles. 

MINNEAPOLIS, MINNESOTA 

[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY, PRINCETON UNIVERSITY] 

THE PHOTOCHEMICAL HYDROGEN-OXYGEN REACTION 
BY GEORGE B. KISTIAKOWSKY 

REC~IVED FEBRUARY 3, 1930 PUBLISHED MAY 8, 1930 

Several attempts have been made to elucidate the kinetics of the inter- 
action of oxygen and hydrogen under influence of light. Andrejewl and 
Coehn and Grote2 demonstrated the existence of a stationary state in the 
system water vapor-oxygen and hydrogen, illuminated by the short wave 
lengths of a mercury arc but did not investigate the details of the reac- 
tions involved. Tian3 succeeded in showing the presence of hydrogen 
peroxide in illuminated hydrogen-oxygen mixtures and assumed that 
water is formed only through some intermediary steps involving hydro- 
gen peroxide. Kistiakowsky4 has shown that while a t  room temperature 
the quantum yield of water formation is not far from the value of two, 
reaction chains are set up in the temperature range where the thermal 
reaction becomes noticeable, the temperature coefficient of the photo- 
chemical water formation not following the Arrhenius equation. Reac- 
tion of hydrogen and oxygen photosensitized by mercury vapor has been 
studied by Marshall5 and by Bates and T a y l ~ r . ~  I t  has been conclusively 
demonstrated that water is formed through a secondary decomposition 
of hydrogen peroxide. Bates and Taylor further noticed that in absence 
of mercury vapor only ozone is formed, hydrogen peroxide being completely 

Andrejew, J. Russ. Phys.-Chem. Soc., 43, 1342 (1911). 
Coehn and Grote, "Nernst Festschrift," 1912. 
Tian, Compt. rend., 152, 1012 (1911). 
Kistiakowsky, Proc. Nut. Acad. Sci., 15, 194 (1929). 
Marshall, J. Phys. Chem., 30, 34, 1078 (1926). 
Bates and Taylor, THIS JOURNAL, 49, 2438 (1927). 
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absent. I n  these latter experiments mainly the mercury line 1842 A. 
must have been photochemically active. The present work is concerned 
with the mechanism of the un-sensitized reaction of oxygen and hydrogen 
in light of two spectral regions: 1854-1862 A., by which according to 
Birge and Sponer17 excited oxygen molecules are produced and the region 
of 1719-1725 A., which dissociates oxygen molecules in one elementary 
act, a normal and excited oxygen atom re~ulting.~ 

The experimental set-up consisted of a condensed spark burning be- 
tween aluminum electrodes and of a thin-walled quartz vessel of about 
100-cc. capacity, through which the reacting gases were passed a t  measured 
rates of flow. The reaction vessel was placed a t  4-cm. distance from the 
spark and the space between was filled with streaming air or purified 
nitrogen. Oxygen in an air layer 4-cm. deep absorbs the strong alumi- 
num spark lines in the neighborhood of 1720 A. completely

g 
while the 

strong line group 1854-1862 A. reaches the reaction vessel only very 
slightly ~ e a k e n e d . ~  The correctness of this assumption is proved by the 
observation that substitution of nitrogen instead of air increased the re- 
action velocity more than ten-fold. Accordingly, with a layer of nitro- 
gen, more than 90% of the reaction is due to the initial formation of oxygen 
atoms, while with the air layer only the lines in the band absorption region 
of oxygen are effective. I n  order to determine the course of reaction the 
exit gases were passed through a neutral potassium iodide solution and.the 
liberated iodine was titrated on acidification. This gave the total amount 
of ozone and hydrogen peroxide formed, since better than of the latter, 
as established by special experiments, was retained in the wash bottles 
containing potassium iodide and reacted with it on acidification. Hy- 
drogen peroxide alone was determined colorimetrically with the aid of 
titanium sulfate solutions. To determine the absolute rate of the reac- 
tions involved use was made of the work of Warburglo and of Noyes,ll 
which shows that the quantum yield of ozone formation in oxygen is, inde- 
pendently of wave length, equal to two. Warburg's experiments indi- 
cate further that the yield remains unchanged on dilution of oxygen with 
nitrogen. Accordingly, in the following experiments the reaction rates 
in the oxygen-hydrogen mixtures are referred to  the rates of ozone for- 
mation in similar oxygen-nitrogen mixtwres, measured in the same vessel 
and under identical conditions of illumination. I n  Pig. 1 are plotted 
yields of ozone in light of the line group 1854-1862 A. against the rate 
of gas flow. Circles refer to a mixture containing 20% Oz and 80% Nz, 

Birge and Sponer, Phys.  Rev., 28, 259 (1926). 
Herzberg, Z. physik. Chem., 4B, 223 (1929). 
Wf. Lyman, "The Spedtroscopy of Extreme Ultraviolet," London, 1928. 

lo Warburg, Sitzb. Akad. Wiss. Wien, 216 (1912); 872 (1914). 
" Vaughan and Noyes, THIS JOURNAL, 52, 559 (1930). 
l2 Taylor and Marshall, Tmns. Faraday Soc., 21, 560 (1925). 
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crosses to a mixture containing 80% Hz instead af nitrogen. Determi- 
nation of the hydrogen peroxide yield showed that this was formed a t  a 
rate of not more than 2 X mole per minute (this being the sensi- 
tivity limit of the color test as here used) whether the gas flow was 700 
or 30 cc./min. In calculating the points in Fig. 1 which were obtained 
with the highest rates of gas flow, averages have been taken of several 

experiments made. Since the ef- 
fect on ozone yield of substitution 

h. 
G 

of hydrogen for nitrogen is of im- 
portance for the discussion to fol- 

I__ sE low, Table I presents complete 
data relating to this point. 

Figure 2 presents data obtained 
with the shorter wave lengths. 
Circles and Curve I represent 
ozone yields in the (1:4) oxygen- 
ni t rogen mixture, crosses and  
Curve 2, ozone plus hydrogen per- 
oxide yields in the (1:4) oxygen- 
hydrogen mixture, circles and 
Curve 3, finally, hydrogen per- 

200 400 600 
oxide yields alone. All points in 

Gas flow, cc./mm. Fig. 2 are averages of two or more 

Fig. 1 .--yield of ozone in light of the (mean) The 
wave length 1860 A. Circles and Curve I, of the results in the light of short 
yields in the 1:4 oxygen-nitrogen mixture. wave lengths was not as good as 
Circles and Curve 11, yields in the 1:4 oxygen- in the experiments with the 1852- 
hydrogen mixture. 1864 A. lines and can be best 
judged from Pig. 3, in which single experiments have been plotted. In 
this figure are plotted the relative yields of ozone (represented by circles) 

TABLE I 
070~s YIELD 

Rate  of gas 
Gas  mixture flow, cc./rniu. Ozone yield, moles per minute X 1 0 7  

20% 0 2  f 8 0 % N z  400 7.62* 7.67 7.73 6.60 6.88 6.54 6.60" 
2 0 % 0 ~ + 8 0 % H ~  700 7.62 7.16 5.85 6.88 7.00 6.48 6.88 

" This second series of determinations has been made with a slightly changed appara- 
tus and was not used in drawing Fig. 1. 

and of hydrogen peroxide (crosses) against the composition of the oxygen- 
hydrogen mixture, the ozone yields in the equivalent oxygen-nitrogen 
mixtures having been taken for 100~o .  The ozone yields in mixtures 
containing hydrogen were obtained by subtracting hydrogen peroxide 
yields from the total yield as determined by the iodine titration. All 
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Fig. 3 shows, ozone yields in Pres- Fig. 2.-Yields of 0 3  and ?O2 in light of 
ence of hydrogen are-at least the (mean) wave length 1720 A. Circles and 
roughly-proportional to the rela- Curve I, 0 3  in the 1:4 oxygen-nitrogen mix- 
t ive  concentration of oxygen, ture. Crosses and Curve 11, 0 3  + Hz02 in 

the 1:4 oxygen-hydrogen mixture. Dots and 
whereas the yields of hydrogen per- Curve 111, WsOz alone in the 1 :4 oxygen-hy- 
oxide are proportional to the con- drogen mixture. 

centration of hydrogen. Since i t  
is well established that in the light of the 1720 i\. spectral region oxygen 
atoms are primarily formed, one can consider somewhat more in detail 
their reactions, of which not many are possible. 

0 + 0 z + x = o 3 + x  (1 1 
O + H t + X  = H z O + X  (2) 
0 + Hz = O H + H  (3) 

these data were obtained with a gas flow of 2000 cc./min. with oxygen- 
hydrogen and 1500 cc./min. with oxygen-nitrogen mixtures. 

Figures L and 2 show that with increasing rate of gas flow the yields 
tend to constant values which represent undoubtedly the maximum yields 
in absence of secondary photochemical decomposition of either ozone or 
hydrogen peroxide. In  view of all earlier work, it may be further assumed- 
with a considerable degree of certainty-that the ozone yields, in the 
oxygen-nitrogen mixtures, are equal to two molecules per quantum of 
absorbed light energy, irrespective 

X denotes here a molecule of oxygen or hydrogen. These three reac- 
tions are in qualitative agreement with the relations observed since they 
lead to an ozone yield which is proportional to the concentration of oxygen 
while the rate of the third reaction is proportional to the concentration 
of hydrogen. In  this last reaction hydrogen atoms are produced, but, 
as was already suggested by Taylor and Marshall12 and shown by Boehm 
and BonhoefferIa hydrogen atoms react to form quantitatively hydrogen 

l 3  Boehm and Bonhoeffer, Z. physik. Chem., 119, 385 (1926). 

of the wave length. With oxygen- i% 
hydrogen mixtures the effect of the 2 

% 8  two spectral regions is considerably E 
different. While with the 1860 A. .8 g 
line group practically the same < 6 

yield of ozone is obtained whether X , 
the mixture contain nitrogen or 3 2 , 
hydrogen, with the short wave &g 
lengths and in the presence of hy- 

2 drogen, the ozone yield is only 25% 
of that in the presence of nitrogen, 
but an equal amount of hydrogen $ a" 1000 2000 3000 4000 

peroxide is formed in addition. As Gas flow in cc. /min. 
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peroxide. According to Mar~ha l l ,~  or, the average not less than two mole- 
cules of this latter are produced by each hydrogen atom. While the first 
two reactions require three-body collisions and, therefore, should be rela- 
tively slow, the third reaction is free from this limitation and, being exo- 
thermic, should take place on every c~llision.'~ That this conclusion is 
incorrect is shown by the present experiments in which ozone yields equal 
t o  or in excess of hydrogen peroxide yields were obtained. Using data here 
recorded the probability of Reaction 3 can be estimated to lo-* if, as the 
first approximation, the assumptions are made that all molecular diameters 

are equal (a cm.) and that 
bimolecular collisions occur a t  
atmospheric pressure 1000 times 2 80 more frequently than termolecu- 

a 
9 lar ones (mean free path m 

0" 60 cm.). The only factor which 
C o might increase this value is the 
4 possibility that the three-body 

40 
+I 

collisions leading to Reactions 1 
02 
P 
.d 

or 2 occur more frequently than 
-Y 

3 20 
assumed, which means that  the 

P: molecular effective cross sec- 
tions are here larger than the 

80 60 40 20 
kinetic values. The slowness 

Percentage of 0 2  in the gas mixture. of the reaction of oxygen atoms 

Fig. 3.-Dependence of the yields of 0 3  and with hydrogen molecules finds 
Hz02 on the composition of theogas mixture in a parallel in a similar reaction 
light of the wave length 1720 A. Circles and of chlorine atoms. By cpmbin- 
Curve I, 0 3  yields. Crosses and Curve 11, Hz02 ing Bonhoeffer's13 data on the 
yields. reaction H + Clz with calcula- 
tions made by Trifonoff,15 one finds that the probability of the reaction 
C1 + Hz is somewhat less than low3 when water vapor is present and is 
presumably zero in completely dry gases. The hydrogen molecule shows 
thus a remarkable stability in reactions which should take place on every 
collision according to the theories of Herzfeld14 and of others. 

In the dissociation of the oxygen molecule by light one of the oxygen 
atoms produced is in the normal 3P state, whereas the other is, accord- 
ing to Her~berg,~ in the metastable state, possessing some 30,000 cal. 
of excitation energy. The question is of considerable interest whether 
this difference in the energy levels influences the probability of reaction 
with hydrogen molecules. No definite answer can be obtained from the 
experiments with the short wave lengths alone. They can be accounted 

l4 Herzfeld, Ann. Physik, 59, 635 (1919). 
' 6  Trifonoff, 2. physik. Chem., 3B, 195 (19i9). 
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for by assuming equal probabilities. However, the later discussion will 
show that the assumption is more helpful that the oxygen atoms in the 
normal quantum state react with hydrogen molecules more slowly than 
the excited ones, for which alone the above estimated probability of 
would then hold. 

The occurrence of Reaction 2 has been so far, left out of consideration. 
That either this reaction or, and this is less probable, a recombination 
of oxygen atoms does take place in the hydrogen-oxygen mixture is shown 
by the observation that there is a deficit in the ozone plus hydrogen per- 
oxide yield as compared with the ozone yield in the oxygen-nitrogen 
mixtures. Several attempts have now been made to identify water among 
the primary reaction products by freezing out the products in a liquid- 
air trap and analyzing the contents on weighing. These attempts failed, 
due to low yields and the very high gas flow velocities required, but further 
work under changed conditions is planned. As an indirect proof of the 
occurrence of Reaction 2 the experiments of Farkas, Goldfinger and Ha- 
ber16 may be considered. They succeeded in exploding 0 2  + Hz mixtures 
by introducing oxygen atoms in fairly high concentration. Formation 
of either ozone or hydrogen peroxide is not exothermic enough to cause 
explosiori and a strongly exothermic reaction of the type represented by 
Reaction 2, eventually leading to short chains, must have occurred in these 
experiments. 

It remains now to consider results obtained with the 1860 A.  spectral 
region. These experiments are not quite in accord with the data already 
discussed. The essence of the results obtained is that with the long wave 
lengths practically no reaction occurs between hydrogen and oxygen, 
ozone being quantitatively formed. If the secondary process on excita- 
tion of an oxygen molecule is its dissociation into atoms on collision- 
there is enough energy for the process-this result would be quite incom- 
prehensible. The other possible process is 

0 2  + 0 2  = 0 3  f 0 (4) 

the oxygen atom reacting then by 1, 2 or 3. But this scheme also requires 
a lower ozone yield and formation of hydrogen peroxide in presence of 
hydrogen even if the excited oxygen molecules do not react with hydrogen 
at  all. In the 1:4 oxygen-hydrogen mixture one would expect (see Fig. 
2) a t  most 50 + 25/2 = 62% of ozone and at  least 25/2 = 12% of hy- 
drogen peroxide as compared with the ozone yield in a similar oxygen- 
nitrogen mixture. The experiments show (Table I) that the sum of ozone 
and hydrogen peroxide formed is about 97-9970, while the hydrogen per- 
oxide yield does not exceed ?,yo. This latter observation is, incidentally, 
in complete accord with the earlier mentioned results of Bates and Taylor. 
The difficulty in connection with the hydrogen peroxide yield is removed 

l6 Farkas, Goldfinger and Haber, Naturwissenschaften, 17, 674 (1929). 
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if the suggestion be accepted that the probability of Reaction 3. which 
was calculated to for excited atoms, is smaller in case of normal oxygen 
atoms, such as are produced in Reaction 4. But even with this assump- 
tion the excess of ozone yield over that calculated remains unexplained, 
since there are no reasons to assume that with normal oxygen atoms the 
ratio of the reaction velocities 1 and 2 is different than in case of excited 
atoms. This question, therefore, must be left open a t  present but i t  is 
hoped that further experiments now under way may bring a solution of 
this problem. 

Summary 
1. The oxygen-hydrogen reaction has been studied in light of the 

two spectral regions 1719-172.5 A. and 1854-1862 A. 
2. The effect of these spectral regions is markedly different. While 

the longer wave lengths produce only ozone in an amount equal to that 
produced in similar oxygen-nitrogen mixtures, in light of shorter wave 
lengths the yields of ozone in the presence of hydrogen are smaller but 
hydrogen peroxide is formed in addition. 

3. The probable reaction mechanism has been discussed. The proba- 
bility of the reaction 0 + Hz = OH 4- H has been estimated to 
a much smaller value than that predicted theoretically. 

PRINCETON, NEW JERSEY 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY] 

THE VAPOR PRESSURE AND HEATS OF FUSION AND 
VAPORIZATION OF FORMIC ACID 

BY ALBERT SPRAGUE COOLIDGE 

RECEIVED F~BRUARY 8, 1930 PUBLISHED MAY 8, 1930 

Introduction 
I n  a recent paper1 were given data on the density of formic acid vapor, 

together with some isolated vapor pressure data obtained in studying the 
process of purification. These data were obtained in order to make pos- 
sible use of the Clapeyron equation in calculating heats of adsorption 
from equilibrium pressure data. The same equation should, of course, 
give the heats of evaporation of pure solid or liquid formic acid, when the 
corresponding vapor pressures are introduced. The case is interesting 
because of the wide deviation of the vapor from the perfect gas laws, 
produced by association. The only calorimetrically determined quanti- 
ties by which the Clapeyron equation could be checked appeared to be 
the heat of vaporization of the boiling liquid, and the heat of fusion of 
the solid, which can be compared with the difference between the vaporiza- 
tion heats calculated for the solid and liquid a t  the triple point. Using 

1 Coolidge, THIS JOURNAL, 50, 2166 (1928). 
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the values of the vapor pressures from "International Critical Tables," 
it was found that in neither case did the calculated and observed values 
agree. It seemed worth while, therefore, to redetermine both vapor 
pressures and latent heats with the very pure formic acid available, in 
the hope of getting a thermodynamically consistent set of data. 

Since the observed heat effects are to be compared with values com- 
puted by a process involving temperature differentiation of the observed 
pressures, i t  is clear that a higher order of accuracy is needed in measur- 
ing the latter than the former. Therefore, no attempt was made to sur- 
pass a precision of, say, 0.5y0 in the calorimetry, while no effort was spared 
to perfect the thermometry and manometry, and it is believed that the 
error does not exceed 0.1%. 

Instability of Formic Acid 

It was necessary to take constant precautions against errors arising 
from the spontaneous decomposition of the acid into water and carbon 
monoxide. This reaction appears to occur in the liquid a t  all tempera- 
tures, and to cease only when the acid is f~ozen. However, a t  room tem- 
perature the evolution of permanent gas is very slow, and does not inter- 
fere with the measurements provided the sample is one which has been 
pumped free from gas while frozen, and has been melted just before the 
experiment. At temperatures approaching 100' decomposition is more 
rapid, and cannot be ignored. In one experiment, a quantity of liquid, 
carefully freed from gas, was confined by a column of mercury of about 
30-cm. height in addition to the atmospheric pressure, and was then raised 
to 100'. Within five minutes bubbles begain to escape through the mer- 
cury, Since the pure acid boils a t  100.5', the bubbles must have contained 
considerable permanent gas. Again, it was observed that when the pure 
acid was gently boiled under a reflux condenser, protected from atmos- 
pheric moisture, the boiling point rose a degree in ten hours, due pre- 
sumably to dilution of the acid by the water resulting from its decompo- 
sition. The heat of combustion2 of the acid is 62,800 calories per formula 
weight; that of carbon monoxide is 68,100 calories; the decomposition 
is, therefore, endothermic,a bsorbing 5300 calories per formula weight. 

Vapor Pressure Measurenients 
For temperatures up to 80 a static method was used to determine the  vapor pres- 

sures. The acid was placed in a bulb communicating with a manometer on which pres- 
sures could be read to 0.01 mm. as  high as 100 mm. For higher presures, this instru- 
ment was used to determine the difference in pressure between the bulb and the rest of 
the system, in which a pressure of air nearly equal to that in the bulb was established, 
and could be read off another manometer by means of a cathetometer. 

The bulb was maintained a t  the desired temperature, while the connections and 

"International Critical Tables," Vol. V, p. 165. 
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manometer must, of course, be kept slightly warmer to prevent distillation. A tem- 
perature of about -5" was obtained with a sodium chromate eutectic. The salt, a 
c. P. product, was not further purified, and the exact temperature obtained was not al- 
ways the same; in any one experiment, however, the temperature, as shown by two 
thermometers in different positions, was uniform and constant to 0.01". Other tem- 
peratures up to 20 were secured with ice- and water-baths. From 30 to 80" an oil- 
bath was used. I t  was contained in a Dewar vessel which, together with the manometer 
and connecting tubing, was mounted in an air-bath with a plate-glass front. The air 
was maintained a degree or two hotter than the oil, which was prevented from over- 
heating by a very slow stream of water through a coil. The temperature of mercury 
in manometer and exposed thread of thermometer was thus controlled, and suitable 
reductions applied. 

The main supply of acid used had been purified in the manner described in the pre- 
vious paper until it had the same vapor pressure a t  Oo, snd was, therefore, probably 
99.99y0 pure. I t  was kept continuously frozen to prevent deterioration. Samples for 
the measurements were distilled into the bulb, and before each reading were gently 
pumped to remove possible traces of permanent gas. At 70 and 80" constant readings 
were not obtained, the pressure rising steadily after each pumping, without approaching 
any limit. This situation was met by increasing the size of the dead space so as to dilute 
the evolved gas, and by making readings a t  definite time intervals after each pumping. 
By extrapolating back to zero time, satisfactory values could be obtained. 

To extend the range upward, boiring points were taken a t  atmospheric pressure, and 
also a t  about 1000 mm. In this method no error can be produced by accumulation of 
carbon monoxide, since this gas is swept away by the stream of fresh vapor rising from 
the liquid. In order to minimize the error due to dilution with water, the boiling was 
reduced to  the shortest possible time, and the acid was once repurified between readings. 
Nevertheless, it is possible that the values found may be a few hundredths of a degree 
too high. 

Temperatures of 20" and higher were read on a thermometer certified by the Bureau 
of Standards. Particular care was taken with the temperatures below 204 on which 
the calculation of the heat of fusion depends. The thermometer had been certified 
a t  ten degree intervals, but the correction a t  l o 0  was so different from that a t  either 0 
or 20' that interpolation seemed uncertain. Therefore, the scale used below 20 " was 
the mean of five good thermometers, including that certified by the Bureau of Stand- 
ards and one certified by the Reichsanstalt, which were all carefully compared between 
-5 and 20". I t  is unlikely that the error exceeds 0.02 O. 

The triple point of formic acid is 8.25 ", but the liquid can be cooled to - 5 O  without 
immediate solidification; attempts to go below - 5" always froze the acid. In  attempt- 
ing to measure the sublimation pressure, it  was found that when a sample of acid having 
the correct vapor pressure as liquid a t  0 O was simply frozen and gently pumped, a pres- 
sure of about 8.7 mm. was obtained a t  0'. The value given in the first paper was 8.67 
mm. However, on exhaustive pumping, accompanied by occasional fusion and re- 
solidification, the pressure dropped to 8.22 mm., below which it failed to go even when 
almost all of the sample had been pumped away. Evidently traces of volatile matter 
which remain in solution in the liquid without perceptible effect upon the vapor pressure, 
are set free on crystallization, and can be removed only with difficulty. The vapor pres- 
sure of the solid thus prepared was also determined a t  -5'. The pressure was also 
determined over a mixture of solid and liquid, a t  a temperature of 8.28" (8.26 " was given 
in the first paper). Attempts were made to detect changes in the triple point due to 
variations in the conditions under which the crystals were formed, or their age, but no 
variation was found. 
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VAPOR PRESSURE MEASUREMENTS (MILLIMETERS OP MERCURY) 
Liquid Liquid Solid 

T P T P T P 

-5 2'3" 8.12 49.93 130.1 -5.07' 4.98 
0.00 11.16 59.98 192 7 0.00 8.22 
8 25 17.94 . 70.04 280 6 8.25 17.94 

12 57 22.72 79.93 395.6 
20.00 33.55 100.68 762 5 
29.96 54.36 110 62 1017.6 
39 89 85.18 

'fable I gives the experimental values for the vapor pressure of solid 
and liquid, including the boiling points. Each entry is the mean of three 
closely concordant measurements, except those for the solid a t  - 5' (two 
measurements) and for the liquid at  60, 80 and 110' (one measurement 
each). 

0 10 20 30 40 50 60 70 80 90 100 110 
Temperature, OC. 

Fig. 1.-Vapor pressure of the liquid (deviation plot). 

Adjustment and Comparison of Data 

The three values for the vapor pressure of the solid are represented, 
to within 0.01 mm., by the equation 

Log P = 12.486 - 3160/T (1) 

in which log P is the common logarithm of the pressure in mm., and T 
is the absolute temperature reckoned from -273.1°C. They may be 
compared with the values in "International Critical  table^."^ These values 
are given only a t  temperatures from 1 to go, but may be easily extrapo- 
lated to 0 and 8.25". The result is 

Temperature. . . . . . . . . . . . .  0' 8.25' 
. . . . . . . . . . . . . . . . . . .  I .  C. T 8.0 18.0 

A . S . C  . . . . . . . . . . . . . . . . . .  8.22 17.94 

The experimental values for the vapor pressure of the liquid may be 
approximately represented by the equation 

Log P = 7.8584 - 1860/T (2)  

but the deviations are systematic. Figure 1 shows the deviation plot, 
the quantity A = log P-(7.8584-1860/T) being plotted against the 

"International Critical Tables," Vol. 111, p. 209. 
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temperature. The present data are represented by crosses, those of the 
"International Critical  table^"^ by circles. A smooth curve can be drawn 
through the crosses so that none of them, except the single determina- 
tion a t  60°, falls more than 0.0005 from the curve. This corresponds to a 
discrepancy of 0.12%. By taking A from this curve a t  round tempera- 
tures, values of the vapor pressure can be accurately interpolated. The 
results are given in Table 11, which also shows the "International Criti- 
cal Tables" values. The values at  0 and 20" are in excellent agreement 

TABLE 11 

INTERPOLATED VAPOR PRESSURES (MILLIMETERS 01 MERCURY) 
Liquid Solid 

T P ~ 8 . c .  ~ I . c . T .  M PA.  s. C. P I .  G. T. M 

0" 11.16 . . .  85.51 8.22 [8.0] 84.45 
8.25 17.94 . . . 84.57. 17.94 [18.0] 84.57 

10 19.76 18 9 84.37 
20 33.52 33.1 83.15 
30 54.55 52.2 81.88 
40 85.59 82.6 80.57 
50 130.4 125.9 79.24 
60 193.4 189.7 77.90 
70 280 2 279.6 76.56 
80 396.4 398.1 75.22 
90 549.4 552 1 73 90 

100 747.6 753.4 72.60 
100.5 .. . 760.0 . . . 
100.57 760.0 . . . 72.55 
110 1000 . . . 71.33 

with the corresponding values published in my first paper; that a t  10" 
is a trifle lower (19.76 instead of 19.88) and is doubtless more reliable. 
The table also shows the apparent molecular weight of the saturated 
vapor, calculated as explained in the first paper. 

Latent Heat Measurements 

The latent heats directly measured were the heat of fusion a t  the triple 
point and the heat of vaporization of the liquid at  temperatures from 0 
to 10oO. 

For the former, a very simple calorimeter was used, consisting of a Dewar 
cylinder holding 200 cc. of water, provided with a stirrer, a Beckmann 
thermometer, and a heater of 44.5 ohms resistance, made of wire of negligi- 
ble temperature resistance coefficient, and enclosed in a copper envelope. 
Current was supplied at 15 volts, being controlled by a sensitive volt- 
meter which could be read to 0.01 volt, and which was found actually 
correct to that degree by potentiometric comparison with a standard cell. 
The room temperature was constant within 0.5', and it was found that 

"International Critical Tables," Vol. 111, p. 215. 
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when the calorimeter was a t  room temperature, and evaporation stopped 
by a layer of kerosene, no detectable heat exchange occurred within twice 
the time required for a determination. During an experiment the calorim- 
eter temperature fell for a few minutes to some 2' below that of the room. 
The rate of leak a t  that head was determined and the appropriate correc- 
tion applied; i t  amounted to about 0.5% of the total heat measured. 

The scheme of measurement consisted of introducing frozen acid into 
the calorimeter, and determining the time of current flow required t o  
reestablish the original temperature. The acid (about 8 g.) was sealed 
into a vessel with five fingers, which i t  partially filled, thus offering a larger 
surface for heat transfer than a plain bulb. After freezing, i t  was left 
for some time in water a t  7', and was then quickly transferred, with a 
hasty wiping, to the calorimeter. The method seemed a t  first unpromis- 
ingly crude, but experiment showed that the errors due to  the carrying 
over of cold water and to absorption of heat in transfer were surprisingly 
constant. At the same time the current was turned on and allowed t o  
flow for a time which preliminary trial showed would nearly restore the 
original temperature. When equilibrium had been established, the tem- 
perature was found a few hundredths of a degree too low; the time of 
current flow which would have been needed to make good the deficiency 
was readily estimated. For example, in one experiment, the current 
flowed for 8.25 minutes, and the final temperature was 0.045' too low. 
If no thermal leak had occurred, it would have been 0.055O too low. Since 
3.8 minutes of current were needed to raise the calorimeter lo (when the 
acid was already a t  the calorimeter temperature) the extra current needed 
to restore exactly the original temperature would be 0.21 minutes, mak- 
ing the total time 8.46 minutes. Other determinations gave 8.40, 8.46 
and 8.44 minutes, the average being 8.44. In  some cases the acid was 
freshly frozen, in others i t  had been frozen for some hours. 

What was actually measured was, of course, the heat of fusion a t  the 
triple point, plus the heat content of the solid from 7 to 8.25', plus the 
heat content of the liquid from 8.25' to the calorimeter temperature, 
plus the heat content of the glass over the whole range, plus the errors 
of transfer. Bxactly similar experiments were made (alternately with 
those described) in which the only difference was that the acid was not 
frozen. The results were 1.31, 1.34 and 1.31 minutes, average 1.32. 
The sum of heat quantities measured is evidently the same as before, ex- 
cept that the heat of fusion is absent, and the liquid, instead of the solid, 
has been heated from 7 to 8.25O. The difference between the two results, 
7.12 minutes, evidently represents the heat of fusion a t  7'. Similar de- 
terminations in which the original temperature was O0 gave 6.94 minutes, 
corresponding to the heat of fusion a t  0'. The extrapolated value a t  8.25' 
is 7.15 minutes, with a probable error of 0.03. 
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These values are given first in minutes, rather than in joules per gram, 
because an unfortunate accident prevented the exact determination of 
the quantity of acid used, and no more pure acid was available for a repe- 
tition. The vessel and contained acid were weighed, but when the vessel 
was opened to remove the acid, the liquid was thrown forcibly back by the 
inrush of air, and one of the fingers was broken. Almost all of the frag- 
ments were recovered and weighed, and by piecing them together it was esti- 
mated that not over 0.05 g. of glass was lost. On this basis, the acid 
weighed 7.85 grams. If, in reality, more glass was lost, the true weight 

of the acid was less, the true heat of fusion higher than 
that calcGlated, namely 268 joules per gram a t  0°, 275 
joules at  7' and 276 joules a t  8.25'. The value given 
in "International Critical  table^"^ is 246.5 joules. 

The temperature coefficient indicates that the liquid 
v has, as usual, a higher specific heat than the solid. In- 

deed, this difference can be taken directly from the experi- 
mental data, and amounts to 1 joule per degree per gram; 
this figure, involving differences between four larger quan- 
tities, is subject to a large uncertainty, estimated at  d0.2. 
According to "International Critical Tables" the specific 
heat of the liquid is 1.83 joules6 and that of the solid 
1.80 joules7 The latter datum, as well as those in 
Landolt-Born~tein,~ is based on a paper by Massol and 
Faucon,g an inspection of which reveals that it was lauric 
acid, and not formic acid, with which they were obtained. 

Fig. 2.-Device There appears to be no reliable determination of the heat 
for ice calorimetry capacity of crystalline formic acid. Massol and Guillotl0 
of heat Of vapori- state that they found the specific heat of the solid to exceed 
zation. that of the liquid, but as they make the same statement 
about acetic acid, which is certainly wrong, their figures must be considered 
worthless. 

The heat of evaporation of the liquid a t  O0 was obtained by allowing 
a known quantity to evaporate slowly out of an ice calorimeter. The 
acid was sealed into a device illustrated in Fig. 2. The technique used 
in measuring and transferring the acid to this device was the same as that 
which had been used in filling the globes in which the vapor density had 

5 "International Critical Tables," Vol. V, p. 132. 
Ibid., Vol. V, p. 107. 

7 Ibid., Vol. V, p. 101. 
Landolt-Bornstein, "Physikalisch-chemische Tabellen," 5th ed., Vol. 11, p. 

1266. 
Massol and Faucon, Compt. rend., 153, 268 (1911) (not Vol. 154 as quoted in 

I. C. T.). 
lo Massol and Guillot, ibid., 121, 208 (1895). 
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been determined. The lower bulb contained a series of traps designed 
to hold the acid in several POOLS, in order to distribute the absorption 
of heat along the length of the calorimeter tube. In use, the acid was 
all collected in the lower tube, which was then inserted in the calorimeter. 
When equilibrium was established, the upper tube was cooled to  about 
-3O, causing the acid to distil over in from one to two hours. Trials 
with water had showed that this procedure gave values correct within 
1 In order to avoid errors in measurement and transfer, two samples 
of acid were used. 

In determining the heats of vaporization at  higher temperatures, i t  
seemed important to use a condensation method, instead of the usual 
scheme in which the energy required to boil away 
a certain quantity of liquid is determined. For 
in the usual method decomposition is to be feared, 
especially if the boiling is produced by a hot 
platinum wire, and the heat absorbed by decom- 
position will be added to the true heat of vapori- 
zation, producing a positive error. A method was, 
therefore, devised in which a known amount of 
cold mercury was introduced into a bulb which 
was bathed in the saturated vapor, and the quan- 
tity of condensed liquid measured by volume. 
Figure 3 is a sketch of the apparatus. The vapor 
rises from liquid acid boiling in the bulb B, and is 
condensed by a reflux condenser attached at  C. 
The pear P is heated by the vapor to the boiling 
point, and the condensate drips off into the cali- 
brated tube T, where its level is read by a cathe- 
tometer. The pear is shielded from liquid running 
down from the condenser by the umbrella U. The 
rod R serves to carry the condenser liquid to the 
stem of the umbrella without splashing; it then :::T 
runs over the surface and down the rods attached Fig. 3.-Apparatus for de- 

termining heat of vaporiza- 
to the pointed tips, finally dropping off from the tion. 
goose-neck bends just below the opening of T. 
It was found that when the pear had once been brought to the boiling 
point, no change in level in T occurred, showing that the shielding was 
adequate. The apparatus was constructed with a ground joint a t  G, but 
this joint was never opened in use, but was kept sealed with mercury. 
The acid was introduced or withdrawn by distillation through the top of 
the condenser, which was sealed to the main purifying and storage appa- 
ratus. Provision was made for admitting dry air at atmospheric pressure, 
or at  a pressure controlled by a manostat. 
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Mercury from a water-jacketed pipet was then suddenly injccted into 
P. The pipet was provided with a nozzle through which the mercury 
was forced by compressed air, the stream being so directed as not to touch 
the walls of the stem. As the nozzle was bathed in the water of the jacket, 
the only opportunity for the mercury to absorb heat prematurely was 
from the warm air in the stem, and the quantity so absorbed during the 
five or six seconds required to empty the pipet must have been very small. 
An obvious improvement would have been to evacuate the pear and its 
stem. When the level of liquid in T had again become constant, it  was 
read, and the exact temperature of the mercury in P taken by introducing 
a thermometer. The weight of acid was calculated from the known vol- 
ume of the tube, with the aid of the expansion formulas of Pierre and of 
Zander,ll which agree sufficiently for the purpose. 

A specimen calculation is as follows 

Weight of mercury.. . . . . . . . . . . . . . . . . . . . . . . .  
Original temperature. . . . . . . . . . . . . . . . . . . . . . . .  
Final (boiling) temp.. . . . . . . . . . . . . . . . . . . . . . . .  
Heat absorbed by mercury. . . . . . . . . . . . . . . . . .  
Original height in T. . . . . . . . . . . . . . . . . . . . . . . .  
Final height. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Corresponding volume. . . . . . . . . . . . . . . . . . . . . .  
Density of acid a t  42.2 O . . . . . . . . . . . . . . . . . . . .  
Weight condensed. . . . . . . . . . . . . . . . . . . . . . . . . . .  
HeatuEevap.pergram . . . . . . . . . . . . . . . . . . . . .  

268 g. 
10 4" 
42.2" 

282.8 cal. 
830.6 mm. 
859 8 mm. 

2 23 cc. 
1.195 
2.666 g. 

106.0 cal. 

In working at  atmospheric pressure, a serious difficulty arose. The 
liquid collected in the tube T, being maintained at  about 100°, began to 
decompose spontaneously, with escape of bubbles. This interfered with 
reading the level of the liquid, not only because of uncertainty as to the 
volume occupied by the bubbles, but because they carried away con- 
siderable acid, causing the level to fall rather rapidly. (I t  was at  first 
thought that this phenomenon was caused by insufficient purification of the 
acid, causing a fractionation to occur, in which the more volatile fraction 
collected in the tube, and was actually boiled away by immersion in the 
hotter vapor from the less volatile residue, but repeated purification caused 
no diminution in the rate at which the bubbles evolved. The experiment 
with acid confined under mercury was then carried out in order to prove 
actual decomposition.) No way was found to avoid this difficulty, and the 
readings made a t  this temperature had to be corrected by admittedly un- 
certain estimates. They are, therefore, not as reliable as the others. 

Table I11 contains the results of the directly determined heats of vapori- 
zation, together with the value given in "International Critical  table^."'^ 

l1 Landolt-Bornstein, "Physikalisch-chemische Tabellen," 5th ed., Vol. 11, p. 
1233. 

l2 "International Critical Tables," Vol. V, p. 136. 
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TABLE 111 
MEASURED HEATS OP VAPORIZATION OF THE LIQUID 

0° 42.2' 64.5* 100.5O 

1 ::;.: 106.0 109 3 115 5 
Observed, cal. per g. 105.9 109.4 115 4 

[ 103.0 106.6 109.4 
Average 102.7 106.2 109 4 115.5 
Joules 430 445 458 483 

. . .  "I. C. T." . . ... 502 

Application of the Clapeyron Equation 
The heat of vaporization per gram, X, should be given by the equation 

X = TAv(dP/dT) (3) 

Here Av is essentially the volume of one gram of saturated vapor, hence 
we may write 

Av = (1 - ?)RT/MP (4)  

where M is the apparent molecular weight at the particular pressure and 
temperature considered, and q is the ratio of the vapor density to that 
of the liquid, and constitutes a correction term which is negligible except 
at  pressures approaching the atmospheric. The Clapeyron equation, 
therefore, takes the form 

x = -  R d l n P  (1 - ?) = -19.146 
d ( l / T )  

log (1 - 11) joules per gram (5 )  
M d ( l / T )  

I t  follows from Equation 1 that the value of d log P/d(l/T) for the 
solid is -3160. At the triple point M has the value 84.57 and q is negligi- 
ble. The calculated heat of sublimation is, therefore, 716 joules per gram. 

For the liquid, we have evidently 
d log P / d ( l / T )  = -1860 - T 2 dA/dT ( 6 )  

A being the deviation function plotted in Fig. 1. The coefficient can 
be read off the smooth curve. For the four temperatures a t  which direct 
measurements were made, the calculated heats of vaporization are as 
shown in Table IV. 

TABLE IV 
APPLICATION o f  CLAPEYRON EQUATION 

Temp., OC ........... O 0  42.Z0 64.5' 100.5' 

d A j d T ~ 1 0 ~ .  ..... 9 - 1 - 2 - 3 . 5  
d log P / d ( l / T )  . . . . .  -1927 - 1850 - 1837 -1811 
M . .  . . . . . . . . . . . .  85.51 80 28 77.30 72 .55  

. . . .  7 'X lo4 . . . . . . . . . .  7 20 
X, calcd. . . . . . . . . . . . .  432 441 455 477 
X, obs.. . . . . . . .  430 445 458 483 

The calculated heat of vaporization of the liquid at  the triple point is 
434 joules, that of the solid 716 joules, and therefore, by subtraction, the 
calculated heat of fusion is 282 joules; the observed value was 276, or 
perhaps a trifle higher. We may also calculate the heat of fusion a t  0°, 
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but  the method is less simple, because in this case the vapor produced 
by  the liquid is at  a different pressure from that produced by the solid, 
and the joule heat has to be considered. Let I-I, be the heat content of 
one gram of solid, and Hs that of its saturated vapor, while Hf and Hll 
are the corresponding quantities for the liquid and its vapor. Then we 
wish to calculate Hf - Hs (neglecting the fact that these quantities refer 
to  slightly different pressures). We have calculated that Hll - Hf is 432 
joules a t  0°, and H s  - II, comes out 717 joules. We need to know 

Now 

and the last differential coefficient can be evaluated from the dissociation 
equations for the vapor, namely 

P X (92 - M)2 = 
46(M - 46) 

Log K = 10.758 - 3092/T 

(These equations are taken from the first paper. The constants of the 
second equation have been slightly altered in order that T may be calcu- 
lated from an absolute zero of -273.1°C., instead of -273", the round 
number having been used in the first paper. Through an error, the value 
of K a t  70" is there given as 56.60; it should be 55.72.) Logarithmic 
differentiation of (9) gives 

The average value of M a t  O0 between 8 and 11-mm. may be taken approxi- 
mately as 85, and, therefore, over a small range in that vicinity, we may 
take b(l/A/f)/d(l/T) as constant and equal to -3.2. Substituting in 
(8) and then in (7) 

11.16 
Hit - HE = -23.R d In P = - 8.1 joules per gram (12) 

The calculated heat of fusion a t  O0 is, therefore, 717-432-8 = 277 
joules, 5 joules less than at  the triple point. This makes the specific 
heat of the liquid greater than that of the solid by 0.6 joule, a figure con- 
siderably lower than the I + 0.2 given by direct measurement. . 

Criticism and Discussion 
It will be seen that the present data are thermodynamically consistent 

to as good an approximation as is ordinarily obtainable in such calculations. 
The vapor density data were found by Ramsperger and Porter13 to be in 
complete agreement with their own. The vapor pressure data, while 

l3  Ramsperger and Porter, THIS JOURNAL, 50, 3036 (1928). 
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more regular than those of the "International Critical Tables," are not 
greatly different, but the directly determined heats of fusion and vaporiza- 
tion, if correct, require a considerable revision of the accepted values. 
In their favor stands the fact that they are thermodynamically consistent 
with the vapor density and pressure data, while the values in "International 
Critical Tables" are not. It is to be noted that the "International Criti- 
cal Tables" value for the heat of vaporization is based upon the work of 
three authors, of whom worked long ago, while the other two15 used 
a platinum wire to boil the acid, which may have caused error through 
decomposition. Neither author mentions any special precautions ob- 
served with the acid, which was merely one of several substances investi- 
gated. As for the heat of fusion, Pettersson16 worked at  a low temperature, 
and by a method which is stated by "International Critical Tables" to 
give low results. The paper of Guillot17 is not available, but in view of 
his statement about the specific heat of crystalline acetic acid,1° i t  seems 
more than likely that his results were vitiated by premelting, causing the 
specific heat of the solid to appear too great and the heat of fusion too low. 
The present evaluation of the difference in the specific heats of the solid 
and liquid must be regarded as giving an orientating value only, but leaves 
little doubt that i t  is of the ordinary sign and magnitude. 

Interpretation 
In the case of a solid or liquid emitting a vapor of constant molecular 

weight, a plot of log P as ordinate against 1/T as abscissa yields a curve 
whose slope is a t  every point proportional to the heat of vaporization. 
The temperature coefficient of the latter depends on the difference be- 
tween the coefficients bH/bT for the two phases, evaluated under the 
restriction that the pressure shall be maintained equal to the satura- 
tion pressure. For substances which may be regarded as perfect gases 
or incompressible dense phases, these coefficients are equal to the specific 
heats a t  constant pressure. For solids, C, is nearly equal to Cp of the 
vapor, so that the temperature coefficient is small and the vapor pressure 
curve is approximately straight. Liquids have higher C*, causing their 
heat of evaporation to decrease with rising temperature, and the vapor 
pressure curves to be concave downward. The heat of vzp~rization 
of liquid formic acid has been shown to rise rapidly with the temperature, 
and this is due to the very high value of bH/bT for the vapor. There 
is no simple exact interpretation of dH/dT, but its largest term is the 
heat absorbed when the temperature of the vapor is raised under the 
prescribed conditions; and this is abnormally great with formic acid be- 

l4 Favre and Silbermann, Comfit. rend., 23, 413 (1846). 
16 Marshall, Phil. Mag., 43, 29 (1897); Brown, J. Chem. Soc., 83, 987 (1903). 
lB Pettersson, J. prakt. Chem., 24, 129, 293 (1881). 
17 Guillot, "ThSse," &ole Pharm., Montpellier, 1895. 
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cause the heating produces dissociation of double into single molecules 
with great absorption of energy. 

A simple calculation will show to what extent the abnormal tempera- 
ture coefficient may be accounted for by this interpretation. We may 
conceive of evaporation as a stepwise process, in which double molecules 
of vapor are first produced by evaporation, after which a certain fraction 
of them dissociate, absorbing heat a t  the rate of 14,125 calories per mole 
(value given in first paper) or 645 joules per gram. The whole process 
is conceived as isopiestic. Now, a t  0°, only 7.6y0 of the saturated vapor 
is dissociated, so that, when 1 gram evaporates, 49 joules can be referred 
to dissociation. At 100' the figures are 30% and 194 joules, so that we 
might expect the heat of vaporization to be 145 joules higher at  100' 
than a t  0'. Actually, it is only about 50 joules greater, because, super- 
posed on the increase caused by dissociation in the vapor, we have also 
the normal decrease characteristic of all liquids. By adding to the actual 
heats of vaporization the calculated heats required to complete the dis- 
sociation of the vapor into single molecules, we may determine the heat 
of evaporation of single molecules from the actual liquid. The same 
result may be obtained by calculating the partial pressure of single mole- 
cules in the saturated vapor a t  various temperatures and applying the 
Clapeyron equation. Expressing the result in joules per mole (46 g.), 
we obtain 47,200 at 0' and 42,800 a t  100°, a decrease of 4400. I t  is inter- 
esting to compare these figures with those for water, which in the liquid 
state is in many ways similar to formic acid, but which produces a mono- 
molecular vapor on evaporation. For water, the heat of vaporization 
is 44,900 joules per mole at  0' and 40,700 a t  100°, a decrease of 4200. 
The similarity in the figures is striking, and shows clearly how the actual 
temperature coefficient for formic acid is compounded of a positive term 
due to molecular association in the vapor, and the normal negative term. 
The latter may be interpreted as due to the excess of C, for the liquid 
over the C, which the vapor would possess if the equilibrium were frozen. 

Although the latent heat increases with temperature, the vapor pres- 
sure curve is markedly concave downward. This is, of course, due to 
the variability of M in the Clapeyron equation. An inspection of Equa- 
tion 5 together wifh Table IV shows that in determining the value of d In P/- 
d(l/T) a t  increasing temperatures, the decrease in M outweighs the in- 
crease in X. 

The vapor pressure curve of the solid presents an interesting case. Let 
us write Equation 9 in the form 

P X p(M) = K 
where ~ D ( M )  is a function of M alone. Now, taking the value of K from 
Equation 10 and that of P from Equation 1, we see that they have nearly 
the same temperature coefficient, so that M is nearly independent of tem- 
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perature. As a result the curve will be of the same type obtained with 
other solids, and will be almost straight. The specific heat of the saturated 
vapor will contain only a small term due to association. This small term 
is of opposite sign to that which occurs in the case of the liquid, for the 
saturated vapor of the solid undergoes a slight increase in association 
when heated, due to the very rapid rise in pressure. Assuming C, for the 
solid equal to Cp for the vapor with frozen equilibrium, we shall have a 
slight fall in the heat of sublimation with rising temperature. 

While the heat of sublimation probably falls, and the heat of evapora- 
tion rises with the temperature, the heat of fusion rises, instead of falling, 
as it must do if it were, as in the ordinary case, the difference between the 
other two. We have seen already that this is due to the presence of a 
term Hll - a, which is usually zero. This term may also be interpreted 
as due to variation in the degree of dissociation. Thus, a t  O0 the liquid 
produces a vapor 7.6% dissociated; the vapor from the solid is 9.la/o, 
and conversion of one into the other involves some 9 joules of dissocia- 
tion heat. (The thermodynamic evaluation gave 8 joules.) 

Summary 

The vapor pressure of pure formic acid, both solid and liquid, has been 
carefully determined between - 5 and 110'. 

The heat of vaporization of the liquid, and the heat of fusion of the 
solid, have been determined with moderate accuracy a t  several tempera- 
tures. 

The values so found are thermodynamically consistent among them- 
selves, but differ, sometimes considerably, from previously accepted values. 

I t  is shown that the differences in thermal behavior between formic 
acid and substances producing normal vapors, especially water, are just 
those to be expected when account is taken of the heat absorbed or supplied 
by shifting of the dissociative equilibrium in the vapor. 

CAMBRIDGE, MASSACHUSETTS 
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THE DETERMINATION OF CALCIUM BY IGNITION OF 
CALCIUM OXALATE TO CARBONATE IN AIR 

Introduction 
Because of its practical importance the quantitative determination 

of calcium has received a great deal of attention, and the various methods 
described in the literature have been made the subject of exhaustive 
critical study. Winklerl has tested and reviewed a number of methods, 
recommending, as the most reliable, precipitation as oxalate followed by 
ignition to oxide. S~ebelledy,~ continuing Winkler's work, recommends 
drying the precipitated oxalate to CaCz04.Hz0. Ewe3 compared experi- 
mentally ten standard methods, and determined their relative merits. 

It is obvious that by using the proper temperature precipitated calcium 
oxalate, theoretically at  least, can be changed quantitatively into any 
of the following forms: CaCz04.Hz0, CaCz04, CaCO3 or CaO. 

Weighing as CaCz04.Hz0 always involves the danger of a slight varia- 
tion in the water content; weighing as CaC204 is objectionable because 
of its hygroscopicity, and the errors in weighing CaO are too well known 
to need mentioning. 

In spite of its advantages, the ignition of calcium oxalate to carbonate 
in air has never been satisfactorily studied. The proper temperature 
range has never been accurately determined, and the conditions given 
are usually such that the precipitate is partly converted to oxide, which 
must then be changed to carbonate by treating it with ammonium car- 
bonate and igniting gently. This method was originally proposed by 
Fresenius4 and studied by I r b ~ , ~  Fram,G Brunck7 and  canal^,^ the latter 
four authors contributing but little to the procedure of Fresenius. 

I n  view of the fact that no thoroughly reliable procedure has yet been 
described, it is not surprising to find in standard books on analysis such 
obviously incorrect statements as "At 500°, the oxalate begins to decom- 
pose, free carbon is liberated and calcium carbonate begins to form,"g 

1 Winkler, 2. angezu. Chem., 31, [ I ] ,  187, 203 (1918). 
2 Szebelledy, 2. anal. Chem., 70, 39 (1927). 
a Ewe, Chem. News, 121, 53 (1920); Am. J. Pharm., 92, 401 (1920). 

Fresenius, "A System of Instruction in Quantitative Chemical Analysis," 4th 
ed., John Churchill and Sons, London, 1865, p. 164. 

6 Irby, 2. anal. Chem., 13, 56 (1874). 
6 Fram, Chew-Ztg., 21,410 (1897). 
7 Brunck, Z. anal. Chem., 45,83 (1906). 
8 Canals, Bull. soc. chim., [4] 23,422 (1918). 

Scott, "Standard Methods of Chemical Analysis," D. Van Nostrand Co., New 
York, 4th ed., 1925, p. 107. 
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while some authorities1° are inclined to believe that while in careful hands 
the method will give accurate results, it requires much more careful atten- 
tion than the oxide method, and hence will not commend itself widely. 

Recent investigators, Foote and Bradley" and de Groot,12 apparently 
believed that the only safe procedure was ignition in an atmosphere of 
carbon dioxide in a Rose crucible. 

From Johnston's13 measurements of equilibrium pressures of the ther- 
mal dissociation of calciun~ carbonate and from the partial pressure of 
carbon dioxide in air,14 it can be shown that calcium carbonate is stable 
in air up to about 520". Likewise, the oxalate can be completely changed 
into carbonate by a prolonged ignition at a temperature as low as 430' 
as was shown by I r b ~ . ~  It is to be expected, therefore, that conditions 
can be found under which ignition in air will result in complete and rapid 
conversion of calcium oxalate into carbonate, without any danger of de- 
composition of the latter into oxide. The purpose of this work was to 
investigate these conditions and the errors involved because, from the 
authors' experience, the precipitate is best weighed in this form. 

Experimental 

As a standard in this work, Kahlbaum's "Iceland Spar," consisting of 99.95% 
calcium carbonate with magnesium and ferrous carbonate as main impurities, was used. 
The composition was checked by ignition of oxalate to oxide and by titration of oxalate 
with ceric sulfate.l5 

Samples ranging in weight from 0.2 to 0.9 g. were dissolved in 25 cc. of 1 : 4 hydro- 
chloric acid and the solution was diluted to 200 cc. Calcium oxalate was precipitated 
from the hot solution by adding to it slowly and with constant stirring twice the theoret- 
ical amount of pure ammonium oxalate, dissolved in 25 to 50 cc. of water, after which the 
solution was made just alkaline to methyl red by adding slowly with constant stirring 
a freshly filtered solution of 1 : 5 ammonium hydroxide. The solution was kept hot for 
two hours, filtered through a porcelaia filtering crucible (Type A2),'6 and the precipi- 
tate washed, either with hot 0.5y0 ammonium oxalate solution, or with cold water. 
The crucible containing the precipitate was dried at  110 O, and then ignited. 

The ignitions were carried out in a Simon-Miiller crucible furnacex7 the temperature 
of which could be kept constant within less than 5" by maintaining a constant current 
through the heating coil with an accurate ammeter and a variable resistance in the 
circuit. This furnace was carefully calibrated in terms of current by means of a cali- 
brated platinum-platinum-rhodium thermocouple, and the temperature-current calibra- 

lo Hillebrand and Lundell, "Applied Inorganic Analysis," John Wiley and Sons, 
New York, 1929, p. 502. 

l1 Foote and Bradley, THIS JOURNAL, 48, 676 (1926). 
l2 De Groot, Chem. Weekblad, 23, 456 (1926). 
l 3  Johnston, THIS JOURNAL, 32, 938 (1910). 
1 4  Cf. Clarke, "The Data of Geochemistry," U. S. Geological Survey Bulletin. 

695, 1920, p. 47. 
l5 Willard and Young, THIS JOURNAL, 50,1333 (1928). 
l6 Manufactured by the Staatliche Porzellanmanufaktur, Berlin. 
l7 Simon and Miiller, 2. angezo. Chem., 39, 1377 (1926). 
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tion curve was repeatedly rechecked during the process of this investigation. A number 
of ignitions were also carried out in a large electric mufile, calibrated in a similar way. 

Ignitions were-carried out at  350, 400, 450, 500, 550 and 600°, using two different 
samples a t  each temperature. In  this series the crucible with the precipitate was ig- 
nited for one hour, cooled in a desiccator and weighed inside a closed weighing bottle, 
using a similar weighing bottle for counterpoise. It was then ignited for one hour 
longer, cooled, weighed and the process repeated once more. The results are given in 
Table I. 

IGNITION O F  CALCIUM OXALATE BETWEEN 350 AND 600' 
Time of Precipi- Wt. 

Iceland Temp. of ignition, tate, CaC03 Error, 
No. spar, g. ignition, "C. hours g. (theory), g. mg. 
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Sven a t  as low a temperature as 400°, a three-hour ignition gives prac- 
tically quantitative results, if the sample is not too large. At  450 and 
500°, respectively, one-hour ignition suffices for quantitative conver- 
sion into carbonate, but at  550' and above the results are low due to for- 
mation of oxide. 

Calcium oxalate ignited in this way gives a product which is perfectly 
white in color. When, however, the precipitate is filtered through filter 
paper, which can be completely burned off in a muffle a t  500' in thirty 
minutes, and then ignited for from one to twenty-four hours, the precipi- 
tate is gray, and the results are 2 to 3 mg. high, depending on the size of 
the sample. Ignition of c. P. calcium oxalate as purchased likewise re- 
sults in the formation of a product which is gray in color. 

The formation of this impurity has hitherto been explained on the 
assumption that the decomposition of oxalate results in the foimation of 
a small amount of ~ a r b o n . ~  

Since in our procedure no formation of this product took place, no at- 
tempt was made to determine its nature. I t  seems doubtful, however, 
that this product, so resistant to heating in air, is carbon, and i t  is suggested 
that it might be a stable polymer of carbon suboxide formed in decompo- 
sition of the oxalate.18 

The influence of time of ignition at  500' is shown in Table 11, which is 
self -explanatory. 

No. 

1 
2 

I 
2 
3 
4 

TABLE I1 

IGNITION OF CALCIUM OXALATE AT 500° 
Iceland Time of Precipitate, CaCOa 
spar, g.  ignition g. (theory), g .  

0.2194 30 min. 0.2192 0.2193 
.8812 .882 1 .8808 

.5915 45 min. .5913 .5912 

.8847 ,8844 .5843 

.7040 ,7038 .7037 

.4999 .4996 .4997 

.349 1 60 min. .3487 .3489 

.4913 ,4913 .4911 

.5014 .5010 .5012 

.7079 .7076 ,7076 

,3863 18 hrs. ,3862 .386 1 

Error 
mg. 

- 0.1 
f 1 . 3  
+O.l + . 1  + .1 
- . 1  

- .2  + .2 
- . 2  

.0  

+ .1 

The recommended procedure for the determination of calcium (in solu- 
tions of its pure salts) is as follows. Precipitate the oxalate by adding 
to the hot acid solution twice the theoretical amount of ammonium oxalate 
(or oxalic acid), and slowly neutralize with 1:5 ammonium hydroxide, 
using methyl red as indicator. Let the solution stand on the hot-plate 

l8 Cf. Mellor, "A Comprehensive Treatise on Inorganic and Theoretical Chemistry," 
Lotlgmans, Green and Co., London, 1924, Vol. V, pp. 904-907. 
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for two hours, filter through a filtering crucible (or a Gooch), dry at  110' 
for thirty minutes and ignite in an electric muffle for one hour a t  a tem- 
perature between 475 and 500'. For the separation of calcium from 
other elements the usual methods are applicable, followed by ignition to 
carbonate as above. 

This method has been used in this Laboratory for the last three years, 
both in research work and by the students in quantitative analysis, and 
has given very satisfactory results. 

When an accurate thermocouple is not available, the furnace can be 
adjusted to the right temperature in the following simple way. Silver 

chloride melts a t  455O and lead chloride at  501'; thus the 
correct temperature can be easily obtained by adjusting the 
oven to such a temperature that silver chloride will melt, 
but not lead chloride. The melting point can be detected 
with the following device. In a small pyrex tube sealed at  
one end place some anhydrous silver chloride powder (or 
lead chloride) ; insert into the tube two electrodes, made by 
sealing into pyrex tubes short pieces of platinum wire with 
copper wire leads, so that the ends of the electrodes reach 
the bottom of the tube containing the powder, but do not 
touch each other. The electrodes can be kept in place by 
putting between them and wrapping around them a piece 
of asbestos paper, so that the whole fits tightly into the 
glass tube. The "melting point detector" so prepared (see 
Fig. 1) is placed inside the oven, with the leads going out- 

Fig. 1.-Melting side and connected in series with two dry cells and a small 

point detector. flash-light bulb. At the melting point the molten mass 
establishes an electrical connection between the electrodes 

and the light glows. A fresh detector has to be used each time, since the 
anode is strongly attacked by chlorine. 

By the proper choice of material this simple method could be used to 
adjust the furnace to any desired temperature. It was tested in connec- 
tion with this work and found to give very satisfactory results. 

Summary 

1. Ignition of calcium oxalate in air was studied a t  350, 400, 450, 
500, 550 and 600°. 

2. Between 450 and 500' the oxalate is quantitatively converted into 
carbonate in one to two hours. This is made the basis of an accurate 
method for the gravimetric determination of calcium. 

3. A simple method is described for adjusting a furnace to a desired 
temperature by utilizing the melting points of suitable salts. 

ANN ARBOR, MICHIGAN 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THB UNIVERSITY OF MICHIGAN] 

THE MICRO DETERMINATION OF HALOGENS AND METALS IN 
ORGANIC COMPOUNDS 

BY H. H. WILL,~RD AND J. J. THOMPSON 

Hitherto, the Carius method has been the only accurate one available 
for the determination of halogens in all types of solid and liquid organic 
compounds. The method recently described by Thompson and Oakdalel 

has proved so accurate and satisfactory, even in the case of volatile liquids, 
that it seemed desirable t o  apply it to the micro determination of halo- 
gens. E'or the micro procedure we have devised a much more compact 
apparatus and as a result the method has become simpler and more rapid. 
A complete analysis, from the time of weighing the sample until the weight 
of silver halide is obtained, requires only forty-five to sixty minutes. 

The principle involved is, as stated 
previously,l the use of fuming sulfuric 
acid as oxidizing agent, to which in certain 
instances persulfate is added. Any halide 
formed is then oxidized by permanganate 7 - 

I 
or hydrogen peroxide to free halogen, locrn 
which is absorbed in alkaline arsenite and 
subsequently precipitated as silver halide. 1 The micro determination is so simple, -- 

rapid and accurate that it seems likely to 
replace the classical Carius method. 

Experimental I-- 
The samples used weighed 15-25 mg. A /'"" 

micro balance was not required and weighings 1 
accurate to 0.01 mg. were quickly made on a 
Bunge air damped balance, type 4 DM, with a 

-- - - -  

capacity of 200 g. 
The apparatus used, which is made entirely 

i 
of pyrex glass, is shown in Fig. 1. I t  consists $---- 
of a 25-cc. flask provided with two small con- 2s cs 

densers and connected to two absorption bulbs 
by means of ground-glass joints, 7 mm. inside 

5/cn & Fig. 1. 

diameter. A small dropping funnel is fused to 
the top of the condenser.'" For much smaIler samples the size of the apparatus can be 
reduced. 

The Determining of Chlorine and Bromine.-If the compound is a solid, a sample of 
approximately 20 mg. or less is weighed into a micro beaker, about 6 X 7 mm., made from 
pyrex glass tubing. The sample and beaker are transferred to the decomposition flask 

Thompson and Oakdale, THIS JOURNAL, 52,1195 (1930). 
la This apparatus can be purchased from the Arthur H. Thomas Co., Philadelphia. 
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(A), Fig. 1. Five-tenths g. of potassium persulfate is then added2 together with a few 
glass beads and a little copper sulfate. Section (B) is connected, and water passed 
through the  condenser^.^ The absorption flask (C) contains 0.1 g. of arsenic trioxide to 
reduce halogen to halide,4 1 g. of chlorine-free sodium hydroxide and 15 cc. of water. 
Through the dropping funnel (D) 4 cc. of fuming sulfuric acid containing 20% So3 
is added and the mixture is allowed to digest for fifteen minutes, keeping the sulfuric 
acid boiling gently. Then 5 cc. of concd. sulfuric acid (sp. gr. 1.84) is added. After the 
acid has become colorless and while it is boiling gently, an excess of a saturated solution 
of permanganate is added (2 cc. is usually sufficient), then 5 cc. of water. At this stage 
the condensers are emptied and the solution boiled until sulfur trioxide fumes appear. 
The apparatus is disconnected immediately, to prevent the joints from freezing, the 
contents of the absorption flask are transferred to a 100-cc. beaker and neutralized with 

dilute nitric acid (sp. gr. 1.10), using methyl o;ange as indicator. An excess 
of silver nitrate is added, then concd. nitric acid (sp. gr. 1.42) until there 
is an excess of 2 cc. The solution is boiled to coagulate the silver halide 
and filtered through a filtering crucible with a porous porcelain bottom,S 
washed with 1% nitric acid, then with acetone, dried at  135" and weighed. 

When liquid halogen compounds are to be analyzed, thin-walled bulbs 
are prepared. A bulb is filled by placing it and the liquid in a special 
apparatus1 The apparatus is evacuated through a side arm and then 

i I upon allowing the air to enter the apparatus the bulb is filled. Since the 
0 ' latter is t?o light to break by falling, it must be crushed somehow. A pyrex 

glass tube sealed off at  both ends but having a pocket on one end to hold 
the stem of the bulb is used for this purpose (see Fig. 2). The bulb stem 
is placed in the pocket and then inserted into the flask which already con- 
tains the sulfuric acid, etc., and which is held horizontally. Care must be 
taken that the bulb does not fall out of the pocket. Both tube and crushed 

- - d  bulb are left in the apparatus until the determination is completed. 
When chloroform or carbon tetrachloride is analyzed by this process, 

gaseous halogen compounds escape before complete reaction with sulfur 
trioxide occurs. This difficulty is surmounted by placing a narrow-bore 

Fig. 2. quartz tube, about 20 cm. long, between the condenser and decomposition 
flask. Connection is made by heavy black rubber tubing. Heating the 

central portion of the tube to a red heat decomposes any organic halide gas and the 
halogen is completely absorbed. 

The results of analyses of chlorine and bromine compounds are shown 
in Tables I and 11. All the compounds used in this work were specially 
purified. 

Determination of Iodine.-The procedure is identical with that for 
chlorine and bromine, except that no persulfate is added and an excess 

Since the persulfate is usually contaminated with perchlorate, some of it being 
quite unfit for use, a blank determination is made, using a halogen-free organic com- 
pound, such as starch. 

a All joints are well lubricated with a viscous paste, made by mixing phosphorus 
pentoxide with warm, sirupy phosphoric acid. See also Stephens, T ~ l s  JOURNAL, 
52, 635 (1930). Rubber bands are used on the glass hooks. 

Honigschmid and Zintl, Ann., 433, 201 (1923). 
These aucibles (type A1 is densest) are manufactured by the Staatliche Por- 

zellan Manufaktur, Berlin. They were cut down to a height of approximately one 
centimeter and then weighed about 3 g. 
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Substance 
analyzed 

CHCb 
CHCI3 
CCl4 
Cc14 
CH8CONHCl 
CH3CONHCl 

Substance 
analyzed 

CzHsBr 
CzHsBr 
C~Hzl31-4 
CzHzBr4 
CHBr8 
CHBr3 

TABLE I 
RESTJLTS OF ANALYSES 

Sample, AgC1, 
mg. mg . 

18.96 68.20 
28 71 103.27 
14 64 54 57 
12.96 48.28 
18.16 27.76 
19 21 29.41 

Chlorine, % 
Caled. Found 

89.10 88.98 
89.10 88.98 
92.20 92.20 
92.20 92.15 
37 92 37.81 
37 92 37.87 

Sample, AgBr, Bromine, % 
mg. mg. Calcd. Found 

35.66 61.41 73.34 73.29 
14 58 25.08 73.34 73.22 
25.06 54.42 92.47 92.41 
18.59 40.29 92.47 92.23 
21.02 46.86 94.85 94.87 
25.03 55.76 94.85 94.80 

of halogen-free 10yo hydrogen peroxide is used instead of permanganate. 
If persulfate is used, oxidation to non-volatile iodic acid occurs. The 
oxygen liberated from the peroxide expels the iodine from the apparatus 
and the hydriodic acid usually present is oxidized to free iodine. When 
a substance containing a very high percentage of iodine, such as iodoform, 
is analyzed in this way, some iodic acid is formed, due to insufficient or- 
ganic reducing material. This may be remedied in either of two ways: 
first, by preventing the formation of iodic acid by adding 0.05 g. of starch 
to the iodine compound before decomposition begins; or, second, if iodic 
acid is formed, i t  is reduced, after all the iodine has been expelled from the 
apparatus, by adding a solution of hydrazine sulfate, followed by an ex- 
cess of peroxide. For iodine determinations the dropping funnel (D) 
is conveniently sealed a t  the top of condenser (A) instead of (B). 

Substauce 
analyzed 

CHID 
CHI3 
ClzHlnSbI 
ClzHloSbI 
ClzHl OASI 
CI?HIOASI 

RESULTS OF ANALYSES 

Sample, AgI, Iodine, % 
mg mg. Calcd. Found 

22.52 40.24 96.70 96.60 
26 06 46 59 96.70 96.64 
19 31 11.24 31.51 31.51 
17.98 10.47 31.51 31.48 
22.24 14.66 35.66 35.63 
19 59 12 92 35 66 35.65 

Micro Determination of Metals in Metallic Organic Halides.-If metals 
are to be determined the procedure is the same except that copper sulfate 
need not be added. Arsenic was determined in diphenylarsyl iodide in the 
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following manner. The residual liquid in flask (A) after removal of halo- 
gen was transferred to a 150-cc. conical flask, the arsenic pentoxide was 
reduced to the trivalent state with sulfur dioxide, the solution diluted to 
75 cc., boiled to remove the excess, 10 cc. of concd. hydrochloric acid was 
added and the arsenic trioxide titrated a t  80° with N/100 potassium 
bromate, using methyl orange as ind i~a tor .~  

If only arsenic is to be determined it is best to decompose the com- 
pound and reduce the arsenic entirely in the original flask (A). The 
iodine is expelled with 30% hydrogen peroxide and the arsenic pentoxide 
is reduced by adding an excess of solid hydrazine sulfate,7 which in turn 
is destroyed by heating the solution to 250° for ten minutes. Antimony 
in diphenylstibyl iodide is determined in the same manner as the arsenic. 
The results are shown in Table IV. 

RESULTS OF ANALYSES 
Substance Sample, mg. Metal present, % Found, % 

cizHi&bI 22.18 30.23 Sb 30.05 
CleHioSbI 20.32 30.23 Sb 29.98 
C12HloAsI 19.59 21.05 AS 21.25 
ClzH1oAs1 34.03 21.05 As 20.96 
Selenium and CHBr3 26.42 97.87 Se 97.72 

It seemed desirable to apply this method to the determination of selenium 
in organic compounds containing halogens. Because no organic com- 
pound containing selenium was available, pure selenium powder was 
mixed with bromoform and the mixture decomposed by heating with 2 
cc. of fuming and 3 cc. of concd. sulfuric acid. The bromine was liberated 
by permanganate and absorbed as usual. The selenic acid remaining 
in the flask was determined by reduction to metallic selenium8 with an 
excess of hydroxylamine hydrochloride and determined gravimetrically. 
No volatilization of selenium occurred in the presence of bromine. Re- 
sults are shown in Table IV. 

Summary 

1. A micro method has been described for the determination of halo- 
gens in solid or liquid organic compounds, based upon oxidation of the 
sample with fuming sulfuric acid. The halogen is distilled into alkaline 
arsenite and then precipitated as silver halide. 

6 Gyory, 2. anal. Chem., 32, 415 (1893). Treadwell and Hall, "Analytical Chem- 
istry," John Wiley and Sons, Inc., N. Y ., 1929, Vol. 11, p. 580. This is simpler and more 
rapid than the method suggested by Cislak and Hamilton [THIS JOURNAL, 52, 637 
(1930)l and equally accurate. 

Schulek and Villecz, 2. anal. Chem., 76,81 (1929). 
Lenher and Kao, THIS JOURNAL, 47, 2454 (1925); Hillebrand and Lundell, 

"Applied Inorganic Analysis," John Wiley and Sons, Inc., New York, 1929, p. 265. 
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2. Metals may be determined in the same solution from which the 
halogen has been removed. 

3. A more compact apparatus can be used and the whole process is 
simpler and more rapid than in the macro method previously described. 

AN APPLICATION OF MOVING BOUNDARIES TO A STUDY O F  
AQUEOUS MIXTURES OF HYDROGEN CHLORIDE AND 

POTASSIUM CHLORIDE 

Introduction 

The purpose of this research was the measurement of the mobilities 
of the various ion constituents in aqueous mixtures of hydrogen and po- 
tassium chlorides. Since the conductances of such solutions do not follow 
the law of mixtures, i t  appeared of interest to determine which ion con- 
stituents were responsible for these deviations. The moving boundary 
method was employed in these determinations, boundaries of the rising 
type being used exclusively. The results, as will be shown below, are 
also of interest in connection with the recent work on the separation of 
the rare earth elements by the ionic migration m e t h ~ d . ~  

Theoretical 

The electrolysis of a mixture of hydrogen and potassium chlorides, 
using, for instance, a cadmium anode as the source of indicating cations, 
may be represented diagrammatically as follows. The 
use of the metallic anode in this manner is the method of 
Cady and Long~worth,~ though the source of indicating 
ions may also be a solution of an appropriate electro- 
lyte. Both methods were employed in these experi- 

1 
ments. The tube is initially filled throughout with the Kc1 
mixture of uniform composition as shown in Pig. 1. After B ----- 
current has passed for a time, the hydrogen-ion constit- CdCI, 

uent originally in the lower part of the tube will, due to ,cd . d 

its high mobility, have forged ahead of a portion of the Fig. 1. Fig. 2. 
potassium-ion constituent, and there should be the two 
boundaries, A and B, as shown in Pig. 2. These two boundaries have been 
observed and their separate progress has been followed quantitatively. 

National Research Council Fellow. 
Kendall and Clarke, Proc. Nut. Acad. Sci., 11, 393 (1925); Kendall and Critten- 

den, ibid.,  9, 75 (1923); Kendall and White, ibid., 10, 458 (1924). 
Cady and Longsworth, THIS JOURNAL, 51, 1656 (1929). 
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The boundary A divides the mixture originally placed in the tube from a 
region of pure potassium chloride. This boundary travels with a velocity 
determined by the mobility of the hydrogen-ion constituent and the poten- 
tial gradient in the mixture. 

The slower boundary B is the usual boundary between the indicating 
electrolyte formed by the electrochemical oxidation of the cadmium anode 
and a pure potassium chloride solution. The boundary B travels with a 
velocity determined by the mobility of the potassium-ion constituent 
and the potential gradient prevailing a t  the "adjusted" concentration 
C& of the region between the two boundaries. This adjusted concen- 
tration can be computed from the expression 

in which C denotes concentration, T the transference number and R is a 
function of the ion mobilities. A derivation of this expression follows. 

Throughout this treatment the velocity of an ion constituent will be 
used. This velocity is a measurable quantity. The velocity of an indi- 
vidual ion cannot, a t  present, be determined experimentally. If the 
electrolyte is completely dissociated, the velocity of an ion constituent 
is identical with the individual ion velocity. If incompletely dissociated, 
the two velocities differ by a factor equal to  the degree of dissociation 

Let VH represent the observed velocity of the hydrogen-ion constituent 
and UH the mobility of this ion constituent, then 

Va = UH g, and AH = FUH 

where AH is the conductance of 1 g. equivalent of hydrogen ion. F is 
the faraday in coulombs if UH is expressed in practical units. The total 
hydrogen-ion concentration in gram equivalents per milliliter of solution is 
denoted by CH and the same symbols with appropriate subscripts refer to 
corresponding quantities for the potassium- and chloride-ion constituents. 
If A is the (uniform) cross-sectional area in square centimeters of the tube 
in which electrolysis is taking place, the current flowing in the tube is 

I = FA(CHVH + CKVK + CciVcl) (1) 
The electro-neutrality of the solution is expressed by 

CE 3. CK = Ccl (2)  
If x denotes distance along the tube, the quantity of hydrogen ion, 

QH, passing through a given cross section a t  x in At seconds is 
QH = ( A  CHVH) At (3) 

and a t  x + Ax 
b 

OH + AQH = [ ( A  CH V H )  + ( A  CH Val A X ]  At (4) 

The change in hydrogen-ion content within the region between x and 
x + Ax is given by the difference between (3) and (4) 
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Since the corresponding concentration change, ACH, is equal to AQH 
divided by the volume, A Ax, in which the change occurs 

In the limit, Squation 5 becomes 

and similarly for the potassium-ion constituent 
a 

A = + - ( A C ~ V K )  = 0 at at (7) 

Multiply (6) by F(VH 4- Vcl)/VH and (7) by F(VK + VCI) /VK,  as- 
suming the ratios (VH + VCI)/ IrH and ( VK + VC1)/ VK to be independent 
of the concentration, and add the resulting equations 

v~ + + A  p 'I< + '3 + 2 [FA CH(Ve + VcJ ] f VH M VK bt 

Collecting terms and setting l /RH = ( V I ~  f VC{)/VH and ~ / R K  = 
(VK -I- V c l ) / v ~ > ~  

a 
~ ~ H + @ ~ + - [ F A ( C u V u + f ~ V ~ + C ~ V ~ ~ + C ~ V ~ ~ ) I = O  RH at RK at ax (8) 

From (1) and (2) it  is seen that the braclceted expression in (8) is the current 
I, and since this is uniform throughout the tube 

The resulting differential equation can then be integrated to give 

CK constant + j(x) g+== 
This corresponds to, but is not identical with, the "beharrlichen" func- 
tion of Kohlrau~ch.~ Por any given value of x it  retains its initial value 
(neglecting diffusion and convection) throughout electrolysis. If the 
composition of the solution originally present in the tube is uniform, 
f ( x )  also becomes constant. Application of this function, which will 
henceforth be termed the "regulating" function, to the experiments de- 
scribed here yields the relation 

CH c, ck - + - = - = constant 
RE RK T; 

The symbol R is identical with the transference number for a simple binary 
electrolyte but is not the transference number of an ion constituent in a mixture. I n  
the latter case the transference number is given by a more complicated expression; 
see D. A. MacInnes, THIS JOURNAL, 47, 1922 (1925). 

Kohlrausch, Ann. Physik, 62, 209 (1897). 
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The primed quantities in (10) refer to the region of pure potassium chloride 
solution between the two boundaries, A and B, Fig. 2. 

In  connection with this regulating function i t  should be pointed out 
that  the derivations given by Kohlrausch5 and von Lauehre  based on 
the Arrhenius theory of solutions of electrolytes with the attendant as- 

sumption of constant ion mobility. Experi- 
mentally, the mobility of an ion constituent 
varies more rapidly with the concentration than 
does a ratio of these mobilities. Consequently 
the assumption of R independent of concentra- 
tion is a more limited assumption than the con- 
stancy of the individual mobilities. Otherwise 
the treatment given here is similar to that of 
von Laue and the generalized Equation 5, page 
332, in his development is identical in form with 
Equation 9. 

The Moving Boundary Apparatus 
The cell used for these measurements in which the 

source of indicator ion is a solution is shown in Fig. 3. 
The shearing mechanism of MacInnes and Brighton? was 
utilized for forming the boundary. The plate glass disks 
EE' and PI?' are etched in the manner described by these 
authors and the electrode chambers AA'D and D' are de- 
signed according to their recommendations. Tubes B 
and B' are graduated8 and calibrated tubes in which the 
motion of the boundary is observed. The system ABCD 
is quite independent of the system A'B'C'D', the tube B 
having an average cross-sectional area about twice that 
of B'. Only one of these tube systems is used in a deter- 
mination. The glass disks E' and F', together with the 
brass supporting rods GG and the tubes BB', constitute 
an independent unit of the cell and may be removed for 

Fig. 3. cleaning. By clamping this central unit to the lower disk 
F and turning E over E', boundaries may be formed which 

can reach the graduations by descending. On the other hand, clamping the central unit 
to the upper disk E and turning I?' over F gives rise to boundaries that can be observed 
if they ascend the tube. The cell may thus be adapted for the study of either rising 
or falling boundaries, though all observations made in this paper were on the first 
mentioned type. 

The parts H are of brass and constitute the supporting framework for the glass 
parts of the cell which are traced in heavier lines. I and I' are threaded bakelite coup- 
lings to permit removal of the electrode chambers D and D' for cleaning. 

The manipulation using the tube system ABCD and observing a rising boundary is 
as follows. The plates E and E' are lubricated and clamped together with the tube B 

M. von Laue, Z. anorg. Chem., 93, 329 (1915). 
MacInnes and Brighton, THIS JOURNAL, 47, 994 (1925). 
MacInnes, Cowperthwaite and Huang, ibid., 49, 1710 (1927). 
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and chamber A in alignment. This unit is then filled with the solution whose trans- 
ference number is to be determined. The tube C and chamber D are filled with solution 
of indicator electrolyte. Silver-.silver chloride electrodes are introduced into the elec- 
trode chambers and, if necessary, a few milliliters of a more concentrated solution in- 
troduced around these electrodes. The disks F and F' are then lubricated and pressed 
together with the protruding drops of solution from B and C in their respective recesses 
in the opposite disk, as described by MacInnes and Br ight~n.~  The cell is then placed 
in a vibration-free thermostat and allowed to come to thermal equilibrium. Potential 
is then applied and the circuit tested to see that no current is flowing. The boundary 
is next formed in the following manner. 

A coil spring J of phosphor bronze furnishes power for shearing the plate glass disks 
in initially forming the boundary. The brass coupling K transmits this power to the 
disk, also permitting the removal of the disk, E, together with the electrode chambers 
AA' which are sealed into it, for cleaning. A release mechanism I, is operated by a 
flexible camera shutter cable (not shown in the diagram). This arrangement permits the 
turning of the plates and the formation of the boundary without starting vibration. 
The desirability of such an arrangement has been discussed by MacInnes, Cowper- 
thwaite and Shedlovsky.9 Upon the release of the spring tension, due t o  the viscosity 
of the lubricant between the plates, the plate F', together with the cell units rigidly 
connected to it, smoothly turns about its center until tube B is exactIy over tube C. 
The boundary is thus formed and starts to rise immediately, since the electrical circuit 
is now complete. 

For rising boundaries where, according to the method described by Cady and 
Longsworth,3 a metallic anode is used as the source of indicator ions, a similar cell was 
employed. I t  differs from the one just described in that a cylindrical recess was ground 
in the lower plate glass disk in which a small disk of anode metal was placed, and also 
in that no shearing mechanism is necessary. 

The current through the cell was maintained constant throughout a determination 
by means of an improved constant current regulator.'0 This regulator is a modification of 
the apparatus used by MacInnes, Cowperthwaite aud Blanchard," modified so as to give a 
constant current in a circuit in which both increases and decreases of resistance may occur. 

Materials and Purification.-The potassium chloride was recrystallized twice from 
conductivity water and fused in a platinum crucible. The hydrochloric acid was a pure 
product, diluted to constant boiling strength and distilled, the end fractions being re- 
jected as recommended by Foulk and Hollingsworth.'Vhe concentration of this con- 
stant boiling acid was interpolated from the data of these authors. 

The materials used as indicators were treated as follows. The potassium iodate 
-was recrystallized from water and dried over phosphorus pentoxide in vacuo. The so- 
dium salt of iodeosin (tetra-iodofluorescein) was especially prepared by the makers and 
was further purified by four recrystallizations from water in this Laboratory. The 
cadmium metal and iodic acid were of a good grade and were not further purified. 

Conductivity Measurements.-The conductances of the solutions were measured 
on the shielded bridge developed by Dr. Theodore Shedlovsky of these Laboratories 
Since this bridge has been described in a separate comm~nication,~~ the following brief 
notes will suffice here. Pipet cells of the Washburn type were calibrated with 0.1 
demal potassium chloride solution according to the recommendations of Parker and 

MacInnes, Cowperthwaite and Shedlovsky, THIS JOURNAL, 51, 2671 (1929). 
lo Longsworth and MacInnes, J. Opt. Soc. Am., 19, 50 (1929). 

MacInnes, Cowperthwaite and Blanchard, THIS JOURNAL, 48, 1909 (1926). 
l2 Foulk and Hollingswortl~, ibid., 45, 1220 (1923). 
l3  Shedlovsky, ibid., 52, 1793 (1930). 
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Parker l4 An audion oscillator operating a t  a frequency of 2000 cycles supplied the 
bridge current, which was amplified by two stages of audio lrequency amplification before 
passing to the telephones. The bridge was of the direct reading type with equal ratio 
arms. The thermostat in which the conductivity cells were immersed was filled with 
oil. The temperature was maintained constant a t  25 0.002'. The temperature was 
determined by means of a carefully calibrated platinum resistance thermometer. 

Rising Boundaries.-Since MacInnes, Cowperthwaite and Huang,s 
working with rising boundaries, observed convection currents due to 
heating, i t  seemed necessary to investigate this effect in detail. Their 
experiment with a rising boundary between potassium chloride and po- 
tassium permanganate, used as indicator electrolyte, was repeated and 
the same phenomena were observed. These were a diffuse color margin, 
and a "chimney" tinged with the purple color of the permanganate ion 
in the potassium chloride solution above the boundary. However, I 
have found that when the much heavier and less mobile iodeosin ion is 
substituted for the permanganate ion, an extremely sharp margin results 
with no trace of the intense red color of this ion in the colorless solution 
in advance of the boundary. The iodeosin ion has been used as an indi- 
cator by Franklin and Cady.15 

If the mobilities of the chloride- and permanganate-ion constituents, 
and also the densities of the two solutions under the conditions of the 
experiment, are compared, it appears quite likely that the dserences in 
these properties are not great enough to permit the development of an 
effective margin. An effective moving boundary results when the restor- 
ing effect due to the potential gradient change a t  the boundary is strong 
enough to overcome the disturbing effects of convection, diffusion and, 
possibly, electro-osmosis. The restoring effect has been described in a 
paper by MacInnes and Cowperthwaite.16 

l4 Parker and Parker, THIS JOURNAL, 46, 312 (1924). 
l5 Franklin and Cady, ibid., 26, 499 (1904). 
16 MacInnes and Cowperthwaite, Proc. Nut. Acad. Sci., 15, 18 (1929). These 

authors find experimentally that upon interruption of the current the two solutions 
forming the boundary begin to diffuse into each other. However, though the current 
may be interrupted for as much as thirty minutes, upon closing the circuit again the 
boundary reforms and soon recovers its original sharpness. After reformation and 
during the period between the reclosing of the circuit and the return to its original 
sharpness, the boundary moves a t  the correct velocity. The authors explain this 
restoring effect of the current as due to the change of potential gradient occurring a t  
the boundary. The lower specific conductance of the indicator solution means a steeper 
potential gradient in this region. If a more mobile ion in front of the boundary diffuses 
into the indicator region, it will be subject to a steeper potential slope and will forge 
ahead of the surrounding less mobile indicator ions until it has regained the boundary. 
Conversely, if Zn indicator ion diffuses across the boundary into the region of lower 
potential slope prevailing in the solution under observation, it will, of necessity, lag 
behind until it has fallen back into the indicator region. This restoring mechanism of 
the potential gradient change a t  the boundary tends to keep the two ion constituents 
separated and the boundary sharp. 
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With rising boundaries mixing due to convection will be greater than 
with falling boundaries because with the former the hotter solution is 
underneath, an arrangement which tends to produce circulation in the 
cooler solution. Due to this greater tendency to mix, the restoring effect 
must, therefore, be greater in rising boundaries. However, mixing of the 
two solutions a t  the boundary will be decreased if there is a large dif- 
ference in the density of those solutions. The choice of the proper indi- 
cator will, therefore, be a matter of experiment. For the determination 
of the anion mobilities in the solutions studied in this investigation, iodic 
acid and potassium iodate were used as the indicating electrolytes. The 
low mobility of the iodate-ion constituent and the high density of the 
solutions of its salts apparently eliminated the troubles, mentioned above, 
due to heating and convection. 

One important advantage of rising boundaries over the descending type 
is the wider concentration range throughout which there is automatic 
concentration adjustment of the indicator solution. It is, therefore, not 
so necessary to make determinations a t  a series of indicator electrolyte 
concentrations as when working with falling boundaries. The data of 
Table I show the effect of indicator-ion concentration upon the observed 
anion transference number of potassium chloride at 0.1 normal or 0.1 g. 
equivalent per liter of solution. This unit of concentration differs from 
the one defined in the theoretical part by a constant factor of that  is, 
for 0.1 normal potassium chloride, CKCl = From Table I the 
transference number is seen to  be independent of the concentration of the 
indicator solution of potassium iodate if the latter is between about 0.06 
and 0.15 normal. A normality of about 0.06 is the value required by the 
"regulating" function applied to this simple boundary. To understand 
why concentration adjustment over such a wide range is not attained in 
the case of falling bountlaries, let us consider the following comparison of 
the two methods. 

THE EFPECT OP THE INDICATOR CONCENTRATION ON THE OBSERVED TRANSFERENCE 
NUMBER OF POTASSIUM CHLORIDE 

Normality d E/dx 
KC1 KIOa volts/cm. T s  

0 .1  0.05 3 .086 0 

.1 .066 3.692 0.5100 

.1  ,075 3.995 .5103 

. I  . 1  3.086 .5100 

. 1  .1 4.298 .5101 

.1 .15 4.298 .5106 

.1 .2 4.298 .5120 

" Margin quite distorted and computed value of Ta changed from 0.532 at beginning 
of  run to  0.513 at the close. 
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Experimental Results 

If a margin is formed between 0.1 normal potassium iodate and 0.1 nor- 
mal potassium chloride, Fig. 4 represents the initial condition. On pas- 
sage of a current the boundary will rise and after some time Fig. 5 will 
represent the new conditions in the tube. That is, a concentration gradient 

between 0.1 normal and 0.06 normal potassium iodate 

Table I1 contains the results of transference measurements on the anion 
constituents. The chloride-ion concentration in all mixtures was main- 
tained a t  0.1 normal. The composition of the mixtures will be indicated 
by the ratio y of hydrogen-ion content to the chloride-ion content, that is, 
y = CHICCI and (1 - y) = CK/CCI. The indicator solutions for the 
anion constituents of the mixtures were made up to a total iodate-ion 
concentration of 0.1 normal, the ratio of hydrogen to potassium-ion con- 
tent in these solutions being the same as that of the solution for which 
they were to serve as indicators. 

CHLORIDE-ION CONDUCTANCE IN MIXTURES OF HYDROCHLORIC ACID AND POTASSIUM 

CHLORIDE AT A TOTAL CONCENTRATION OP 0.1 N AND 25' 
Solution CH/CC~ T c ~  A ACI ACI (calcd.) 

1.00 0.1693 391.28 66.32* . . . 
0.75 ,2041 324.31 66.19 66.18 

.50 .2560 258.07 66.07 66.03 

.25 ,3414 192.83 65.83 65.89 

. 00 ,5101 128.89 65.75 . . . 
The value of Acl marked with an asterisk is computed from the value 

of TH = 0.8305 recorded in Table 111. This value is given preference 
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since i t  is the mean of a larger number of determinations. Comparison 
of the results for the solutions of pure hydrogen chloride and pure potassium 
chloride as given in 'I'ables 11, XI1 and V shows that T, + T, = 0.9998 
for the former and 0.9999 for the latter. The deviation from the theoreti- 
cal value of unity is within the experimental error. 

From Table I1 i t  is seen that hcl from 0.1 normal hydrogen chloride 
is slightly higher than from 0.1 normal potassium chloride. This is a t  
variance with the constant value of hcl from these two salts found by 
MacInnes and Smith.17 The author, however, has determined the chlo- 
ride-ion conductance from a series of uni-univalent chlorides over the con- 
centration range from 0.1 to  0.02 normal. The results deviate by a few 
tenths of one per cent. from the constancy found by MacInnes and co- 
workers a t  the higher concentration. These deviations from constancy 
tend to disappear, however, as the concentration is reduced. The chloride- 
ion conductance from these uni-univalent chlorides seems to be a function 
of the conductance of the co-ion. 

The values of Acl quoted in the last column of Table I1 were computed 
on the basis of linear variation between the chloride-ion conductances in 
pure hydrogen chloride and pure potassium chloride solutions. The con- 
ductance of the chloride-ion constituent in the mixtures is thus seen to  
vary linearly between its values in the pure solutions. This is in complete 
agreement with the findings of MacInnes, Cowperthwaite and Shedlovskys 

on mixtures of sodium chloride and potassium chloride. These authors 
find that though the conductances of the mixtures deviate from additivity, 
the conductance of the chloride ion remains constant. In other words, the 
mobility of the common ion constituent is not the cause for the deviation 
from additivity of the conductances of mixtures of this valence type. 

Table 111 contains the results of observations on the leading boundary 
A of Fig. 2. As explained in a preceding section, this boundary is that 
which arises between the mixture of acid and salt and the region of pure 

HYDROGEN-ION CONDUCTANCE IN MIXTURES OP HYDROCHLORIC ACID AND POTASSIUM 

CHLORIDG AT A TOTAL CONCENTRATION OF 0.1 N AND 25O 
Solution CH/CCI AH YAH TH = Y AH/A 

1.00 324.96 324 96 0.8305 
0 .  '75 322.4 241.8 ,7456 

.50 319.9 159.96 ,6198 

.25 316.9 79.28 .4109 

. 00 . . .  0.00 . 0000 

potassium chloride. This boundary was visible as a refraction margin 
in only one of the mixtures (y = 0.75), where i t  was faint but sharp. In  
the other two mixtures the progress of this boundary was ascertained by 

l7 MacInnes and Smith, THIS JOURNAL, 47, 1009 (1925). 
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the color change induced in a trace of methyl violet introduced into the 
solution. In Table IV are given data showing that the presence of the 
trace of dye did not materially affect the progress of the boundary in the 
one mixture where direct comparison could be made. V; and V; of 
Table IV are quantities proportional to the velocities of the boundaries A 
and B, respectively, Fig. 2. 

TABLE IV 
EFPECT OP PRESENCE OF METHYL VIOLET ON THJ3 BOUNDARY VELOCITIES IN THE 

MIXTURE 0.075 N H C ~ 4 . 0 2 5  N KCL 
Experiment Dye present f-- Dye absent --+ 

No. 1 2 3 4 5 

The equivalent conductance AK of the potassium-ion constituent in 
the mixtures may be computed by the relation 

(1 - y)  AK = A - Acl - yA= 

These values, together with those of the other ion constituents, are col- 
lected in Table V. 

TABLE V 
CONDUCTANCE OF THE ION CONSTITUENTS OF MIXTURES OF HYDROCHLORIC ACID AND 

POTASSIUM CHLORIDE AT A TOTAL CONCENTRATION OF 0.1 N AND 25O 
Solution CH/CC~ (1 - Y) AK TK AH AK Ac1 

1.00 0.00 0.0000 324.96 65.5* 66.32 
0 .75  16.3 .0503 322.4 65.2 66.19 

.50 32.06 .I242 319.9 64.1 66.07 

.25 47.8 .2477 316.9 63.7 6 5 . B  
. 00 63.14 .4898 314.0* 63.14 65.75 

The values marked with an asterisk are extrapolated, assuming linear 
variation with the concentration of that constituent. They represent, 
respectively, the equivalent conductance of vanishingly small quantities 
of hydrogen ion in 0.1 normal potassium chloride and of potassium ion in 
0.1 normal hydrochloric acid. 

As the experimental work here presented was being completed, Benne- 
witz, Wagner and Kuchler18 reported an extension of the Onsagerlg equa- 
tions for the conductance of strong binary electrolytes to the case of a 
ternary ion mixture in which one ion constituent is present in very small 
quantities. The theory, as developed, is valid only a t  high dilutions 
where the equivalent conductance varies as the square root of the concen- 
tration. To  extrapolate from this region of validity to 0.1 normal solu- 
tions can yield predictions of only a qualitative nature. In any event, 
their theory predicts that the equivalent conductance of vanishingly 
small quantities of hydrogen ion in 0.1 normal potassium chloride will be 

l8 Bennewitz, Wagner and Kuchler, Physik. Z., 30, 623 (1929). 
'Wnsager, ibid., 27, 388 (1926); 28, 277 (1927). 
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less than in 0.1 normal hydrogen chloride, while the conductance of the 
potassium ion will be slightly increased in going from 0.1 normal potassium 
chloride to  0.1 normal hydrogen chloride. Reference to Table V shows 
that the extrapolated ion conductances are in qualitative agreement with 
their theory. 

Concentration Changes and Test of the Regulating Function 

Referring once more to Fig. 2, if the theoretical treatment leading to 
Equation 10 

is valid, this equation provides a means for computing the "adjusted" 
concentration Ck from the ionic mobility relationships across the boundary 
A and the known concentrations above this leading boundary. Since the 
leading solutiori of boundary I3 is the indicator solution of boundary A, 
this adjusted concentration C& can also be computed independently from 
observations on the motion of boundary B. If the resuits of the two 
methods agree, this is evidence for the correctness of Squation 10, which 
is an expression of the "regulating" function. 

For a boundary between two simple solutions such as those meeting 
a t  the boundary B, there is the relation 

VCF T=- 
It 

I n  this equation, T is the transference number, V the volume swept through 
by the boundary in t seconds and the other terms represent, as before, 
the concentration, the faraday and the current. It is evident, therefore, 
that if T is known, the concentration C may be found. From the ob- 
served velocity of the boundary B and the independently determined 
transference number of potassium chloride over the range of concentra- 
tions involved, C& has been computed by means of Equation 11. If 
the transference number changed very rapidly with the concentration, 
such a computation would require a series of approximations. For po- 
tassium chloride solutions, however, the transference number varies so 
slightly with concentration that one approximation is sufficient. The 
concentrations thus obtained are given in Col. 4 of Table VI, which also 
includes the data necessary for these computations. These data are the 

TABLE VI 
DETERMINATION OF THE "ADJUSTED" CONCENTRATION OF THE REGION OF PURE PO- 
TASSIUM CHLORIDE SOLUTION FORMED ON ELECTROLYSIS OF MIXTURES OF HYDRO- 

CHLORIC ACID AND POTASSIUM CHLORXDE 
Solution CH/CC~ V F / I t  T& ck x 100 

0.75 7065 0.4897 69.31 
.50 6154 .4898 79.59 
.25 5452 .4899 89.86 
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values of VF/It  determined experimentally from the velocity of B, and the 
independently determined values of T& for pure potassium chloride 
solutions. 

For comparison the values of Ck (2) calculated by means of Equation 
10 are recorded in Col. 7 of Table VII. The values of RH and R K  used 
in this calculation and recorded in Cols. 2 and 4 are computed from the 
data of Table V. Reference to the values of the ion conductances given 
in Table V indicates, however, that the velocity ratio, VE(VK + Vcl) = 

AK/(AK + Acl), is slightly different on the two sides of the boundary 
A. Thus the assumption as to the constancy of this ratio is only an approxi- 
mation, but a rather close one in this case. The values of CL (3) re- 
corded in the last column of Table VII are computed assuming the ratio 
RK to remain constant on the two sides of the boundary A and equal to 
TL, the ratio or cation transference number in pure potassium chloride 
a t  the "adjusted" concentration cL. The independently computed values 
(1 )  are copied from Table VI to facilitate comparison. 

In Table VII the agreement between the independently computed 
values for the adjusted concentration of the region of pure potassium chlo- 
ride solution between the two boundaries is quantitative evidence for the 
validity of the regulating function (Equation 10) under the conditions 
of the experiments. Furthermore, in this region between the two bound- 
aries a portion of the potassium-ion constituent has been concentrated 
free from the more mobile hydrogen ion present in the original mixture. 
Though the differences in the mobilities of the two cation constituents 
of these mixtures are very large, it is probable that the same regulating 
mechanism is operating in cases where the ion constituents have more 
nearly the same mobilities, as in mixtures of the rare earths. 

Discussion of Results 
All experimental values quoted in this paper are the mean of several 

closely agreeing determinations. The boundary velocities have been 
corrected for the volume changes as described by The apparent 
equivalent volume was used in making these corrections, this being as- 
sumed additive for the mixtures. 

Bennewitz, Wagner and Kuchler18 report measurements by the Hittorf 
20 Lewis, THIS JOURNAL, 32, 862 (1910). 
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method on several mixtures a t  a total concentration of 0.1 normal and a t  
18O. The only solution where comparison is possible, however, is that  
which is 0.05 normal to both hydrogen and potassium chlorides. For 
this solution a t  IS0, they obtain TH = 0.622, TK = 0.124 and To = 

0.254. At 25O, the values recorded by the author are TH = 0.6198, TK = 
0.1242 and Tcl = 0.2560. 

With regard to solutions of the pure electrolytes, reference has already 
been made to the work of MacInnes and co-workers. Denison and 
Steele,21 using lithium chloride and potassium acetate as indicators, ob- 
tained 0.492 as the cation transference number of 0.1 normal potassium 
chloride a t  18'. Using potassium chloride and iodic acid as indicators 
for the ions of hydrogen chloride, they obtained a cation transference 
number of 0.835 for this electrolyte a t  0.1 normal and 18O. A compari- 
son of the published values by the moving boundary method is given in 
Table VIII. The agreement is only fair. The data of this paper fulfil 

T ~ L E  VIII 

COMPARISON OP THE TRANSFERENCE NUMBERS OF THE SOLUTIONS O F  THE PURE SALTS 

AS OBTAINED BY DIFFERENT INVESTIGATORS 

Dennison and MacInnes, et al., This paper, 
Solution Steele, 18' 25-  25' 

0 .1  N HC1 0.835 0.8320 0.8305 
0 .1  N KC1 .492 ,4920 ,4899 

the following conditions, however. (1) They are independent of the 
potential gradient within wide limits. (2) They are independent of the 
nature and concentration of the indicator ion within certain limits. (3) 
They are very reproducible. (4) The sum of the anion and cation trans- 
ference numbers is very nearly unity. 

The author wishes to express appreciation to Dr. D, A. MacInnes of 
these laboratories for the inspiring supervision of this work, to Dr. 
Theodore Shedlovsky for his cooperation in the determination of the 
conductivities of the solutions, and to Professor H. P. Cady of the Uni- 
versity of Kansas for inany helpful suggestions. 

Summary 
Ion mobility relations and concentration changes on electrolysis in 

mixtures of hydrogen and potassium chlorides at  a total chloride-ion con- 
centration of 0.1 normal have been studied by means of the moving bound- 
ary method, using rising boundaries. 

Two cation boundaries are formed simultaneously and proceed a t  dif- 
ferent rates. The velocity of the leading boundary yields the mobility 
of the hydrogen-ion constituent in the mixture. A portion of the less 
mobile potassium-ion constituent lags behind the hydrogen-ion constituent 

21 Denison and Steele, 2. physik. Chem., 57, 110 (1907). 
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and gives rise to a second boundary whose velocity yields information as 
to the concentration adjustment occurring in the region of the solution 
which contains pure potassium chloride between the two boundaries. 
From data on both boundaries it is shown that within this latter region 
the hydrogen ion has been quantitatively separated from the potassium 
ion and that the concentration of the potassium chloride residue is ac- 
curately determined by the "regulating" function of Kohlraus~h,~ a deri- 
vation of which is given. 

It is shown experimentally that the mobility of the chloride-ion con- 
stituent varies linearly between its slightly different values in 0.1 normal 
hydrogen chloride and 0.1 normal potassium chloride. 

NEW YO=, N. Y. 

[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY, PRINCETON UNIVERSITY ] 

SURFACE REACTIONS OF ATOMS AND RADICALS. I. A NEW 
APPROACH TO THE PROBLEM OF SPECIFIC SURFACE ACTION 

BY HUGH S. TAYLOR AND GEORGE I. LAVIN 
RRCSIVED FEBRUARY 24, 1930 PWLISHRD MAY 8, 1930 

The problem of specificity in the action of surfaces is still the outstand- 
ing problem of chemical reactivity a t  solid surfaces. The solution of the 
problem will contribute materially to the explanation of the varied phe- 
nomena grouped under the title of contact catalytic action. Hitherto, 
discussion of this problem has been confined mainly to the reactions which 
molecules undergo at  various surfaces. Little attention has been paid 
to the influence of surfaces on reactions of atoms and of radicals. Fre- 
quently it has been implicitly assumed that, for reactions between atoms 
and radicals, a surface only was necessary; little regard has been paid 
to the influence of the nature of the surface. It is the purpose of the 
present communication to demonstrate that the surface is of importance 
in atom-radical reactions as in molecular reactions; that great differences 
in velocity of such reactions at  different surfaces occur, though the actual 
time of reaction is many orders less than with molecules; that the available 
data, together with other experimental data presented herewith, indicate 
a connection between the activity of surfaces in atomic reactions and corre- 
sponding processes involving molecules. The evidence already in the 
literature is diffuse and only assumes important proportions when coordi- 
nated. It suggests, however, an extended experimental program of which 
the first results will be here detailed. 

The Recombination of Halogen Atoms at Surfaces.-The specific in- 
fluence of surface in the rate of recombination of halogen atoms is well 
illustrated by a recent publication of Senftleben and Germer.' In this 

Senftleben and Germer, Ann. Physik, 2, 847 (1929). 
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work, atomic halogens were produced by illumination with light of wave 
length within the region of continuous absorption and the existence of 
atoms was demonstrated by measuring the increase in thermal conduc- 
tivity of the vapor under illumination. This involved the use of a heated 
platinum wire which decreased in temperature and resistance when dis- 
sociation of the halogen occurred. The platinum wire showed a marked 
tendency to produce recombination of chlorine atoms; the efficiency of 
the surface in this respect could be materially diminished by glowing the 
wire in chlorine, a treatment which undoubtedly covered the surface in 
part with the metal chloride. In  this manner the efficiency of the wire 
in causing recombination was so far diminished that the effect of illumi- 
nation in producing dissociation was successfully demonstrated. With 
bromine the success was less great, it being found difficult t o  poison the 
wire so as to prevent recombination of bromine atoms. With iodine a 
new surface factor became of importance. The glass surface of the con- 
taining vessel caused rapid recombination of iodine atoms. T o  reduce 
this effect quartz was substituted for glass and proved to  have a lower 
order of efficiency in this respect. 

These direct observations may now be supplemented by others, some- 
what less direct, involving additional types of surface. The low quantum 
yields in the photochemical hydrogen-chlorine combination found by 
Marshall2 a t  pressures below 60 mm. could be explained by the influence 
of the walls on the recombination of atoms taking part in the chain reac- 
tion of the secondary processes succeeding the absorption process. This 
conclusion was more directly confirmed by the work of Trifonoff3 using 
vessels of various sizes a t  low pressures, and by Chapman and Grigg4 

using capillary tubes a t  normal pressures. This effect of capillaries on 
atom recombination accounts for the failure of Bodenstein and Taylor5 

and later of Marshall6 to obtain reaction by illuminating the chlorine 
alone and passing i t  directly (but, owing to experimental requirements, 
through capillaries) to unilluminated hydrogen. No reaction was observed 
even when the time interval between illumination of the chlorine and 
admixture with hydrogen was seconds. 

A varying influence of surfaces in this same reaction was demonstrated 
by Polanyi and Bogdandy7 who found that when the hydrogen-chlorine 
combination was initiated by the reaction of chlorine with sodium vapor, 
Na + Clz = NaCl + C1, the chain length of the hydrogen-chlorine combi- 
nation was short when a clean glass surface was present, but  increased 

Marshall, J. Phys  Chem., 29, 1453 (1925). 
Trifonoff, 2. physik. Chem., 3B, 195 (1929). 

* Chapman and Grigg, J. Chem. SOC., 2426 (1929). 
6 Bodenstein and Taylor, Z. Elektrochem., 22, 202 (1916). 

Marshall, J. Phys. Chem., 30, 757 (1926). 
Polanyi and Bogdandy, Z. Elektrochem., 33, 554 (1927). 
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30-fold after the glass surface became covered with sodium chloride. The 
operating pressure was below 10 mm. of mercury with hydrogen in large 
excess. In the corresponding experiments with potassium in place of 
sodium the chain length was shorter, pointing to an increased efficiency 
of potassium chloride over sodium chloride in the breaking of chains8 
That  the effect of the surface was on the recombination of chlorine atoms 
was indicated by the authors by reason of experience with the effect of 
surface on chemiluminescences produced by interaction of sodium and 
chlorine. Polanyi and Schay

g 
found that in the interaction of sodium 

vapor and chlorine, the chemiluminescent flame was a t  first short and of 
weak intensity, gradually becoming stronger and longer as the surface 
of the vessel became coated with sodium chloride. Since the light-pro- 
ducing reactions are initiated by chlorine atoms, by the reaction sequence 
(1) Na + Clz = NaCl + C1; (2) C1 + Naz = NaC1' + Na; (3) NaC1' + 
Na =: NaCl + Na'; (4) Na' = Na $ hv, it follows that sodium chloride 
surfaces are less efficient than glass in terminating the activity of chlorine 
or sodium atoms. Since chlorine atoms are common to this reaction and 
the preceding, it indicates that it is the recombination of chlorine atoms 
which is involved at  the two surfaces. This conclusion will be strengthened 
by our own results on the low efficiency of halide surfaces in the recombi- 
nation of hydrogen atoms. Polanyi and Bogdandy also indicate that a 
glass surface which has been browned with sodium vapor is more efficient 
than clean glass surfaces for these atom recombinations. 

The efficiency of glass surfaces in the recombination of chlorine atoms 
is apparent also in the kinetic analysis of the photochemical formation of 
phosgene1° and of the photosensitized oxidation of carbon monoxide in 
presence of chlorine." These studies show that a change from higher 
pressures to low pressures causes a change in the reaction kinetics directly 
associable with the changing influence of the wall in the recombination 
of chlorine atoms. In ordinary reaction vessels in the photochemical 
formation of phosgene the change manifests itself below 10 mm. of mer- 
cury working pressure. If the glass surface of the reaction vessel per 
unit volume be greatly increased, the change in kinetics is already revealed 
at 150-mm. mercury pressure. This points indubitably to the action of 
the glass wall on the reaction 2C1 = Clz. From the cases cited in the 

8 There is, however, an untested possibility that the difference in chain length 
between a potassium chloride and a sodium chloride surface was due to impurities in 
the gases used. This does not apply to the glass-sodium chloride comparison since 
this was achieved with a given filling. It is evident that there is nothing improbable 
in the indicated difference in efficiencies of potassium chloride and sodium chloride for 
atom recombinations. 

Polanyi and Schay, 2. physik. Chem., 133, 30 (1928). 
lo Bodenstein, Lenher and Wagner, ibid., 3B, 459 (1929). 
11 Schumacher, ibid., 129, 241 (1927), and forthcoming papers. 
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preceding paragraphs i t  is evident that the kinetics of these photo-reac- 
tions would be modified in entirely different pressure intervals were the 
walls of the reaction vessels coated with alkali halides. This could readily 
be made the subject of experimental test. 

The Recombination of Hydrogen Atoms at  Surfaces.-Wood, l2 in his 
initial work on the production of hydrogen atoms in discharge tubes, 
drew attention to the desirability of adding water vapor to the hydrogen 
used, in order to increase the concentration of hydrogen atoms obtained. 
Langmuir suggested, as a reason for this, the poisoning action of adsorbed 
water vapor on the surface activity of the glass walls for recombination. 
This procedure has since been followed and ice has been employed as the 
containing surface.13 Recently von Wartenburg and Schultze14 have 
further improved the protection of the glass by coating i t  with hygro- 
scopic materials. Strong solutions of potassium hydroxide and water 
glass were useful but sirupy phosphoric acid was very efficient. These 
authors imply that the efficiency may be due to the film of water which 
such materials hold on the surface. There may be, however, a specific 
effect of the materials used. 

Bonhoeffer15 demonstrated a varying capacity of surfaces t o  effect re- 
combination of hydrogen atoms. Metals were especially efficient and the 
order of efficiency was that of the metals in respect to activity as hydro- 
genating catalysts. Bonhoeffer states that, besides metals, many salts 
and especially oxides also catalyze the recombination. Concerning one 
oxide, A1203, cited by Bonhoeffer, we shall give experimental data of our 
own which are in conflict with this view. 

Surface Effects in Explosion and Flame Reactions.-Reactions leading 
to the development of explosions and flames are now known in many cases 
to be of the chain reaction type.16 Whether the chains are atom or radi- 
cal chains or energy chains is not yet known in individual cases with cer- 
tainty. In many of these reactions, however, the specific effects of sur- 
face are well known. The action of metal-organic compounds as "anti- 
knock" agents in gasoline explosions has been attributed to  the effect 
of the metal particles, produced by thermal dissociation of the compounds, 
on a chain mechanism produced in the process of gasoline conlbustion. 
Egerton17 seems to favor energy chains but Berl and Winnacker,18 reason- 
ing from the efficiency of colloidal lead and iron as inhibitors and the 

l2 Wood, Proc. Roy. SOC. (London), 102A, 1 (1923). 
l3 Hansen, Ann. Physik, 78, 558 (1925). 
l4 Von Wartenburg and Schultze, 2. physik. Chem., 6B, 261 (1930). 
l5 Bonhoeffer, ibid., 113, 199 (1924). 
l6 See, for example, Semenoff, Chem. Rev., 6, 347 (1929). 
l7 See, for example, Egerton, "RCunion Int. de Chimie Physique," Paris, 1928, 

p. 489. 
l8 Berl and Winnacker, Z .  physik. Chem., 145, 161 (1929). 
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lack of activity of the corresponding dispersed oxides, reject the concept 
of energy chains and favor some specific chemical reaction (e. g., destruc- 
tion of peroxide) as the mechanism of inhibition. 

Metallic potassium vapor has a marked efficiency as inhibitor in auto- 
mobile engine combustions and this is to be remembered in conjunction 
with the well-known use of potassium salts for the prevention of flame a t  
the mouth of cannons firing high  explosive^.'^ Muraour cites other simi- 
lar uses of potassium salts. 

These latter observations link up with the recent studies of Hinshel- 
wood20 and of Pease21 on the influence of surface on the slow combustion 
of hydrogen and oxygen and hydrocarbons and oxygen. Of especial 
interest is the observation of Pease that coating the glass surface of the 
reaction vessel with potassium chloride slows down the rate of reaction 
approximately 1000-fold. This is not due exclusively to the poisoning 
of the glass surface for a heterogeneous reaction of combination since an 
increase of surface by filling with coarse glass powder, either with or with- 
out a coating of potassium chloride, slowed down the reaction rate. It is 
evident that, in the oxidation of hydrogen and hydrocarbons, a surface of 
potassium chloride is more eficient in breaking chains than is a clean glass 
surface. The contrast between this conclusion and the opposite one 
reached in the case of chlorine atom recombination is compelling evi- 
dence of specificity of surface in chain reactions. 

In  the hydrogen-oxygen reaction the system is sufficiently simple that 
experimental evidence may be sought to permit a decision as to the nature 
of the influence of specific surfaces. Hydrogen atoms, oxygen atoms 
and hydroxyl radicals are the only atoms or radicals that might be involved 
if the chain is one involving such species. Spectral evidence indicates 
that  hydrogen and hydroxyl are involved.22 The behavior of these a t  
surfaces may be studied since, in the hydrogen discharge tube, we have 
a source of atomic hydrogen and, in the corresponding tube, using water 
vapor, there is now evidence for the production, together with atomic 
hydrogen, of hydroxyl (with possibly free oxygen atoms).23 

Experimental 
The method employed consisted in an adaptation of that employed by Bonhoeffer 

in his study of atomic hydrogen. Thermometers whose bulbs were coated with the 
material to be studied were inserted in positions B, C and D of the exit tube from a dis- 

19 Muraour, "Rkunion Int. de Chimie Physique," Paris, 1928, p. 502. 
20 Hinshelwood, Proc. Roy. Soc. (London), 118A, 170, 591 (1928). 
z1 Pease and Chesebro, Proc. Nut. Acad. Sci., 14,472 (1928); Pease, THIS JOURNAL, 

51, 1839 (1929), and forthcoming paper. 
22 Bonhoder and Haber, 2. physik. Chem., 136, 263 (1928); Bonhoeffer and 

Reichardt, ibid., 139, 75 (1928). 
23 Lavin and Stewart, Proc. Nut. Acad. Sci., 15, 829 (1929). 
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charge tube operating either with water vapor or hydrogen (Fig. 1). Since atomic hy- 
drogen was known by spectroscopic observation to persist for longer intervals of time 
than hydroxyl, positions C and D were ordinarily used for detecting, by temperature 
rise on the thermometer, any atomic hydrogen recombination. The recombination of 
hydrogen with hydroxyl was studied a t  B, position A being used, with a clean glass 
thermometer bulb, to determine rise in temperature due to the discharge and also the 
effect of a clean glass surface on the recombination process. As an  index of the active 
material reaching D, the thermometer bulb in this position was normally coated with 

metallic silver obtained by atomic hydrogen reduction of silver nitrate, since such a sur- 
face was shown by Bonhoeffer to act efficiently as a recombination agent for atomic 
hydrogen. In order to eliminate differences due to the varying efficiency of the dis- 
charge tube, the activities a t  B and C of the surfaces studied were always compared 
either with clean glass a t  A or with the silvered surface at D. The results of our ex- 
periments are recorded in the accompanying Table I. The data given represent a typical 
selection from a large number of experiments. 

TABLE I 
RECOMBINATION OF HYDROGEN ATOMS AND HYDROXYL AT VARIOUS SURFACES 

Nature and position Gas in discharge Thermometer readings at 
Expt. of surface tube, ca. 0.5 mm. 1-minute intervals 

1 Clean glassa C Water 22.5 29 29 29 
Silver D Vapor 32.0 52 55 57 

2 KC1 C Water 27 29 30 30 31 
Silver D Vapor 32 75 100 111 128 

3 KC1 l3 Water 32 110 122 123 124 
Silver D Vapor 31 68 81 87 92 

4 Clean glass A Water 26 27 27 27 28 
KC1 B Vapor 34 118 127 127 127 

5 KC1 C Hz f 27 28 29 31 32 
Silver D H20 at 25' 31 79 106 149 169 

6 KC1 B Hz + 30 32 34 35 37 
Silver D H20 a t  25" 27 40 45 48 50 

7 KOH C Water 29 37 44 54 57 
Silver D Vapor 31 64 75 82 85 

8 KOH~ C Water 29 62 75 83 93 
Silver D Vapor 27 42 47 50 53 

9 KzCOa C Water 25 31 41 54 102" 
Silver D Vapor 25 41 52 59 69 
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Bxpt. 

10 

TABLE I (Concluded) 
Riature and position Gas in discharge Thermometer readings at 

of surface tube, ro. 0.5 mm. 1-minute intervals 

ZnO.cr~O3 C Hz + 25 76 94 105 
Silver D HzO a t  25" 25 29 29 29 

A1203 C Water 31 41 46 47 
Silver D Vapor 37 74 103 135 

A1203 B Water 47 95 120 132 
Silver D Vapor 27 45 64 78 

A1203 C Water 28 38 42 44 
Silver D Vapor 34 91 110 138 

A1203 B Hz f 33 57 68 73 
Silver D HzO at  5" 30 72 93 100 

A1203 B Hz f 29 82 109 124 
Silver D H ~ O a t 3 4 "  30 96 116 125 

AlzOs B Hz f 32 93 129 147 
Silver D HzOat54" 32 106 137 147 

A1203 B Hz f 31 102 138 158 
Silver D Hz0 a t  74" 31 118 144 153 

AlzOs C Hz i- 25 32 35 37 
Zn0,CrzO~ D Hz0 a t  25' 25 100 134 152 

Vol. 52 

" The bulb of a 360 thermometer with opalescent back and etched scale constituted 
the glass surface. It was carefully washed in distilled water and dried with a soft cloth. 

KOH covered thermometer allowed to stand for one day in air and then again 
tried in Expt. 8. 

Two-minute interval. 

Discussion of Experimental Data 

It is apparent from Expts. 1, 2, 5 and 6 that neither a clean glass sur- 
face nor a potassium chloride surface has any marked efficiency in the re- 
combination of hydrogen atoms either from water vapor a t  position C 
or from moist hydrogen at  positions A or B. In marked contrast to this 
is the efficiency of potassium chloride as a reaction surface at  position B 
when water vapor is passed through the discharge tube (Expts. 3 and 4). 
In this i t  is markedly superior to a clean glass surface a t  A (Expt. 4). We 
associate this efficiency with a recombination of hydrogen and hydroxyl 
since spectroscopic evidence shows marked concentrations of the latter 
a t  B and also for reasons indicated in the subsequent discussion of alumina. 

Potassium hydroxide shows a more pronounced efficiency for atomic 
hydrogen recombination than does the chloride (Bxpts. 7 and 8 compared 
with Expt. 2). On standing in the air the potassium hydroxide appeared 
to improve in efficiency (Expt. 8). We, therefore, were led to try potassium 
carbonate and thus found it also to have good efficiency in the combina- 
tion of atomic hydrogen (Expt. 9). When a surface shows marked ac- 
tivity in atomic hydrogen recombination at  C, its test a t  B for the H-OH 
combination is useless since the present method of test does not distinguish 
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between the two reactions, and at  B there is always a higher concentration 
of hydrogen atoms than a t  C under given discharge tube conditions. 

The specific action of surfaces, thus found for the two reactions, suggested 
a correlation with the specific behavior of surfaces in similar reactions 
involving molecules. Thus, the combination of atomic hydrogen and 
hydroxyl is analogous to the removal of water from organic molecules 
by means of dehydration catalysts. The recombination of atomic hydro- 
gen is analogous to the removal of hydrogen from organic compounds by 
dehydrogenation catalysts. It seemed probable, therefore, that  a purely 
dehydration catalyst might promote H-OH recombination without affect- 
ing the H-H reaction, while a purely dehydrogenation catalyst might se- 
cure the H-H recombination. To test this, we chose alumina as a dehy- 
dration catalyst and the now well-known mixture of zinc and chromium 
oxides (used in methanol synthesis) as a typical oxide dehydrogenation 
catalyst. The correlation of hydrogen atom recombination on metals 
with the catalytic activity of the latter has already been indicated by 
Bonhoeffer.15 Our expectations were completely realized. It is evident 
that alumina has high efficiency in position B and low efficiency a t  posi- 
tion C (cf. Expts. 11, 12 and 13). Experiment 13 was especially conclu- 
sive since it immediately succeeded Expt. 12 in which the high activity 
a t  B was realized. Nevertheless, in Expt. 13 at  C, only the activity asso- 
ciated with a small amount of residual water vapor is to be noted. I ts  
inertness toward atomic hydrogen is also manifest in Expt. 18, where a 
zinc-chromium oxide surface immediately beyond it revealed a high re- 
sidual concentration of atomic hydrogen. 

We wish also to record one other observation with alumina which bears 
upon the problem of its surface activity. The oxide was prepared from 
the precipitated hydroxide which was dried after it had been placed on 
the thermometer bulb. The product displayed no activity a t  all in either 
position B or C until it  had been dehydrated by heating in an electric 
furnace to 300°. A treatment of this kind at  250' was insufficient to ac- 
tivate the surface. This points to a poisoning of the oxide surface by ad- 
sorbed water. 

It appeared necessary, in view of the observation already recorded by 
Bonhoeffer as to the efficiency of alumina in atomic hydrogen recombi- 
nation, to ascertain to what factor Bonhoeffer's observation was due. 
We accordingly tested alumina at  position B, the discharge tube operating 
with a stream of hydrogen which had been bubbled through water main- 
tained a t  various temperatures. A perusal of the selection of our results 
given (Expts. 14-17) will indicate that the temperature rise obtained 
is dependent on the concentration of water vapor in the gas stream. We 
suggest, therefore, that Bonhoeffer's results with alumina were due to  the 
hydroxyl content of his atomic hydrogen. 
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The efficiency of zinc-chromium oxide for the atomic hydrogen recombi- 
nation in comparison even with silver is shown in Expt. 10 as well as in 
the Expt. 18 already quoted. 

We wish also to record the observation that the active combination of 
the atoms and radicals in question is associated in many instances with 
the production of distinctive chemiluminescences a t  the reaction sur- 
faces. With potassium chloride and water vapor in the discharge, the 
glow was purple; with potassium hydroxide and potassium carbonate -a 
blue-green. With alumina one obtains also a purple glow. With zinc- 
chromium oxide and on the silvered thermometer there was no observable 
light production. We propose to investigate these phenomena in detail 
later. 

Our experiments have demonstrated that the specificity of behavior 
of dehydration and dehydrogenation catalysts is associable with their 
activity in producing the recombination of H-OH and H-H, respectively. 
We plan a further series of investigations to ascertain the factors controlling 
the activity of surfaces in these simple reaction processes and hope thence 
to  derive the explanation of specific surface action in these molecular 
processes. 24 

Summary 

1. It has been demonstrated that the nature of the surface is of funda- 
mental importance in determining the velocity of atom-radical reactions. 

2. Potassium chloride is more efficient than clean glass in H-OH re- 
combination. I t  is less efficient than clean glass in C1-CI recombination. 
Alumina is very efficient in the H-OH reaction. 

3. Potassium chloride and alumina are inefficient in H-H recombi- 
nation. Potassium hydroxide and carbonate, and especially zinc-chro- 
mium oxide, are efficient agents for this reaction as are also metal surfaces. 

4. Active recombination of atoms and radicals is associated with the 
production of distinctive chemiluminescences a t  several of the surfaces. 

5. A correlation of the activity of surfaces in atomic reactions with 
similar processes involving molecules has been given and the importance 
of this in the problem of specific surface activity has been indicated. 

PRINCETON, New JERSEY 

t4 It is evident that analogous to this specificity of surface in atom-radical reactions, 
there should exist specific third-body action in homogeneous systems. Such specificity 
is fundamental in the kinetics of such reactions, has not been emphasized and yet ap- 
parently exists in reactions already studied. 
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[CONTRIBUTION FROM THB CHEMICAL LABORATORY OF HARVARD UNIVERSITY AND 

FROM THE DEPARTMENT OF PKYSICS, JOHNS HOPICINS UNIV@RSITY] 

THE DIPOLE MOMENTS OF THE DISUBSTITUTED BENZENES 

Recent measurements of the dipole moments of organic molecules1 

have shown that the symmetrical hydrocarbons have no electric moment 
and that their mono-derivatives possess moments varying with the nature 
of the substituent group. I t  has further been shown, in accordance with 
a prediction of J. J. T h ~ m s o n , ~  that the moment of a disubstituted hydro- 
carbon may be calculated, in certain cases, from the assumption that  it is 
the vector sum of individual moments characteristic of the substituent 
groups and that these group moments are directed along the conventional 
valence bonds joining the substituents to the hydrocarbon residue. Thus, 
for example, if it be supposed that the carbon atoms of the benzene nu- 
cleus are sltuated a t  the corners of a reguiar hexagon, 'the moment of a 
disubstituted benzene may be calculated from the law of cosines 

M = d m :  + mi + 2 m~mz cos @ (1) 

where M is the resultant moment of the molecule, ml and m2 are the indi- 
vidual group moments, and @ is the angle between mr and m2. If the sub- 
stituent groups are in the ortho position, @ = 60'; if in the meta position, 
@ = 120' ; and if in the para position, /3 = 180'. I t  has been found that the 
groups -C1, -Br, -I, -CH3 and -NO2 follow this rule approximately, 
but that the experimental data for compounds containing -OH, -NH2 and 
-0- do not obey i t  even qualitatively. The discrepancies shown by the 
last named groups have been explained by the postulate that the resultant 
group moment does not lie along the valence bond of the usual structural 
formula. This seems quite probable since analysis of the infra-red spectra 
of Hz0 and of NH3 indicates a triangular model for the former and a 
pyramidal model for the latter. If this structure is preserved in the -OH 
and -NEL groups, it follows that these groups are unsymmetrical about the 
line joining the centers of the carbon and oxygen or carbon and nitrogen 
atoms. They may, therefore, be expected to exhibit a moment in some 
direction other than that of the line of centers. On the other hand, the 
groups which do follow the rule of vector additivity are symmetrical about 
the line of centers. 

The moments calculated for those compounds which do obey the rule, 
however, show systematic variations from the experimental values. Thus 

For reviews of this subject and references to the literature see C .  P. Smyth, 
Chem. Rev., 6, 549 (1929); I. Bstermann, Ergebnisse Exak. Naturwiss., 8 ,  258 (1929). 
H. Sack, ibid., p. 307. 

J. J. Thomson, Phil. Mag., 46, 513 (1923). 
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the calculated moments of compounds of the type 0-C6H& are from 10 
t o  30Yo higher than the experimental values. Hojendah13 has explained 
this by pointing out that the simple theory takes no account of interaction 
between the two dipoles. Such interaction might consist of either or both 
of two effects. In the first place there is a repulsive force between two 
dipoles in the ortho position which tends to force the dipoles apart, that 
is, t o  increase of Squation 1. It is therefore possible to use /3 as an 
adjustable constant in order to bring the calculated value of M into 
agreement with the observed. In  the second place, the dipoles may affect 
each other by induction. Since these molecules are not rigid and since 
each group is subjected to an electric force exerted by the other, dipole 
moments will be induced in each group in such a direction as to lessen the 
resultant moment. It is the purpose of the present paper to calculate 
the resultant moments of the disubstituted benzenes from the individual 
moments of the substituent groups, assuming that the group moments are 
directed along the valence bonds but taking into account the moments 
due to induction. 

The dipole moment induced in any substituent as a result of an electric 
intensity E is given by the expression415 

mi = crE (2) 

where CY is the deformability of the substituent group. In the present case 
E is the force exerted by the dipole of the other constituent. If the 
dipole m exerting the force E is situated a t  the origin of a set of plane 
polar coordinates, the horizontal and vertical components of E(E, and 
E,,) a t  the point (r), are given by the eq~a t ions .~  

Equations 3 then follow since 

X - 3~ E - - ? f a n d E y = - -  
ax 3~ 

E 3 Ex = --, (3 cosZ 6 - 1) + 2 sin 6 cos 6 r 
3c; (3 

E, = 7 sin 6 cos 6 + 1 (3 sin2 6 - 1) r3 

where E and q are the horizontal and vertical components of m. 
I n  order to calculate the resultant moment, M, of the molecule, i t  is 

K. Hojendahl, "Dissertation," Copenhagen, 1928; Physik. Z., 30, 391 (1929); 
cf. also Estermann, ref. 8. 

P. Debye, "Polar Molecules," The Chemical Catalog Co., Inc., New York, 1929. 
5 Throughout this article vector quantities will be indicated by bold face type. 
6 Cf. Jeans, "Electricity and Magnetism," Cambridge, 1925, p. 50. The potential, 

p, a t  a point (x, y) due to charges + e a t  (a, b) and - e  a t  (-a, - b) is 
e e - 'P = ( (x  -a)2 + (y - b)2]'/z f (x  + a)' + (y + b)2)'/2 

Upon expanding this expression and neglecting squared and higher terms, it is found that 
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necessary to take into account the moments induced in the four un- 
substituted -CH groups. These moments may be represented by the 
symbol m,!. M is then given by the expression 

M = m , ~  + m , ~  + md 4- m12 + m,' (4) 

where m,, and mO2 are the original moments of groups 1 and 2, mi, and 
mi, the corresponding induced moments and m,! the resultant moment 
induced in the -CH groups. 

In order to apply these equations it is necessary to know the dimensions 
of the molecules involved. Although x-ray diffraction data on crystals 
indicate a tilted model for the benzene nucleus,' chemical evidence together 
with the small electric moment of symmetrical tri-derivatives of benzene 
may be cited in favor of a plane model for the benzene ring in substituted 
corn pound^.^ The question cannot be regarded as settled a t  present. 

Ortho Meta Para 

Fig. 1.-Benzene nuclei and positions of dipoles of substituent groups in 
ortho, meta and para compounds. 

Since, however, the differences in the dimensions of the two models are 
too slight to affect the present calculations, the plane model has been 
chosen for the sake of simplicity. The radius of the carbon atom has 
been taken equal to 0.75 i%.; the value obtained from crystal structure 
data. The centers of the six carbon atoms are therefore assumed to  lie 
on the corners of a regular hexagon of side equal to 1.50 A. 

In order to locate the position of the dipoles associated with the sub- 
stituent groups, they are assumed to be situated at the circumference of 
the carbon atoms to which the particular groups are attached, and to be 
directed along a diagonal of the hexagon. Thus in all the compounds 
the group moments are assumed to be situated at  the corners of a regular 
hexagon of side equal to 2.25 A. (Fig. 1). Using this model i t  follows 
that the distance between the dipoles of the two substituents is 2.25, 

W. H. Bragg and W. L,. Bragg, "X-Rays and Crystal Structure," London, 1924, 
p. 229, ff. 

I. Estermann, Leipziger Vortrage, p. 34 (1929). 
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3.90 or 4.50 A., according to whether the substituents are in the ortho, 
meta or para position. 

It is next necessary to obtain numerical values for a. This quantity is 
related to the atomic refraction R by the equation 

a = 3R/4 i rN~ (5)  

where NA is the Avogadro number per mole. Since R varies with the wave 
length of the light used in its determination, the values must be extra- 
polated to infinite wave length. This has been done, using the assumption 
that  the curve of R against A becomes parallel to the X axis in the region of 
the far infra-red. The values so obtained are tabulated in the first column 
of Table I. The quantity under consideration, however, is more a property 
of the bond between two atoms than of a single atom. It has, therefore, 
seemed advisable to use the octet refractions of the various groups in the 
calculations of a. The octet refraction was introduced by Smyth

g 
and de- 

fined by him as 
%c.t = Rat + l/gRo (6)  

Here Rat is the usual atomic refraction and R, the atomic refraction of 
carbon. The values of ROct are tabulated in the second column of Table 
I and those of a in the third column. This use of ROct instead of Rat 
involves such a slight change in cr that the final results are not appreciably 
affected. 

TABLE I 
Group Rata Rwt or x 1024 . mc X 10'8 

-H 1.065 1 661b 0.654 0 
- C1 5.789 6.38 2.51 -1.53" - 1 . 5 5 ~  -1.64" 
-Br 8.636 9.23 3.63 - 1 . 5 0 ~  -1.56" 
--I 13.297 13.89 5.46 -1.25' 
--CHI 5.581 6.18 2.45 +0.43"9'.~ 
-NO2 6.39 6.99 2.75 -3.75" -3.90' 

" Data from Zandolt-Bornstein, "Physikalisch-Chemischen Tabellen," 5th ed., 
Berlin, 1923, p. 985, extrapolated to infinite wave length. This is a "bond refraction" 
rather than an octet refraction. " C. P. Smyth, S. 0 .  Morgan and J. C. Boyce, THIS 
JOURNAL, 50, 1536 (1928). J. W. Williams and E. F. Ogg, ibid., 50, 94 (1928). ' K. 
Hiijendahl, Ref. 3. J. W. Williams, Physik. Z., 29, 174, 204, 271, 683 (1928); THIS 

JOURNAL, 50, 2350 (1928). P. Walden and 0. Werner, 2. physik. Chem., 2B, 10 
(1929). C. P. Smyth and S. 0. Morgan, THIS JOURNAL, 49,1030 (1927). 

The experimental values of the moments of the monosubstituted com- 
pounds cannot be identified with the m,'s of Equation 4 since the former 
are the resultants of the latter and the moments induced in the five un- 
substituted -CH groups. In order to calculate the actual group mo- 
ment, m,, from the experimental value m, consider a set of axes oriented 
with respect to the benzene ring as in Fig. 2. Since the molecule is sym- 
metrical about the x-axis, 

zqi = 0 

Smyth, Phil. Mag., 50,361 (1925); cf also Fajans and Knorr, Ber., 59,249 (1926). 



May, 1930 DIPOLE MOMENTS OF DISUBSTITUTED BENZENGS 1923 

Then 
me = m, + zEi 

= mo f 2512 f 2 h  E14 

where ti,, etc., are the x-components of the moments induced in the 
second -CH group and so on. Substituting from Equations 3 i t  follows 
that 

me = 1.013m0 (7) 

if i t  be assumed that the fields of the induced moments are too small to  
produce an appreciable effect upon m,. 

The foregoing assumption is valid only because the induced moments 
are small as a result of the small deformability of the -CH- group. I n  
calculating the moments induced in the 1, 
substituent groups themselves, in the J 

case of the disubstituted compounds, 
it is necessary to take into account 
the fields of the induced moments as m, 
well as those of the original moments. 
This can be done by substituting in the 
equations 

4 = 40 + 4i (8) 
T = % +  vi 

Fig. 2. . 
where to, r], are the components of the 
original group moment and 6,  ri the components of the moment induced 
in that group by the second dipole. 

Finally, it is necessary to calculate the moments induced in the 
unsubstituted -CH groups. This calculation is quite analogous to that  
leading to Equation 7. In this case, however, as well as in the final calcu- 
lation, i t  is advantageous to choose the coijrdinate axes so that the sub- 
stituent groups both lie on the x-axis (Fig. 1). Assuming, as before, that  
the moments induced in the -CH groups are too small to affect each other 
or the inducing groups, the total components of the former are found to  
be 

E: = A'(& + b) + A"(?, - 72) 
4 = B 1 ( h  - h) + B1'(qt + 72) 

(9) 

Here the subscripts 1,2 refer to groups 1,2. The C;, r]  are the components 
of the total moments of the substituent groups. The A's and B's are 
numerical coefficients depending on the deformability of the -CH group 
and on the dimensions of the molecule. Their values are 

Ortho Meta Para 

A' -0.01339 +O .0206 +O.001083 
A " - .0511 - .0511 0 
B ' - .0511 - .0511 0 
B" + .lo01 + .I125 0 
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The resultant moment of the molecule may now be obtained by sub- 
stituting Equations 2, 3, 8 and 9 in Equation 4. The result is 

where a1 and a2 are equal to al/r3 and orz/r3, respectively. to, and rO1 
are obtained from Pig. 1 and Equation 7.  

sin (pl 
no1 = - 1.013 me' 

Similar equations give to, and 1 1 , ~ .  It should be noted that Equation 10 
contains no adjustable constants. 

Upon selecting values of me with which to test Equation 10 it becomes 
apparent that the accuracy of the data given in the literature leaves much 
to be desired. Since the experimental data vary with the method and 
apparatus used, the relative agreement is better than the absolute. 
It has therefore seemed advisable, wherever possible, to use in the calcu- 
lation of M that value of me determined by the same experimenter who 
measured M. Although in general better than the absolute, the relative 
agreement is not good in all cases. For example, the values obtained 
by Williams and by Hojendahl for the moment of a-dinitrobenzene, 6.05 
X 10-l8 and 6.00 X 10-Is, respectively, are in good agreement, but their 
results for nitrobenzene, 3.90 X 10-l8 and 3.75 X 10-l8 show greater di- 
vergence. 

The values of me used in the calculation are tabulated in the last column 
of Table I. The plus and minus signs indicate that some of the dipoles 
point toward and others away from the center of the ring. The assign- 
ment of sign to any one group is quite arbitrary. Once it is fixed, however, 
the signs of the other groups are definitely established. 

The results of the calculations are summarized in Table 11. Here 
the names of the compounds are given in the first column, the experimental 

Compound 

0-CeH4Clz 
m-C6H4C12 
p-CsH4Clz 
o-CeH1Brz 
m-C6H4Brz 
p-CeH4Brz 
0-CaHaIt 
m - C e H A  
P - C ~ H ~ I Z  

M ,  
M ,  calcd., 

obs. approx. A1 

M ,  
calcd., 
Es. l o  
2.30 
1.48 
0 
2.09 
1.43 
0 

A2 M' As Remarks 

-0.05 2.16 +0.09 me = 1.53 
0 1.44 + .04 me = 1.53 

0 
- . 2  1.94 - . 5  me = 1.50 
+ .12 1.37 f .18 me = 1.50 

0 
+ .07 1.43 + .20 me = 1.25 
- . I3  1.10 - .09 me = 1.25 

0 
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TABLE I1 (Concluded) 
M M 

M ,  calcd., calcd., 
Ccmpound obs. approx. A, Eq. 10 Az M' A3 Remarks 

O - C ~ H ~ ( N O Z ) ~  6 . 0 5 ~  6.75 - .70 5.80 -t .25 5.39 + .66 me = 3.90 
m-CsH4(N02)2 3.81d 3.90 - .09 3.77 + .04 3.68 + .13 me  = 3.90 
@-CeH4(N02)z 0" 0 0 
p-C6H4ClBr O. ld  0 .05  + .05 0.09 + .01 0.09 + .01 me$ = 1.55 

me2 = 1.50 
o-CeH4BrI 1 . 7 3 ~  2.38 - . 5  2.09 - .36 1.78 - . 5  mel = 1 . 5 0  

m , ~  = 1.25 
m-CsHaBrI 1 . 1 4 ~  1.39 - . 5  1.34 - .20 1.32' - .18 m , l = 1 . 5 0  

mez = 1.25 
p-C6H4BrI ' 0.49' 0.25 + .24 0.33 + .16 0.33 + .16 mel = 1.50 

m,z = 1.25 
o-CeH4ClN02 4-25' 4.78 - .53 4.39 - . I4  4.16 + .0Q ???,: = 1 .64 

m,z = 3.75 
m-C6H4ClN02 3.3gf' 3.26 + .12 3.30 + .08 3.28 + .10 m , ~  = 1.64 

m,z = 3.75 
p-C6HaClNO2 2.55' 2.11 C .44 2.21 + .34 2.21 f .34 mei = 1.64 

. me2 = 3.75 
p-C6H4BrNOt 2.53I 2.19 + .34 2.37 + .16 2.37 + .16 m,l = 1.56 

mez = 3.75 
o-C6H4CH3Cl 1.3gh 1.38 + .O1 1.81 - . 2  1.65 - .26 m,l = 0.43 

me2 = 1.55 
m-CsH4CH3Cl 1 .60b 1.81 - .21 1.91 - .31 1.93 - . 3  mel = 0.43 

m,z = 1.55 
p-C6H4CH3C1 1 .  74b 1.98 - ,24 2.06 - .32 2.06 - . 2  me* = 0.43 

met = 1.55 
o-C6H4CH3N0t 3.75d 3.70 + .05 4.45 - .70 3.98 - .23 mel = 0.43 

m.2 = 3.90 
~ - C G H ~ C H ~ N O ~  4 . 2 0 ~  4.13 + .07 4.35 - .15 4.23 - . 3  m e l = 0 . 4 3  

mez = 3.90 
@ - C ~ H ~ C H ~ N O Z  4 .  5d 4.33 + .17 4.51 - .01 4.51 - .O1 mel = 0.43 

me% = 3.90 

" Smyth, Morgan and Boyce, loc. cit. Walden and Werner, loc. cit. J .  Errera, 
"Polarisation Dielectrique," Paris, 1928. Williams, loc. cit. Smyth and Morgan, 
loc. cit. Hiijendahl, lac. cit. 

values of M in the second and, in the third, the values of M calculated 
from the approximate equation (1). In the fourth column are listed 
the differences between the observed values of M and the approximate 
calculated values (Al) .  The values of M calculated from Equation 10 
are given in the fifth column. In the sixth are listed the differences be- 
tween the observed values and those calculated taking into account the 
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effect of induction (Az). The figures listed under the headings M' and A3 

will be discussed below. In the last column, headed "Remarks," are 
tabulated the values of me used in the calculations. 

Inspection of Table I1 shows that all the values calculated from the 
assumption of interaction by induction, except for two groups of com- 
pounds, are nearer to the observed values than are those calculated from 
the approximate equation (1). For most compounds the agreement is 
within the experimental error. The cases in which the agreement is not 
good will be referred to later. 

The Referee to whom this paper was referred, in order to pass upon its 
suitability for publication, criticized the method of calculation on the 
grounds that changes in the moments of the -C-C- bonds of the ben- 
zene nucleus should have been taken into account, since the changes in 
the -CH bonds are considered. We wish to express our indebtedness 
to him for raising this point. The omission was due to the fact that 
the effect of the -CH bonds is altered by the entrance of the second 
substituent group since in the disubstituted compound there is one less 
-CH bond than in the monosubstituted. The number of -C-C- bonds 
is the same in both types of compounds. Hence it seemed permissible 
t o  neglect the latter. Por the sake of completeness, however, the calcu- 
lations have been repeated taking into account the changes in the mo- 
ments of the -C-C- bonds. This extension of the calculation merely in- 
volves using different values for the proportionality constant of Equation 
7 and for the constants A', A", B' and B" of Equations 9. To arrive 
a t  numerical values for these constants it was assumed that the induced 
moments in question are located a t  the "points of contact" of the carbon 
atoms. a,, was taken equal to 0.984 X since 

1 
%, = 3 ( R c ~ H "  - ~ R c H )  

The constant of Equation 7 then turns out to be 2.38 instead of 1.013 
and the others are 

Ortho Meta Para 

A' 0.1159 0.939 1.348 
A" .712 .712 0 
B' .712 .712 0 
B" .939 .I159 0 

The results obtained with the use of these values are listed in Table I1 
under the headings M' and A3. In most cases the values,of M' do not 
differ essentially from those for Mcalcd. previously obtained, as is to be 
expected. In general the agreement between calculated and observed is 
slightly better than before. The improvement is greatest for the chloro- 
toluenes and o-nitrotoluene, but for these compounds the agreement still is 
not as good as might be desired. Moreover, consideration of the -C-C- 



May, 1930 DIPOLE MOMENTS OF DISUBSTITUTED BENZENES 1927 

bonds makes the agreement in the cases of o-dinitrobenzene definitely 
worse. I t  is difficult to explain these discrepancies. The inconsistency 
of the experimental data for nitrobenzene has already been pointed out. 
perhais in the chlorotoluenes and o-nitrotoluene there is some other type 
of interaction between the substituent groups. I t  is unfortunate that  
there are available no other measurements upon compounds of this type, 
namely, compounds in which one dipole is directed toward and the other 
away from the center of the ring. 

One further point must be considered in connection with calculations of 
this type. This is that, under sufficiently great electric intensity, Equa- 
tion 2 is no longer valid since a must eventually decrease as E increases. 
The reality of this effect may be observed in Debye'slo calculation of the 
moment of HC1. Furthermore, we have attempted to apply the methods 
of this paper to the derivatives of methane. In this case the correction 
term is again much too large, indicating that the region of validity of 
Equation 2 has been exceeded. Apparently the present methods cannot 
be employed when the distance from the inducing dipole is much less than 
2 .  On taking into account the -C-C- bonds in the above calculations, 
however, i t  is necessary to consider distances considerably smaller than 
this. That the results are satisfactory is only due to the fact, previously 
pointed out, that the effect of the -C-C- bonds very nearly cancels out 
of the resultant moment. 

The determining factor in the correction for induction is the distance 
between the dipoles, since this enters to the third power. The results 
show that a correction of this type leads to concordant results only when 
the dipoles are assumed to be situated at  the circumference of the carbon 
atoms. If the dipoles are assumed to be at  the center of the substituent 
group, the effect considered in this paper is negligible. If they are assumed 
to be a t  the centers of the carbon atoms, this correction is far too large. 

Summary 

The calculated dipole moments of the disubstituted benzenes have been 
corrected for the effect of the mutual induction of the dipoles. The 
results show that, in order that a correction of this kind be successful, 
the dipoles must be assumed to be located on the circumferences of the 
carbon atoms, that is, a t  the conventional valence bond. 

'0 P. Debye, Ref 4. p 62. 
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[CONTRIBUTION PROM THE BAKER LABORATORY OF CHEMISTRY AT CORNELL UNIVERSITY ] 

AZIDO-DITHIOCARBONIC ACID. V. ALKYL AND ACYL 
DERIVATIVES1,2*3 

WITH MICROSCOPICAL STUDIES BY C. W. MASON 

RECEIVED APRIL 21, 1930 PUBLISHED MAY 8, 1930 

The marked photosensitivity of certain compounds of azido-dithio- 
carbonic acid with strongly electropositive elements or radicals, particu- 
larly the cesium, rubidium and tetramethylammonium salts, has been 
a t t r i b ~ t e d ~ ' ~ ' ~  to a tendency on the part of these substances to undergo 
a reversible, superficial photolysis which results in the liberation, in situ, 
of certain metallic atoms or radicals in the crystal lattice. The hypothesis 
thus formulated serves also to explain the action of light in accelerating 
the decomposition of the solid inorganic azido-dithiocarbonates thus far 
studied. Discharge of the anions yields free azido-carbondisulfide, SCSN3, 
which is known

zg to undergo spontaneous thermal decomposition a t  
ordinary temperatures into thiocyanogen, sulfur and nitrogen. 

Photolytic action of the type thus assumed to take place during the 
illumination of the inorganic salts already investigated, all of which are 
believed to crystallize in the form of ionized lattices, could scarcely be 
expected to occur in the case of organic derivatives of azido-dithiocarbonic 
acid, which would, in all probability, in the solid state, take the form of 
molecular lattices. An important incentive to the preparation and 
study of these derivatives, none of which has yet been described, is there- 
fore furnished by the possibility of investigating compounds of this type 
from the viewpoint of the hypothesis under consideration. 

A second incentive is afforded by the desire to investigate the influence 
of various substituents for hydrogen upon the velocity of thermal de- 
composition of azido-dithiocarbo-nic acid,2a and upon the nature of the 
products of such decomposition. It is by no means a foregone conclusion 

1 For the earlier articles of this series see (a) Smith and Wilcoxon with Browne, 
THIS JOURNAL, 45, 2604 (1923); (b) Browne and Smith, ibid.,  47, 2698 (1925); (c) 
Browne and Audrieth, ibid., 49, 917 (1927); (d) Audrieth, Smith and Browne, ibid.,  
49,2129 (1927). 

2 The investigation upon which this article is based was supported by a grant 
from the Heckscher Foundation for the Advancement of Research, established by August 
Heckscher a t  Cornell University. The present publication is Article 4 under Heckscher 
Grant No. 60. For Articles 1, 2 and 3, see (a) ibid.,  45, 2604 (1923); (b) 47, 1916 
(1925); (c) 49, 2129 (1927). For articles 1, 2, 3 and 4 under Heckscher Grant 
No. 4, see (d) ibid., 44, 2106 (1922); (e) 44, 2116 (1922); (f) 44, 2315 (1922); (g) 45, 
2541 (1923). 

This paper was presented a t  the St. Louis Meeting of the American Chemical 
Society in April, 1928. Manuscript received April 9, 1929, but withheld from publica- 
tion by the author. 
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that organic derivatives of various types should decompose in a manner 
strictly analogous to that characteristic of the inorganic salts. It is en- 
tirely possible, for example, that in certain cases normal thiocyanates, and 
in others isothiocyanates, might be obtained as products of thermal de- 
composition. 

In the present article are described the methyl, benzyl, benzoh~dryl, 
triphenylmethyl, benzoyl and p-bromobenzoyl derivatives of azido-di- 
thiocarbonic acid. 

Preparation.-Attempts to obtain alkyl and aryl azido-dithiocarbo- 
nates by direct condensation of the organic azides with carbon disulfide 
by a method analogous to that used in preparing the inorganic derivativeszf 

did not prove successful. Formation of the azido-dithiocarbonates evi- 
dently involves the transfer of electrons from the azide ion to  a molecule 
of carbon disulfide, or, more specifically, to one of the sulfur atoms of the 
disulfide, with consequent condensation of the two radicals: N3- + CS2 
= SCSN3-. Since the organic azides are not dissociated to an appre- 
ciable degree, the electronic transfer does not take place. 

The general method finally adopted for the preparation of the com- 
pounds to be described involves the interaction, in acetone, of the alkyl 
or acyl halide and sodium azido-dithiocarbonate, in accordance with the 
equation: 

RCl + NaSCSN3 = NaCl + RSCSNI 

With the bromides, with triphenylmethyl chloride and with the acyl 
chlorides the reaction proceeds rather rapidly at  room temperature. In 
the case of less reactive chlorides, the use of higher temperatures is pre- 
cluded by the instability of the products. The precipitated metallic 
halide is removed by filtration, and if the product is but slightly soluble 
in acetone, the precipitate is treated with chloroform to extract the azido- 
dithiocarbonate. 

General Properties.-All of the organic azido-dithiocarbonates studied 
were obtained as white, crystalline compounds which undergo a t  room 
temperature a slow spontaneous decomposition, with ultimate quantita- 
tive formation of the corresponding thiocyanate or is~thiocyanate,~ sulfur 
and nitrogen: 

The normal thiocyanates were invariably obtained as decomposition products of 
the alkyl azido-dithiocarbonates. In view of the circumstance that no normal acyl 
thiocyanate has as yet been isolated, it  is not surprising that isothiocyanates, only, have 
been obtained by decomposition of the acyl derivatives. I t  is entirely possible, however, 
that the normal thiocyanate is in each case formed a t  first, as an intermediate product, 
but that, as suggested by Wheeler and Merriam5 for the case of esters in which "the group 
R is strongly negative the product immediately undergoes a molecular rearrangement 
into the form RNCS (when R is the group CGH~CO-, etc.)." 

6 Wheeler and Merriam, THIS JOURNAL, 23,285 (1901). 
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The velocity of this decomposition is sufficiently retarded at  low tem- 
peratures to permit the storage of samples of the products at  O 0  for several 
weeks without appreciable deterioration. 

0 0 0 0 0 0 0  

Time, hours. 
Fig. 1.-Nitrometric decomposition of derivatives of azido- 

dithiocarbonic acid at  40 O. I, CHaSCSNa; 11, (C6Hs)zCHSCSNa; 
111, CF,HE,CH~SCSN~; IV, (CsH6)&SCSN3; V, CJhCOSCSN3. 

The course of the isothermal decomposition of five compounds has been 
investigated nitrometrically a t  40°. The data obtained are recorded 
graphically in Fig. 1. From these data the compounds may be listed in 
the approximate order of increasing stability as follows: C6H6CO- < 
(CsH5)zCH- < CH3- < C~H~CHZ- < (CsH&C-. The benzyl and benzo- 
hydryl derivatives obviously undergo autocatalytic decomposition. The 
methyl- and phenyl-substituted methylazido-dithiocarbonates manifest 
a relative degree of stability reminiscent of the behavior of the substituted 
ammonium salts, of which the disubstituted derivative invariably differs 
from the mono-, tri- and tetra-substituted compounds in various physical 
properties, such as electrical conductivity. 

Melting-point determinations were made with the aid of the Maquenne 
block,6 an apparatus designed especially for use with substances which, 
like those under investigation, "melt with decomposition." Comparison 

Houben-Weyl, "Die Methoden der organischen Chemie," Georg Thieme, Leip- 
zig, 1921, Vol. I, 2d ed., p. 734. 



May, 1930 AZXDO-DXTHIOCARBONIC ACID. v 1931 

of the results obtained by this procedure with the melting points determined 
by the usual method, using a capillary tube (in an electrically heated 
Thiele apparatus), shows that the latter are usually lower in the case of 
compounds that undergo appreciable decomposition during fusion (see 
Table I). 

Unlike the inorganic salts of the azido acid, the organic derivatives are 
not particularly explosive. They "puff" mildly when held in the flame, 
or when heated rapidly on a metal plate. Furthermore, on exposure to 
illumination they show no photosensitivity and undergo no coloration. 
This affords support to the photolytic theory mentioned in an earlier 
paragraph. 

The results of qualitative determinations of the solubility of the com- 
pounds at room temperature in various non-aqueous solvents are pre- 
sented in Table I. All of the organic derivatives studied were found to 
be insoluble in water and to be very soluble in chloroform. 

MELTING POINTS AND SOLUBILITIES OR ORGANIC AZIDO-DITHIOCARBONATES 
V = very soluble; M = moderately soluble; S = slightly soluble 

Melting points, "C. 
Maquenne- Capillary- 

R S C S N a  block tube Ace- 
R =  method method tone EtOAc EtOH MeOH Ether CsHa CSa CHCla CClr 

C H r  32 34 V V M M M V V V V  
CaH6CH2- 64.5 66 V V S  S M M V V M  
(CeH6)zCH- 67.5 67 V V M M M V V V V  
(C6Hs)aC- 132 102-104 

(dec.) (dec.) S S S S S M M V M 
C6H6CO- 119-120 92-94 

(dec.) (dec.) S S S S M M M V M 
9-BrC6H4CO- 127 99-101 

(dec.) (dec.) S S S S S S M V M 

Analysis.-The amount of nitrogen evolved during thermal decompo- 
sition of the compounds was determined in each case by slowly heating 
the sample, mixed with sand to minimize the danger of explosion, in a 
bulb attached to a nitrometer. The results obtained were invariably 
somewhat high, as it was not feasible to introduce a correction for the 
vapor tension of the thiocyanate formed as a product of the reaction. 
The sulfur was determined as barium sulfate after conversion to a soluble 
sulfate by ignition with sodium peroxide in a Parr bomb. - 

Methyl Azido-dithiocarbonate, CH3SCSN3.--The product, which was obtained by 
the interaction of methyl bromide and sodium azido-dithiocarbonate in acetone, was 
purified by recrystallization from chloroform. I t  is slowly attacked by concentrated 
aqueous alkalies. 

AnaL (a) Subs., 0.1855, 0.2498: BaS04, 0.6485, 0.8759. Calcd. for CzH3N3S2: 
S, 48.14. Pound: S, 48.02, 48.16. (b) Subs., 0.4148, 0.2623: Nz (corr.), 71.4, 44.7 
CC. Calcd. for CH&CSNJ: Nr, 1 mole. Found: N2,1.023,1.013. 
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Under the microscope the crystals appear to consist of thick, four-sided prisms which 
are rhomb-shaped in cross sectioii. The acute angle of the rhomb is about 75'. The 
terminal pinacoid is perpendicular to the prism faces. All prism views exhibit parallel 
extinction; end views of the prisms reveal a very small extinction angle, about 1-2". 
The angle of the acute bisectrix parallel to the elongation with 2V is about 65'. The 
crystals are optically negative and exhibit strong double refraction. They are probably 
of monoclinic symmetry. 

Benzyl Azido-dithiocarbonate, C6H~CB~SCSN3.--'I'he interaction of benzyl chloride 
and sodium azido-dithiocarbonate in acetone a t  room temperature required for its com- 
pletion approximately twenty-four hours. The precipitated sodium chloride was filtered 
off and a small amount of water was added to the filtrate. The crude benzyl derivative 
which separated on cooling with ice and salt was purified by recrystallization from 
chloroform. 

Most reagents cause primary decomposition of the azido-dithiocarbonate to form 
the thiocyanate, which then exhibits its own characteristic reactions. Thus, boiling 
with nitric acid brings about oxidation to benzaldehyde; the prolonged action of aqueous 
alcohol causes hydrolysis. Benzyl thiocyanate was obtained readily by heating the 
azido-dithiocarbonate in a suitable organic solvent (absolute alcohol) and removing the 
precipitated sulfur. The solution after concentration deposited crystals of benzyl thio- 
cyanate, m. p. 41 ". 

Anal. (a) Subs., 0.1705, 0.1640: BaS04, 0.3768, 0.3675. Calcd. for C ~ H ~ N ~ S Z :  
S, 30.64. Found: S, 30.35,30.78. (b) Subs., 0.2021, 0.4856: Ns (corr.), 21.62, 52.47 
cc. Calcd. for C7H7SCSN8: Nz, 1 mole. Found: Nz, 1.000, 1.010. (c) Dumas total 
nitrogen determination. Subs., 0.2611: NS (corr.), 42.5 cc. Calcd. for CsHrN3S: 
N, 20.1. Found: N, 20.4. 

Benzyl azido-dithiocarbonate crystallizes in prisms of monoclinic symmetry, 
showing the forms 1 0 0, 1 1 0, 0 1 1 and 1 0 1. Extinction is parallel to the plane of 
symmetry, and oblique in this plane a t  an angle of 7". The crystals are biaxial, positive, 
2V about 80 ", a < r .  Thc axial plane is transverse of the prisms. Double refraction is 
moderately strong. 

Benzohydryl Azido-dithiocarbonate, (C~HK)~CHSCSN~.--T~~ interaction of benzo- 
hydryl bromide7 and sodium azido-dithiocarbonate in acetone was complete after about 
half an hour. After filtering to remove the precipitated sodium bromide, addition of 
water caused a yellow liquid to separate. This was dissolved in a mixture of petroleum 
ether and benzene and the solution was dried over anhydrous sodium sulfate. Upon 
cooling with ice and salt, benzohydryl azido-dithiocarbonate separated in small colorless 
crystals. 

Anal. (a) Subs., 0.1113, 0.1340: BaS04, 0.1877, 0.2201. Calcd. for C ~ ~ H I I N ~ S ~ :  
S, 22.47. Found: S, 22.55, 22.56. (b) Subs., 0.4212, 0.5428: Nz (corr.), 34.42, 42.68 
cc. Calcd. for ClrH11SCSNs: Nz, 1 mole. Found: Nz, 1.017, 1.025. 

The substance, recrystallized from xylene, forms prisms and elongated tablets, 
the opposite edges of which are beveled, and the ends obtusely pointed (120"). These 
tablets are frequently shortened to thick rhomb-shaped plates, the four vertices of which 
are beveled. Prism views exhibit parallel extinction; the rhombs, symmetrical extinc- 
tion. End views show oblique extinction, about 45". 

Good biaxial interference figures are obtainable, which indicate that the acute 
bisectrix is inclined to the pinacoid of the tablets. The axial plane is parallel to the acute 
diagonal of the rhombs. Double refraction is strong, positive, with 2V about 60°, 

7 The chloride reacted much more slowly, and for this reason was not as satisfac- 
tory as the bromide in this preparation. 
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and P < v marked (or else inclined dispersion). Refractive indices were not deter- 
mined on account of solubility in the standard immersion liquids. The oblique ex- 
tinction of the end views of the prisms and tablets, and tilted position of the optic 
axes indicate that the plane symmetry of the crystals lies crosswise of them (parallel to  
the acute diagonal of the rhombs), and that they belong to the monoclinic system. 

Triphenylmethyl Azido-dithiocarbonate, (C8H6)aC-SCSNa.-When triphenyl- 
methyl chloride and sodium azido-dithiocarbonate were brought together in acetone, 
the ester was precipitated rapidly, together with sodium chloride. This precipitate was 
air-dried, and was extracted with chloroform, in which the triphenylmethyl ester is 
soluble. After concentrating and cooling, the solution deposited colorless crystals of 
triphenylmethyl azido-dithiocarbonate. 

Anal. (a) Subs., 0.2743, 0.2348: BaS04, 0.3483, 0.3004. Calcd. for CZOHI~N~SZ: 
S, 17.74. Found: S, 17.44, 17.57. (b) Subs., 0.3868, 0.3746: NZ (corr.), 24.16, 23.37 
cc. Calcd. for CI~H16SCSN3: N2, 1 mole. Found: N2, 1.008, 1.006. 

The substance crystallizes in bipyramids and tablets of orthorhombic symmetry. 
The tablets possess end angles of about 120 ". All views exhibit symrnctrical extinction. 
The axial plane is parallel to the base of the pyramidal forms; 2V is large ( > 70°). 
The crystals are optically positive. 

Ally1 Azido-dithiocarbonate, CsH5SCSN:.-This substance was obtained by inter- 
action of allyl bromide and sodium azido-dithiocarbonate in acetone. Because of the 
Instability and the difficulty of purification of the resulting product, no attempt was made 
to study it carefully. It apparently undergoes fairly rapid decomposition, since the 
characteristic odor of allyl isothiocyanate was very marked in all of the samples that were 
prepared. 

Benzoyl Azido-dithiocarbonate, C6H6COSCSN3.-This acyl derivative was pre- 
pared by the interaction of benzoyl chloride and sodium azido-dithiocarbonate, either 
in aqueous solution or in acetone. The latter medium is preferable, since the reaction is 
practically instantaneous in this solvent. The product was purified by recrystallization 
from chloroform. 

Anal. (a) Subs., 0.1845, 0.2115: BaSO4, 0.3810, 0.4348. Calcd. for C~HKON~SZ:  
S, 28.72. Found: S, 28.36, 28.24. (b) Subs., 0.2997, 0.2212: NZ (corr.), 30.11, 22.33 
cc. Calcd. for C7HBOSCSN2: N2, 1 mole. Found: Nz, 1.002,1.006. 

Benzoyl azido-dithiocarbonate is hydrolyzed by hot aqueous potassium hydroxide 
solution with the formation of potassium benzoate and potassium azido-dithiocarbonate. 
The formation of benzoyl isothiocyanate by the thermal decomposition of the benzoyl 
derivative is shown by the fact that the purified decomposition residue combines with 
alcohol to form ethyl benzoylthiocarbamate, CeH5CO-NH-CS-OCZH~, and with 
aniline to form or-phenyl-P-benzoylthiourea, CsH6CO-NH-CS-NHCsH6.8 Ap- 
parently the strongly negative character of the benzoyl group causes the normal thio- 
cyanate first formed to undergo immediately an intramolecular rearrangement to the 
isothiocyanate. 

Benzoyl azido-dithiocarbonate crystallizes in the form of this, oblique-ended plates, 
belonging to the monoclinic system; acute angles, 63 "; obtuse angles, rarely truncated. 
When precipitated directly under the microscope, crystals are obtained in which the 
axial plane is inclined 21 " to the longer edges of the plates, in the direction of the diagonal 
connecting their obtuse angles. Recrystallization from xylene alters the habitus so 
that the other two edges of the plates are longer, resulting in an apparent extinction 
angle of 6" instead of 21 ". Seen edgewise the plates exhibit parallel extinction. They 
are optically negative, with 2V about 7580". The refractive index for vibrations in the 

8 Miquel, Ann. chim. phys., [5] 11,321,334 (1877). 
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axial plane is about 1.50; for vibrations transverse to this the refractive index is esti- 
mated to be about 1.75. 

p-Bromobenzoyl Azido-dithiocarbonate, BrCeH4COSCSN3.-This compound was 
precipitated, together with sodium chloride, by the interaction of p-bromobenzoyl 
chlorideg and sodium azido-dithiocarbonate in acetone. The product was purified by 
recrystallization from chloroform. 

p-Bromobenzoyl azido-dithiocarbonate crystallizes from chloroform or xylene in 
tiny rhomb-shaped plates or oblique-ended prisms. These exhibit oblique extinction. 
dispersed, a t  an angle of about 7-8"; some views show parallel extinction. It probably 
crystallizes in the monoclinic system. 

Anal. (a) Subs., 0.2280, 0.1870: BaSO4, 0.3503, 0.2857. Calcd. for CsH40Ns- 
BrS2: S, 21.22. Found: S, 21.10, 20.98. (b) Subs., 0.2580, 0.3497: Na (corr.), 
19.44, 25.95 cc. Calcd. for C7H40Br--SCSNs: N2, 1 mole. Found: N,, 1.016, 1.001. 

The reactions of the p-bromobenzoyl derivative are strictly analogous to those of the 
benzoyl compound. Boiling with aqueous potassium hydroxide solution hydrolyzes 
the substance to form potassium p-bromobenzoate and potassium azido-dithiocarbonate; 
thermal decomposition yields nitrogen, sulfur and p-bromobenzoyl isothiocyanate, 
which was identified by its melting point and by the preparation of its condensation 
product with alcohol and with aniline. Since p-bromobenzoyl isothiocyanate had not 
previously been prepared and described in the literature, it was necessary, for purposes 
of identification, to synthesize not only the isothiocyanate but also its condensation 
product with alcohol and with aniline. These are briefly described below. 

p-Bromobenzoyl Isothiocyanate, BrCsH4CONCS.-This substance was readily 
obtained by the interaction of p-bromobenzoyl chloride and sodium thiocyanate in 
acetone. Recrystallization of the crude product from chloroform gave a colorless 
crystalline solid, m. p. 55'. 

Anal. Subs., 0.2395, 0.2453: BaS04, 0.2242, 0.2323. Calcd. for CsHdONBrS: 
S, 13.2. Found: S,12.9,13.0. 

Ethyl p-Bromobenzoylthiocarbamate, BrC6H4CO-NH-CS-OGH6.-This derivative 
was by direct combination of ethyl alcohal with p-bromobenzoyl isothiocyanate. 
It crystallizes from aqueous alcohol in fine, colorless needles, m. p. 99 '. 

Anal. Subs., 0.2097, 0.2119: BaS04, 0.1675, 0.1690. Calcd. for C16I1oO2NBrS: 
S, 11.1. Found: S,11.0,11.0. 

a-Phenyl-8-(p-bromobenzoy1)-thiourea, BrC6H4CO-NH-CS-NHC6H6.-This com- 
pound was produced by direct combination of aniline and p-bromobenzoyl isothiocyan- 
ate. Recrystallization from aqueous alcohol yielded a colorless crystalline solid, m. p. 
151 ". It is very soluble in chloroform, toluene and aniline; it crystallizes from the 
latter in the form of fine, elongated prisms. 

Anal. Subs., 0.2648, 0.1810: BaSO4, 0.1827, 0.1245. Calcd. for C14HllON2BrS: 
S,9.6. Found: S,9.5,9.5. 

Summary 
The methyl, benzyl, benzohydryl, triphenylmethyl, benzoyl and 

p-bromobenzoyl azido-dithiocarbonates have been prepared and described. 
9 p-Bromobenzoyl chloride may be prepared in good yield by the long continued 

action of an excess of thionyl cbloride upon p-bromobenzoic acid, although the reaction 
is unusually slow. When 25 g. of thionyl chloride (0.21 mole) and 16 g. of the acid 
(0.08 mole) were refluxed for 120 hours, the yield of purified p-bromobenzoyl chloride, 
after one crystallization from petroleum ether, was 15 g. (85% of the calculated amount). 
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These compounds, the first organic derivatives of azido-dithiocarbonic 
acid to be isolated, were formed by interaction of the alkyl or acyl halide 
and sodium azido-dithiocarbonate in acetone. They are white, crystalline 
compounds, stable a t  0°, but decomposing more or less rapidly a t  higher 
temperatures into thiocyanates or isothiocyanates, sulfur and nitrogen. 
The crystallographic properties, melting points and solubilities of the 
compounds have been determined. Unlike certain of the inorganic 
azido-dithiocarbonates, the organic compounds show no photosensitivity, 
presumably because of the molecular character of their lattices. 

The preparation of p-bromobenzoyl isothiocyanate and its condensation 
products with alcohol and aniline is described. 

ITHACA, NEW YORK 

NOTES 

The Rate of Rearrangement of Pinene to Dipentene.-The rate of 
disappearance of the optical activity of d-pinene upon heating has been 
measured by Smith.l His experimental results were treated by supposing 
that the reaction which occurred was a simple racemization, a view for 
which he presented some evidence. Recently it has been shown rather 
convincingly by Conant and Carlson2 that the reaction Smith measured 
was the isomerization to dipentene. This substance is optically inactive 
and if the reaction went to completion the final rotation would be zero, just 
as in the supposed formation of the racemic mixture. The rate of the re- 
action, as calculated from the observed rotations, will not be the same in 
the two cases, and i t  is the purpose of this communication to point out how 
Smith's constants must be modified, if the reaction is actually an isomeri- 
zation. 

The equation appropriate to Smith's interpretation of the reaction was 
In cwl/cwz = 2kl(t2 - t l )  (1) 

where a is a measured angle of rotation; but with the revised interpretation 
the rotation measures directly the amount of pinene remaining and we have 

In cul/az = k2(t2 - t , )  (2) 
This equation is of the same form as (I), and since Smith found that  the 
values kl were constant, the values of kz will be constant also; clearly kz = 

2kl. That is, the correct first-order constants for the rearrangement are 
just twice the values reported by Smith. 

It is still reasonable to suppose that this reaction occurs by a homogeneous 
unimolecular mechanism. Although i t  has lost some of its theoretical 
simplicity, since i t  can no longer be supposed that the heat of reaction is 
zero, i t  remains the only known example of a presumably unimolecular 

Smith, THIS JOURNAL, 49,43 (1927) 
Conant and Carlson, ibid., 51,3464 (1929). 
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rearrangement, since all the other first-order gas reactions are decomposi- 
tions. 

A Capillary Gas Valve.-Having had occasion to withdraw many small 
samples of extremely pure chlorine from a large storage bulb without 
contaminating the main supply, the scheme in Fig. 1 was adopted. The 
outer tube D is of thin-walled 12-mm. tubing, 30-cm. long; the capillary 
F$ is less than 1-mm. bore, with thin walls. When a sample is to be col- 
lected in the reaction vessel which, together with tube D, has been evacu- 
ated, liquid air is applied at  G. From this point on, H serves as a chlorine 

F block, cotton wrapping around 
H being continually soaked with 
liquid air throughout all subse- 
quent operations. The Dewar 
flask is then removed, and the 
chlorine in capillary G begins to 
melt. Current sent through an 
electromagnet held a t  point A, 
Fig. 1, causes the iron-cored 
glass capsule C to jump up and 

F16.1 G break the capillary a t  point A, 
and chlorine in G begins to distil 
over into the reaction vessel. 
C is then pulled out of the way, 

A A 

1 as in Fig. 2. When sufficient 
e o c  6 o c chlorine has been collected, F is 

FIe.2 Fie. 3 shut, and a small flame applied 
momentarily at  B. Since the 

pressure in D is less than one atmosphere, the thin tube immediately col- 
lapses as represented by the dotted curve in Fig. 2. The flame is now di- 
rected a t  A, and the capillary quickly sealed off as shown in Fig. 3. The 
blob of glass may be pulled off subsequently to give the appearance of Fig. 1 
again. The capillary always breaks a t  point A-B where the strain of being 
sealed to D lies. Any gases given off from the momentary heating a t  B 
can be pumped out of D before opening I? to the reaction vessel again; 
and none of these gases can pass into the storage bulb against the stream 
of chlorine which continually evaporates from G and flows into D through 

National Research Pellow in Chemistry. 
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capillary E. The latter is sufficiently long to permit the withdrawal of 
about thirty samples, after which a new tube can be sealed on a t  I ,  and 
thirty more samples withdrawn. Stopcock F, treated with a special 
chlorine-resisting l ~ b r i c a n t , ~  can be dispensed with, if necessary, by a 
slight modification of the scheme in Fig. 1, such as by sealing off the re- 
action vessel each time a t  a constriction a t  J. 

This scheme is, of course, applicable to gases other than chlorine to  re- 
place other more complicated and less satisfactory devices. It has the 
advantage of repeated use without replacement. In  other cases the 
liquid air trap may or may not have application, according to  circum- 
stances, and may be omitted a t  will. 

CONTRIBUTION FROM THE HUBERT N. ALYEA~ 
SCHOOL OF CHEMISTRY OEL THE 
UNIVERSITY OF MINNESOTA 

MINNEAPOLIS, MINNESOTA 
RECEIVED JANUARY 28, 1930 
PUBLISHED MAY 8, 1930 

A New Line in the Absorption Spectrum of Samarium.-During the 
course of work on the concentration of illinium i t  was noticed that  an ex- 
tremely faint line appeared a t  5960 A. in the absorption spectrum of sup- 
posedly pure samarium. No line a t  5960 A. has been reported for this ele- 
ment. As the material had been prepared by fractional crystallization of 
the double magnesium nitrates, the line could be attributed only to  neo- 
dymium, europium, illinium or to samarium itself. 

5300 A. 5580 A. 5600 A. 5960 A. 
Fig. 1.-Microphotometric curve of part of the absorp- 

tion spectrum of samarium nitrate, showing a new line a t  
5960 A. 

About two kilograms of rare earth oxide showing the line was, therefore, 
fractionally crystallized five hundred times as the double magnesium ni- 
trate, and then one hundred times as the simple nitrate. During all this 

13. N. Stephens, THIS JOURNAL, 52, 635 (1930). 
National Research Fellow. 



1938 NOTES VO~. 52 

time the line a t  5960 A. remained a t  the same relative intensity to the 
other lines of samarium throughout the series. The only impurity elimi- 
nated was a faint trace of neodymium, the absorption bands of which ap- 
peared quite distinct from the line in question. It was, therefore, concluded 
that  the line a t  5960 A. belonged to samarium and had escaped observation 
before owing to its extreme faintness. 

The figure shows a microphotometric curve taken from part of the ab- 
sorption spectrum of samarium nitrate photographed on a Hilger El 
quartz spectrograph as described elsewhere.' The solution, which was 
6.0 N in samarium nitrate, was in a 15-cm. absorption cell. The tempera- 
ture was 80°, as the line is more intense when the solution is hot. Some 
idea of the relative intensities of the new line and the one a t  5600 A. may 
be gained from the figure. 

CONTRIBUTION FROM THE PIERCE W. SELWOOD 
CHEMICAL LABORATORY OF THE 
UNIVERSITY OF ILLINOIS 

URBANA, ILLINOIS 
RECEIVED JANUARY 30. 1930 
PUBI,ISHED MAY 8, 1930 

The Standardization of Weights.-The accuracy of the Richards 
method1 for the standardization of weights by substitution can be doubled 
by using the method of weighing by transposition. This latter method 
makes the use of a set of tare weights unnecessary, and involves no more 
time or difficulty than the Richards method. I n  fact, this is one operation 
t o  which the little-used transposition weighing seems peculiarly suited. 

If the weights Wl and Wz are to be compared, Wl is placed on the left 
pan and Wz on the right and the zero point noted. The weights are then 
reversed and the difference, d, necessary to bring the pointer to the same 
zero point is noted. It can be shown readily that Wz - Wl = d(l2) + 
(Il + 12) where l1 and 12 are, respectively, the lengths of the beam to the left 
and to the right of the central knife edge. Since d is very small, any error 
introduced by assuming that 11 = 12 is entirely negligible, so WZ - Wl = 

d/2, where d may, of course, be either a positive or negative quantity. 
The method of calculating the corrections remains the same. 

Variations in the relative lengths of the balance arms are not likely to 
occur during any one comparison, and variations between comparisons 
could not affect the value of Wz - Wl appreciably. 

CONTRIBUTION FROM THE PHILIP I?. WEATHERILL 
DEPARTMENT OF CHEMISTRY 
UNIVERSITY OF MICHIGAN 

ANN ARBOR, MICHIGAN 
R e a ~ w ~  FEBRUARY 7, 1930 
PUBLI~ABD MAY 8, 1830 

1 Quill and Selwood with Hopkins, THIS JOURNAL, 50,2929 (1928). 
1 T. W. Richards, ibid., 22,144 (1900). 
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[CONTRIBUTION PROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF TENNESSEE] 

A STUDY OF MOLECULAR ORGANIC COMPOUNDS. 11. THE 
MOLECULAR ORGANIC COMPOUNDS OF 2,4-DINITRO- 

ANILINE, 2,4-DINITROCHLOROBENZENE AND 
2,4-DINITROBROMOBENZENE1 

This paper is a continuation of the study2 of the molecular organic 
compounds of m-dinitrobenzene and some monosubstituted m-dinitro- 
benzenes. In the present investigation the effect upon molecular com- 
pound formation of introducing amino, chloro and bromo groups into 
m-dinitrobenzene has been determined. Quite a few compounds were 
isolated, some of their properties were determined, and the substitution 
compounds, into which some were easily converted, were identified. 

Experimental Part 
The molecular compounds were prepared for the most part as described 

previously. In a few cases it was not possible to purify by recrystallization 
due to decomposition. In two cases--the naphthols with 2,4-dinitrobromo- 
benzene-carbon tetrachloride was found to be the best solvent for puri- 
fication by crystallization. Substitution compounds were frequently ob- 
tained with the dinitrohalogenobenzenes. These were easily recognized 
by their color, solubility and melting points. 

Second M. P., 
component "C. (corr.) Color 

From literature 
Mol. %. p., Mol. Method 
ratio C. ratio of prepn. 

a-Naphthylamine 72.0 Blood-red 1:l 69" 1 : l  Soln. 
71.5 1 1  F. p. 

@-Naphthylamine 65.3 Garnet-red 1:l 65" 1 :I Soln. 
Benzidine 68.8  Black 1 :Ic ...... . . . . .  
Pyridine 189. (id White 1:l 170-210" 1:1"12293 ~ o l n .  
Naphthalene 76.8 White 1:l 78' 1 : l  Soln. 
Fluorene 3gg Straw yellow 1:l  . . . . . .  . . .  . . .  
Diphenyl 31g White 1 :I . . . . . .  . . .  . . .  
a-Naphthol 104.9 Deep yellow 1 :1 . . . . .  . . .  . . 
@-Naphthol 91.2 Deep yellow 1 :1 . . . . . .  . . .  . . .  

" Buguet, Compt. rend., 151,312 (1910). 
Giua, Marcellino and Curti, Gazz. chim. ital., 50,II, 300 (1920). 

" It was not possible to obtain this compound in a quantity sufficient for an analysis. 
A few black crystals separated out with the bright red substitution compound, 2,4- 
dinitrophenylbenzidine. Since the latter is likely formed through the molecular com- 

This paper is an abstract of the Master's Theses presented by Alan Hisey and 
Jesse H. Wood a t  the University of Tennessee. 

Quehler and Heap, THIS JOURNAL, 48,3168 (1926). 
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pound as an intermediate, it has been assumed that the former has a molecular ratio of 
1 :I. 

The melting point of this compound was not definite, due to decomposition. 
' (1) The melting point of this compound was reported variously in the literature. 

Reitzenstein, J. prakt. Chem., 68, 11, 251 (1903), gave it as 201'; Gail in a Marburger 
Institute dissertation gave it as 210' according to Reitzenstein. (2) Zincke, Ann., 333, 
296 (1904), stated that the compound decomposed into its constituents a t  200'. (3) 
Desvergnes, Mon. sci., 15,73 (1925), reported a melting point of 170". 

Willgerodt, Ber., 11, 601 (1878). 
This melting point was an approximation. I t  could not be determined accurately 

by the ordinary method since the value is so near room temperature. 

Second M. p., 
component OC. (corr.) Color 

From literature 
Mol. M. p., Mo!. Method 
ratio OC. ratlo of prepn. 

. . .  . . .  or-Naphthylamine 64.5 Blood-red 1 :1 . . . . . .  

. . .  . . .  @-Naphthylamine 61.7 Blood-red 1:l . . . . . .  
Pyridine 214" Yellow 1:l 225 (dec.)" :1 Soln 

. . .  . . .  Naphthalene 72.0 Straw yellow 1 :1 . . . . .  

. . .  . . .  or-Naphthol 97.9 Deep yellow 1 :1 . . . . . .  
. . . . . .  . . .  . . .  @-Naphthol 83.0 Orange yellow 1 :1 

" The melting point of this compound was not definite, due to decomposition. 
Zincke, Ann., 333,296 (1904). 

TABLE I11 

ANALYSES OF NEW MOLECULAR COMPOUNDS 

( )-2.4-Dinitrochlorobenzene Formula Calcd.. % Pound, % 
Fluorene- C ~ ~ H ~ O . C ~ H ~ ( N O ~ ) Z C ~  C1 9.63 9.55 9.43 
Diphenyl- C~H,C,H,-C~H~(NOZ)ZC~ C1 9.95 9.64 9.53 
or-Naphthol- CloH70H.C6H3(NOz)zCl C1 10.23 10.30 10.32 
&Naphthol- CloH70H.C6Hs(N02)2C1 C1 10.23 10.30 10.35 

( )-2,4-Dinitrobromobenzene 

a-Naphthylamine- CloH7NHz.CaH3(NOz)zBr Br 20.48 20.26 20.39 
p-Naphthylamine- C 1 0 ~ 7 ~ ~ 2 ~ o ~ ~ ( ~ 0 2 ) 2 ~ r  Br 20.48 20.21 20.16 
Naphthalene- CloHs.CaHs(NOz)zBr Br 21.31 21.26 21.40 
or-Naphthol- C10H70H.C6H3(N02)2Br Br 20.44 20.59 20.67 
@-Naphthol- CloH70H~CsH3(NOz)aBr Br 20.44 20.56 20.41 

The analyses for halogens were carried out by Pringsheim's m e t h ~ d . ~  
The amount of silver halide was determined in some cases gravimetrically 
and in others volumetrically. The melting points were taken by Mulliken's4 
capillary tube method with a thermometer calibrated by the Bureau of 
Standards. 

No molecular compounds of 2,4-dinitro-aniline were isolated. 
3 Scott, "Standard Methods of Chemical Analysis," D. Van Nostrand Co , New 

York, 1927, 4th ed., Vol. I, p. 147. 
4 Mulliken, "The Identification of Pure Organic Compounds," John Wiley and 

Sons, Inc., New York, 1904, Vol. I, p. 218. 
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Substitution Compounds of 2,4-Dinitrochloro- and 2,4-Dinitro- 
bromobenzenes.-Second components containing amino groups did not 
readily form molecular compounds with the 2,4-dinitrohalogenobenzenes. 
Instead, substitution compounds were usually formed with the elimination 
of the hydrogen halide according to the scheme 

Aniline,= meth~laniline,~ dieth~lamine,~ P - t o l ~ i d i n e , ~ ~ ~  o- t~ lu id ine ,~  9- 
aminophen01,~ o-,lo m-6 and p-phenylenediaminesll reacted in this man- 
ner. Dimethylaniline reacted with the elimination of the methyl halide 
to form a substitution compound identical with that formed with methyl- 
aniline.12 B e n ~ i d i n e ~ ' ~  gave a few crystals of the molecular compound with 
the chloro compound, but substituted completely with the bromo com- 
pound. The a- and 6-naphthylamines13 formed fairly pure molecular 
compounds but these were readily converted into the corresponding sub- 
stitution compounds by simply refluxing them for several hours in alco- 
holic solution. Of the two, the a-molecular compound was the more re- 
sistant to decomposition. 

Discussion 

Molecular Compounds are Intermediates in the Formation of Sub- 
stitution Compounds.-The idea that reactions between organic com- 
pounds are due to  an attraction between molecules resulting in an  initial 
combination is not new.14 Cases similar to those mentioned in this in- 
vestigation are those of the addition compounds of picryl chloride with 
the a- and 0-naphthylamines,15 which readily lost hydrochloric acid t o  

Reitzenstein, Table I, Ref. el. 
6 Leyman, Ber., 15, 1233 (1882). 

Romburgh, Rec. trav. chim., 2,40 (1883). 
Willgerodt, Ber., 9, 977 (1876). 
Nietzki, ibid., 28, 2973 (1895). 

lo Borsche and RantscheE, Ann., 379, 169 (1911). 
l1 Nietzki and Emst, Ber., 23, 1852 (1890), gave the melting point of 2,4-dinitro- 

phenyl-p-phenylenediamine as 177'; Morgan and Micklethwait, J. Chem. Soc., 93, 
610 (1908), stated that the compound melted at  190". Our result (177.8') obtained 
repeatedly agreed more closely with the former. In addition the monoacetyl derivative, 
melting a t  23X0, checked the former's value. 

l2 Leyman, Ref. 6, made this observation previously in the case of 2,4-dinitrochloro- 
benzene. 

l3  Heim, Ber., 21, 589, 2302 (1888). 
1 4  KekulC, "Organische Chemie," Ferdinand Enke, Stuttgart, 1867, Vol. 11, p. 

730; Guye, J,  chim. phys., 8, 119, 189 (1910); Schmidlin and Lang, Ber., 43, 2808 
(1910); Giua, Marcellino and Curti, Table I, Ref. b. 

' 6  Sudborough and Picton, J. Chem. Soc., 89, 583 (1906). 
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form the corresponding substitution products. Amines were particularly 
susceptible to molecular compound formation, but in most cases in this 
investigation substitution compounds were obtained. The a- and p-naph- 
thylamines and benzidine were the sole amines which formed molecular 
compounds capable of being isolated. Since these were disrupted by 
moderate heat treatment in alcoholic solution, i t  seems reasonable to as- 
sume that  molecular compounds were formed as intermediates in all cases 
of substitution. 

Influence of the Substituent in a Dinitrobenzene on the Formation 
of Molecular Compounds.-Of the six dinitrobenzenes studied16 each 
formed a different number of molecular compounds, a fact which shows 
that  the substituent is an influencing factor. The groups arranged in the 
order of decreasing ability toward molecular compound formation are: 
C1 > Br17 > OH > H > CHB > NH2. This order is the same as the 
electronegative character of these groups.18 

Kendalllg stated, from the results of a series of experiments, that addi- 
tion compounds will be formed between two components if there is suffi- 
cient difference in acidic strength. Increasing the electronegative char- 
acter of any substituent in a benzene ring should increase the acidic 
strength of the compound and, therefore, increase the number of possible 
molecular compounds. The results of this investigation with the amine 
molecular compounds bear out this relation. In  the case of the hydro- 
carbon and phenol molecular compounds the number obtained was so 
small that no conclusions can be drawn in regard to this relation. 

The Structure of Molecular Organic Compounds.-The electronic 
conception of valency as introduced by 'lewis2~ has been very helpful 
in that  i t  does account for the differences between inorganic (polar) and 
organic (non-polar) compounds. Quite recently Sidgwick21 has applied 
i t  to  the Werner complexes, solvation and various other chemical phenom- 
ena. His success in this work has raised the question: Can molecular 
compound formation be explained using the electronic interpretation of 
valency ? 

Bennett and W i l l i ~ ~ ~  have proposed formulas for the compounds formed 
between nitro compounds and amines and hydrocarbons. These investi- 
gators assumed that the union takes place by means of co-valent linkages 

16 Three were reported previously, Buehler and Heap. Ref. 2. 
17 Chlorine and bromine have been placed before the hydroxyl group since it has 

been assumed that the great number of substitution compounds of the former two im- 
plies the previous existence of molecular compounds. 

'8 Crocker, ibid., 44, 1618 (1922). 
lo Kendall, ibid., 36, 1722 (1914). 
20 Lewis, THIS JOURNAL, 38,762 (1916). 
21 Sidgwick, "The Electronic Theory of Valency," Oxford University Press. 
22 Bennett and Willis, J. Chem. Soc., 256 (1929). 
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and that the nitro group is the point of attachmentz3 in the nitro com- 
pound. Their representation of an amine nitro compound would be as in- 
dicated. Here the amine is the donor and the nitro compound . . 
the acceptor. : 0 : 

There is considerable evidence supporting this coordinate co- A ~ : N : o :  ~ : l ; j : H  . . 
valent type of union in molecular compounds. In the first 
place mention may be made of the low melting points2* of these 
compounds-all of them melted lower than the higher-melting component 
with the exception of the a-naphthol molecular compound. Again, the 
fact that the great majority of these consist of two molecules in a one-to-one 
ratio can best be explained upon the basis of a union of a co-valent type 
between atoms. The color which some of these show may also be inter- 
preted in terms of this type of c~mbinat ion.~~ 

Assuming a coordinate co-valent type of union, how can the molecular 
compounds formed in this investigation be best represented? I n  the case 
of the amine molecular compounds, the amine is undoubtedly the donor 
compound. It reacts with acids to  form compounds of the type shown 

(A).25 In  this investigation the dinitrobenzenes were the 
acids and as such they may be considered as reacting to form 

H : ii' : H ortho or para quinoid inner salts corresponding t o  the salts [ ; I  which trinitrobenzene forms with potassium methylate.26 
(A) The highly colored compounds resulting from their union 

with amines may then be represented as shown in diagram (B),z7 where 
X = C1, Br, OH,28 H or CH3. In  cases where X = C1 or Br, this complex 
was not stable with the more basic amines due to the fact 
that the halogen was eliminated with one of the hydrogens of H : : H 
the amino group, with the result that the arylimido group x .. . o -  occupied the position (1) alone. With pyridine (when X = C1) fl:.fi : 

r this complex seemed to have only a temporary existence.2g . . 
Here, there were no hydrogen atoms attached to the nitrogen \// 
atom of the pyridine ring. For that reason the halogen was 
not eliminated as the halogen hydride but i t  ionized, resulting (B) 

in the formation by rearrangement of the complex salt (C). This repre- 
23 Brewin and Turner, J. Chem. Soc., 334 (1928). 
24 Sidgwick, "The Electronic Theory of Valency," p. 105. 
25 Lewis, "Valency and the Structure of Atoms and Molecules," p. 87. 
Z6 Meisenheimer, Ann., 323,205 (1902). 
27 Sudborough and Beard, J. Chem. Soc., 97,773 (1910). 
" The lack of color in some of the amine-2,4-dinitrophenol compounds seems to 

indicate that the attachment occurs between the lone pair of the amine and the hydrogen 
atom of the phenolic group. Additional support to this structure is furnished by the 
numerous amine-phenol compounds that are known. 

The compound, at  first violet, showed signs of melting below 100"; the red drop- 
lets which appeared soon disappeared and the compound turned white and melted as 
reported above. 
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sentation explains very well the properties of the pyridine compounds with 
2,4-dinitrochloro- and 2,4-dinitrobromobenzenes. 

[CIH5N :N&N:] They are white or almost so, are soluble in water, 
have a high melting point and in aqueous solution 

(C) they precipitate their halide atoms quantitatively 
with silver nitrate. In other words they are salts and therefore polar 
compounds. 

The authors are greatly indebted to the Department of Chemistry, The 
Ohio State University, for the use of their library facilities. 

Summary 
1. New molecular organic compounds of 2,4-dinitrochlorobenzene and 

2,4-dinitrobromobenzene have been isolated; no similar compounds with 
2,4-diaitro-aniline could be isolated. 

2. It has been shown in some cases that substitution products resulted 
through the intermediate formation of molecular compounds. 

3. The influence of the substituent in the dinitrobenzenes upon molecu- 
lar compo~~nd formation is discnssed. 

4. An electronic formula is proposed for the amine molecular com- 
pounds. 

KNOXVILLE, TENNESSEE 

[THE RESULTS PRESENTED IN THIS PAPER WERE OBTAINED PRIVATELY IN THE ORGANIC 

LABORATORY, BUREAU OF SCIENCE, MANILA, PHILIPPINE ISLANDS] 

PHENOLIC DECOMPOSITION' OF CERTAIN MIXED ETHERS. 
THE VELOCITY CONSTANT 

BY D. M. BIROSEL~ 
RECEIVED N O V ~  MBER 19, 1929 PUBLISHED MAY 8, 1930 

Introduction 
It is well known that mixed ethers, e .  g., pnitrophenyl methyl ether 

will give the corresponding phenol as one of the products of reaction ac- 
cording to the scheme 

O Z N ~ C H I I  + HBr + O Z N ~ H  + CH3Br 

when they are acted upon by hydrogen bromide. Graebe and Martz2 

and also Raiford and Colbert3 digested certain mixed ethers with 48% 
hydrobromic acid alone on the steam-bath for two hours and obtained 
varying degrees of decomposition depending upon the kind and number of 
substituents actually present in the phenyl residue. Stoermer4 carried out 

Formerly Research Chemist of the Laboratory Products Company, Cleveland, 
Ohio. 

Graebe and Martz, Ann., 340,220 (1905). 
Raiford and Colbert, THIS JOURNAL, 48, 1776 (1926). 
Stoermer, Ber., 41, 321 (1908). 
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the decomposition with acetic acid as reaction medium and reported varying 
extents of decomposition depending upon whether the snbstituent occupied 
the ortho or para position in the benzene nucleus. The kinetics of this 
reaction does not seem to have been investigated and it seemed interest- 
ing to study the factors influencing the phenolic decomposition of mixed 
ethers. 

Experimental Part 
A. Preparation of Materials 

2,4-Dibromophenyl Methyl Ether.-Twenty grams of unsubstituted anisole dis- 
solved in 20 cc. of chloroform was treated according to the procedure of Raiford and 
Bir~sel ,~  with 59.14 g. of bromine dissolved in 20 cc. of the same solvent. The mixture 
was allowed to stand at  room temperature for four days, after which it was freed from 
the unused bromine by washing with a dilute solution of sodium hydroxide, then with 
distilled water, and dehydrated with anhydrous sodium sulfate. The solvent was evapo- 
rated and the residue consisted of solid and liquid derivatives. The solid was separated 
and crystallized from alcohol, giving shiny scale crystals melting sharply a t  63 O.= 

p-Bromophenyl Methyl Ether.-The liquid obtained above was found to distil 
mostly at  223 ". I t  was redistilled and the portion going over a t  223 O 7  was reserved. 

o-Bromophenyl Methyl Ether.-Ten grams of unsubstituted anisole was treated 
as above with the required amount of bromine for a monomolecular proportion. A 
liquid was obtained which distilled a t  210-213 O. I t  was redistilled and the fraction going 
over a t  210'8 was reserved for use. 

2,4,6-Tribromophenyl Methyl Ether.-This compound was prepared as above by 
treating 10 g. of 2,4-dibromophenyl methyl ether with the required amount of bromine 
for a monomolecular proportion. After four days the solvent and unused bromine were 
removed. Two distinct crystal forms were obtained when the residue was crystallized 
from alcohol. The needle crystal material was separated from the shiny scale crystals 
of dibromo-anisole and recrystallized from alcohol, giving a product which melted 
sharply at  87°.9 

Raiford and Birosel, THIS JOURNAL, 51, 1652 (1929). 
Cahours, Ann., 52,331 (1884), obtained a liquid monobromo derivative of which 

he did not mention any characteristic and 2,4-dibromo-anisole, which gave shiny scale 
crystals, m. p. 5 4 O .  from alcohol, when he brominated anisole. Korner, ibid., 137, 
206 (1866), prepared 2,4-dibromophenyl methyl ether from 2,4-dibromophenol, sodium 
methoxide and methyl iodide and obtained shiny scale crystals, m. p. 5g0. Kohn and 
Pfeifer, Monatsh., 48, 211 (1927), prepared 2,4-dibromophenyl methyl ether from 2,4- 
dibromophenol obtained by the reduction of sym.-tribromophenol, with potassium hy- 
droxide and dimethyl sulfate. Crystallizing from alcohol they obtained shiny scale 
crystals which they reported as melting from 62 to 64'. 

' Henry, Ber., 2,711 (1869), prepared p-homo-anisole by treating anisole with one 
molecular proportion of phosphorus pentabromide. He obtained a liquid whch distilled 
at  220" (uncorrected). Autenrieti and Mullinghaus, Ber., 39, 4098 (1906), prepared 
this compound in the same way as Henry and obtained a liquid boiling between 213 and 
216 O. 

* Michaelis and Geisler, ibid., 27, 256 (1894), prepared o-bromo-anisole according 
to the directions of Mulhauser, Ann., 207,239 (1881), from a-anisidine, CHaOCoHiNH2. 
They obtained a liquid boiling at  210 O. 

Kohn and Fink, Monatsh., 44, 18 (1923), prepared sym.-tribromo-anisole from 
2,4,6-tribromophenol(1 mole), potassium hydroxide (10% solution) and dimethyl sulfate 
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B. Procedure of Decomposition 

The velocity and extent of the phenolic decomposition of mixed ethers 
were determined a t  the temperature of the steam-bath. A weighed 
amount of the ether was digested with 30 cc. of constant boiling hydro- 
bromic acid in glacial acetic acid solution made by adding 150 cc. of 48% 
hydrobromic acid to 300 cc. of acetic acid, for the desired period of time. 
The mixture was cooled and sodium hydroxide solution (1:4) was gradually 
added until the solution became slightly alkaline. The undecomposed 
ether was recovered by three ether extractions, washing each extraction 
with distilled water and adding the washings to the alkaline solution. 
Dilute sulfuric acid was added to the alkaline solution until slightly acidic 
and the phenol was extracted three times with ether. The solvent was 
evaporated, the residue heated on the steam-bath until the odor of acetic 
acid was no longer noticeable and then dehydrated in a desiccator. 

The results obtained from experiments are given in the tables. 

EXTENT OF DECOMPOSITION OF CERTAIN MIXED ETHERS 
HBr AcH Acid Phenol 

Time, Ether used, used, soln. obtained, 
Compound hours used, g. cc. cc. used, cc. g. 

o-Bromo-anisole 2 1.6835 10'  20 30 0.4135 
4 1.0840 10 15 25 .8755 

p-Bromo-anisole 2 2.1500 15 25 40 1.5437 
2,4-Dibromo-anisole 2 1.0000 10 10 20 0.2035 

2 1.0000 10 20 30 .I710 
2,4,6-Tribromo-anisole 2 0.5000 10 20 30 .I885 

Decom- 
position, 

% 

" Stoermer, Ref. 4, obtained 67.8y0 decomposition of o-bromo-anisole for four hours 
of digestion and 75% decomposition of p-bromo-anisole for two hours of digestion. He 
did not give data from which his figures can be recalculated. 

TABLE I1 
THE RATE OF' DECOMPOSITION O F  ~,~-DIBRODZOPHENYL METHYL ETHER IN GLACIAL 

ACETIC ACID AS MENSTRUM 
Ether Acid Dibromo- Calcd. Decom- 

Time, used, soin. phenol decomposed position, 
Expt. minutes g.  used, cc. obtained, g.  ether, g.  % k 

1 60 1 30 0.0965 0.1025 10.19 0.00180 
2 90 1 30 ,1375 .I458 14.79 .00178 
3 120 1 30 . $705 .I807 17.19 .00166 
4 150 1 30 .2508 .2658 18.05 .00206 
5 240 1 30 .3270 .3466 34.51 .00177 
6 360 1 30 .4460 -4728 46.55 .00178 
7 480 1 30 .5080 .5385 55.04 .00161 
8 600 1 30 .5650 .5989 59.64 .00152 

(11/4. mole). Crystallizing from alcohol, they obtained needle crystals melting a t  87O. 
Reinecke, 2. Chem., 366 (1866), reported that by using three molecular proportions of 
bromine on anisic acid (p-carboxyanisole), 2,4,6-tribromophenyl methyl ether melting 
a t  87 was obtained. 
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THE RATE OF DECOMPOSITION OF 2,4-DIBROMOPHENYL METHYL ETHER AS INPLUENCED 
BY VARYING THE AMOUNT OF HALOGEN ACID IN GLACIAL ACETIC ACID AS MENSTRUM 

Ether HBr AcH Acid Dibromo- Calcd. Decompo- 
Time, used, used, used, soln. phenola decomposed sition, 

Expt. minutes g. cc. cc. used cc. obtained, g. ether, g. 7% k 
1 60 1 10 10 20 0.2035 0.2157 21.48 0.00202 
2 60 1 10 20 30 ,1705 .I807 17.19 .00166 
3 60 1 10 30 40 .I130 .I198 12.04 .00106 
4 60 1 10 40 50 ,0880 ,0933 0.27 .00082 
5 60 1 20 10 30 ,2179 ,2310 23.00 .00219 
6 60 1 30 10 40 .2250 ,2385 23.75 .00227 
7 60 1 40 10 50 ,2300 2438 24.28 .00233 

" A nitro derivative, 2,4-dibromo-6-nitrophenol was prepared according t o  the di- 
rections of Kohn and Pfeifer, Ref. 6; crystallization from alcohol gave small yellow plate 
crystals melting a t  118'. 

Ether Acid Dibromo- Calcd. Decomposi- 
Time, used, soln. phenol decomposed tion, 

Expt. minutes g. used, cc. obtained, g. ether, g. % k 

Tribromo- Calcd. 
Time, Ether Acid soln. phenola decomposed Decomposi- 

Expt. minutes used, g. used. cc. obtained, g. ether, g. tion, % k 

1 60 0.5000 30 0.1085 0.1128 22.68 0,00426 
2 120 .5000 30 .I885 .I960 39.60 .00415 
3 240 .5000 30 .3005 .3125 62.83 .00409 
4 360 .5000 30 .3780 .3931 79.04 .00392 
5 360 .3700 15 .2602 .2720 79.59 .00369 

" Crystallization from alcohol gave fine needle crystals, m. p. 92 "; the melting point 
recorded in the literature for sym.-tribromophenol is 92-95 ". 

C. Discussion 
In 'I'able I are given the detailed results of the extent of decomposition 

of four bromo derivatives of anisole. Comparison of the decomposition 
for an interval of two hours shows that 2,4-dibromophenyl methyl ether 
is the least decomposed, that 2,4,6-tribromophenyl methyl ether appears 
to give higher phenolic decomposition than the dibromo derivative, and 
that o-bromo-anisole is more resistant to phenolic decomposition than the 
p-bromo derivative. 

In Table I1 are shown the results of a typical experiment on the velocity 
of the phenolic decomposition of mixed ethers a t  the temperature of the 
steam-bath. The rate constants, k, are those calrt~lated from the inte- 
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grated form of the differential equation for first-order reactions, using 
logarithms to the base e. I t  will be noted that the constancy of k is quite 
satisfactory. The calculated amount of decomposed ether was obtained 
by multiplying the amount of dibromophenol obtained directly from ex- 
periment by the factor 1.06. 

Table I11 shows the effect of changing the amount of hydrobromic acid 
in glacial acetic acid solution upon the phenolic decomposition of 2,4- 
dibromophenyl methyl ether. The greater the amount of halogen acid 
used, the greater the degree of decomposition and the higher the rate 
constant becomes. This does not mean that decomposition is greater 
when the halogen acid is used alone. Digesting a weighed amount of 
the ether for several hours on the steam-bath with hydrobromic acid alone 
did not give appreciable decomposition, which experience led to the em- 
ployment of glacial acetic acid as menstrum. The solvent, though not 
entering into the reaction, seems to play an important role. In Table IV 
are expressed the results obtained from expe;iments when formic acid 
was used in place of glacial acetic acid. The extent of decomposition 
and the rate constant calculated in the same manner as the velocity con- 
stant in Table I11 are very much lower. 

In  Table V are given the detailed results of the experiments on the de- 
composition of 2,4,6-tribromophenyl methyl ether. The rate constants 
are those calculated from the integrated forms of the differential equa- 
tion for first-order reactions, using logarithms to the base e. It will be 
noted that the constancy of k is quite satisfactory. The calculated amount 
of decomposed ether was obtained by multiplying the amount of tribromo- 
phenol obtained directly from experiments by the factor 1.04. 

Summary 

1. The kinetics of the phenolic decomposition of mixed ethers has 
been studied in the case of 2,4-dibromophenyl methyl ether and with 
2,4,6-tribromophenyl methyl ether. Experiments were made in glacial 
acetic acid and formic acid as menstrums. 

2. The velocity constants of the decomposition of 2,4-dibromophenyl 
methyl ether and 2,4,6-tribromophenyl methyl ether were calculated from 
the experimental results and their constancy is quite satisfactory. The 
phenolic decomposition of mixed ethers appears to be a first-order reaction. 

3. The extent of decomposition is proportional to the amount of halo- 
gen acid used and seems to be influenced by the reaction medium. De- 
composition is greater in glacial acetic acid than in formic acid as menstrum. 

4. The degree of decomposition is also influenced by the number of sub- 
stituents actually present and the position occupied in the phenyl residue. 

The kinetics of the decomposition of other mixed ethers is being studied. 
PASAY, RIZAL, PHILIPPINE ISLANDS 
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Introduction 
This paper describes some of the preliminary work done in studying 

methods for the analysis of the normal butenes, as follows: separation of 
dibromobutanes by fractional distillation a t  50 mm.; separation of butenes 
by fractional distillation a t  atmospheric pressure; the reaction of 1-butene 
with hydrogen bromide. 

Preparation of Dibromobutanes 
Materials.-Eastman's 1-butanol No. 50, b. p. 116-llgO, was slowly distilled 

through a 75 X 3 cm. fractionating column of cut-glass rings. The reflux ratio was ten 
to one. The fraction between 117.2 and 117.4' at  746.6 mm., which constituted about 
85y0 of the whole, was collected. The 2-butano14 was similarly distilled and the frac- 
tion distilling at  98.8-99.0' at  745.3 mm was used. This had a refractive index njO 
1.3976, in satisfactory agreement with 1.397.6 Merck's bromine was shaken with a solu- 
tion of potassium bromide and distilled from concentrated sulfuric acid. 

The aluminum oxide catalyst was prepared by precipitating aluminum hydroxide 
from a 5% solution of aluminum nitrate by the addition of dilute ammonium hydroxide. 
The precipitate was filtered off with suction, the solid was thoroughly agitated with a 
volume of water half that of the original solution and filtered again. The process was 
repeated. The final product was dried at  11&115° and broken into small pieces, the 
maximum dimensions being about 5 mm. This material was placed in the reaction tube 
and heated to 320-360" for four hours while air was drawn through. Some water was 
given off. The catalyst was now ready for use. 

Decomposition of the Alcohols.--The alcohols were decomposed in the apparatus 
shown in Fig. 1. The alcohol, as it dropped from the graduated container into the heated 
tube, was volatilized and passed into a pyrex tube, 2.5 X 80 cm. The first half served 
as a preheater and the second half contained the aluminum oxide catalyst packed for a 
length of 25 cm. As the gas entered the reaction zone from the preheater the tempera- 
ture was 205" for the 1-butanol and 250" for the 2-butanol, while the catalyst was main- 
tained at  330-340" for the first, and 310-320" for the second alcohol. The average rates 

This paper contains results obtained in an investigation listed as Project No. 14 
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 cofiperation 
of the Central Committee of the National Research Council. 

Director, Project 14, American Petr~leum Institute. 
American Petroleum Institute Research Assistant. 

4 We have been aided in this research by the Stanco Distributors, Inc., New York, 
who through the courtesy of Mr. C. I,. Bowman have kindly supplied us with pure 2- 
butanol. 

"International Critical Tables," McGraw-Hill Book Co., Inc., New York, 1926, 
Vol. I. 
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of flow were 35 g. and 25 g. per hour, respectively. The butene was cooled first in the 
condenser, then in the ice trap in order to condense water and unchanged alcohol, and 
then, after bubbling through 23% perchloric acid and drying with calcium chloride, 
passed into the all-glass reaction flask maintained a t  - 15 to -20 and so arranged that 
i t  could be easily shaken. Except at  the beginning and at  the very end of the experi- 
ment butene was always in excess, the bromine being added slowly and at  intervals. 
The possibility of substitution taking place with the production of tribromobutanes and 

U 
Recovered 

Alcohol 

Fig. 1.-Apparatus used in the decomposition of the 
butanols over aluminum oxide. 

monobromobutane was small. The resulting dibromobutane was shaken once each 
with cold water and dilute sodium sulfite solution, then twice with water and dried over 
calcium chloride. The yield was 85% on the alcohol reacted (corrected for that re- 
covered) and 99% on the bromin

e

. 
Fractional Distillation of the Dibromobutanes.-The dibromobutane mixtures were 

fractionally distilled a t  50-mm. pressure in the apparatus shown in Fig. 2. The ma- 
terial was placed in the flask B and when heated by the electric heater A boiled in a satis- 
factory manner without much bumping. (Pieces of scrap platinum or of anhydrous 

Fig. 2.-Apparatus used for fractionally distilling 
dibromobutanes a t  50 mm. pressure. 

calcium chloride were found to be an aid.) The flask was attached by means of a ground- 
glass joint to the fractionating tube, 2 X 95 cm., containing a 70-cm. column of cut-glass 
rings and provided with a reflux condenser a t  the top. In lieu of a vacuum jacket, the 
tube was surrounded for a length of 70 cm. with a 5-cm. layer of mineral wool6 packed in 

6 Supplied by the Mineral Wool Products Co., Torrance, Calif. This material 
has a lower heat conductivity than 85% magnesia, ground cork or pure wool, and gave 
satisfactory hisulation. 



a stove pipe. The cuts were made in the usual manner and the fractions were intro- 
duced into the distilling flask a t  the proper time through the side arm. The pressure 
was maintained at  50 mm. by a regulating device similar to that used by Sch~field,~ 
except that the greater part of the entering air came through a slowly leaking stopcock 
instead of through the mercury regulator. This gave a more uniform pressure. Fifty 
mm. was selected as the working pressure in order to have a satisfactory distilling tem- 
perature and one where decomposition and isomeric change would be negligible, since 
in the distillation a t  atmospheric pressure, hydrogen bromide is often evolved while on 
heating to higher temperatures isomeric change has been noted.8 

Of the dibromides, 400 g. from 1-btttanol and 480 g. from 2-butanol were system- 
atically fractionated by six distillations. A comparison of the properties of the frac- 
tions with those of the pure dibromides, which were distilled in the same apparatus, and 
a consideration of the distribution of material in the various fractions shows that the 
separation was not complete. The densities, d:', of the 80.5-81.0 fraction in the first 
experiment and of the 79.0-80.2' fraction in the second were both 1.7938, whereas that 
of pure l,2-dibromobutane, b. p. 80.5-80.7" at  50.0 mm., is 1.7951. The incompleteness 
of the separation was also proved by the 
analysis of the largest (5th) fraction in the 
second experiment by the method subsequently 
developed,g which instead of pure higher boil- 
ing 2,3-dibromobutane showed 2.0% of 1,2-di- 
bromobutane, 74.7% of higher boiling and 
23.2% of lower boiling 2,3-dibromobutane. 
The separation, however, appears to be as good 
as or better than that obtained by Lepingle after 
ten distillations of a similar product.lO These &JS 
materials were used for preliminary work on R~ngs 

reaction rates. 

Butene from 2-Bromobutane 
Preparation.-Butene was obtained in 85% Joint 

yield from the action of 400 g. of potassium hy- 
droxide in 600 g. of 95% ethanol upon 305 g. 
(2.23 moles) of 2-bromobutane, b. p., 89.8-89.9 ", 
prepared from 2-butanol and 48% hydrobromic 
acid. The butene was generated in a suitable Fig. 3.-Apparatus used for frat- 
flask heated in an oil-bath at  12S0, washed with tionally distilling butenes a t  atmos- 
30% methanol and pure water in two scrubbing pheric pressure. 
towers, passed through one tower of soda lime 
and three towers of anhydrous calcium chloride and collected in tubes immersed in 
ice-hydrochloric acid mixture. The tubes were sealed off. 

Distillation of the Butene Mixture.-The mixed butenes resulting from the de- 
composition were fractionally distilled through a 60-cm. column of cut-glass rings kept 
cold by the circulation of ice-hydrochloric mixture a t  -10 to -15O through an outer 
jacket and provided at  the top with a reflux condenser cooled with brine a t  -14 to  
-18' for the purpose of insuring a rapid run-back of liquid, Fig. 3. This is the same 

Schofield, Ind. Eng. Chem., 18,717 (1926). 
Favorsky, Ann., 354,370 (1907). 

$ Dillon, Young and Lucas, THIS JOURNAL, 52,1953 (1930). 
Lhpingle, Bull. soc. chim.. 39,741 (1926). 
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apparatus as that used in the final distillation of the isomeric 2-butenes." Cuts were 
made a t  intervals of 0.5 and l.OO, the latter where the temperature increased the more 
rapidly, for example between -5.5 and +0.5'. The butene was sealed off in the tubes 
in which it was collected and when needed was transferred to the distilling flask through 
the side arm, usually without material loss. Occasionally a part or all of the butene 
was lost. After four distillations the 1-butene, b. p. -6.7 to -6.5', was fairly well 
separated, and apparently constituted 15 to 20% of the total. However, there was 
very little separation of the isomeric 2-butenes, b. p. 0.3 and 3.0°, respectively, the 
temperature rising gradually from 0 to 2O. The separation of any considerable quantity 
of a pure 2-butene from its stereoisomer by fractional distillation would appear to be 
impractical. Coffin and Maass12 collected a fraction of 2-butene, free from 1-butene, 
over the temperature range of 1.5-1.7' for their physical measurement work. I t  is 
evident that their product was a mixture of the stereoisomeric forms. 

Hydrogen Bromide and 1-Butene 
Materials.-The 1-butene was synthesized from ally1 bromide and methyl mag- 

nesium iodide,'3 the fraction used distilling a t  -6.6 to -6.4O in the apparatus described 
above (yield was 68%). The 1-bromobutane and 2-bromobutane, on which densities 
and refractive indices were taken, were prepared in amounts of 215 g. and 180 g. by the 
action of 48y0 hydrobromic acid upon pure specimens of the respective alcohols. After 
careful washing sad dryi~g, the br~xnides ~ z i  distillation gave fractions of i7C g. zzd 150 
g., respectively, a t  constant temperatures of 101.5 and 89.8". 

Procedure.-22.4 g. (0.40 mole) of 1-butene was distilled into a solution of 41.0 g. 
(0.51 mole) of hydrogen bromide in 50 g. of glacial acetic acid a t  -18 to -20". The 
tube containing the mixture was sealed off and left in the ice box at  6" for three days. 
The tube was opened, the contents poured into ice water, the bromide layer separated 
and washed in succession with dilute sodium bisulfite, water, cold concentrated sulfuric 
acid, water, dilute sodium bicarbonate and water. The yield was 63%. The product, 
after drying over anhydrous potassium carbonate, was distilled, 80% coming over a t  
90.0-90.2' and 95% up to 90.4'. By taking refractive indices on different fractions i t  
was shown that the 3% fraction, 90.4-91.0°, was practically identical with the rest. 
A comparison of the refractive indices and densities of pure 1-bromobutane, pure 2- 
bromobutane and of the reaction product, Table I, shows the latter to be 2-bromo- 
butane containing not more than 3% of 1-bromobutane. The reaction of 1-butene 
with hydrogen bromide is therefore of no use as a means of analyzing a mixture of 1- 
and 2-butene since they both yield the same product. 

Density in vacua Refractive index 
B. P., Pressure d:o 

"C. (corn.) mm. d y  n z  

1-Bromobutane 101.5 744 1.2756 1.2686 1.4403 
2-Bromobutane 89.8 744 1.2607 1.2534 1.4374 
Reaction product 90.0-90.2 . . . 1.2609 . . . . . 1.4374 

The densities were taken in a 10-ml. pycnometer and are corrected to vacuum." 
The refractive indices were taken with an AbbC refractometer, standardized a t  the time. 

l' Young, Dillon and Lucas, THIS JOURNAL, 51,2528 (1929). 
lZ Coffin and Maass, ibid., 50, 1427 (1928). 
IS Lucas and Dillon, ibid., 50, 1460 (1928). 
l4 Reilly, Rae and Wheeler, "Physico-Chemical Methods," D. Van Nostrand Co., 

New York, 1925, p. 322. 
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Summary 
The dehydration of 1-butanol and 2-butanol over aluminum oxide a t  

300-350' gave butenes which were converted to the bromides. By means 
of fractional distillation a t  50 mm. the three component dibromobutanes 
were separated from one another but not in a pure state. The approximate 
compositions of the butene mixtures were 68% 1-butene, 12% 2-butene, 
b. p. 0.3' and 20% 2-butene, b. p. 3.0' from 1-butanol and 26, 26 and 48y0, 
respectively, from 2-butanol. 

The butene mixture obtained from 2-bromobutane was partially sepa- 
rated by fractional distillation. It contained 15-20yo of l-butene, the 
balance consisting of a mixture of the isomeric 2-butenes. 

When hydrogen bromide in glacial acetic acid reacted with 1-butene, 
the product was practically pure 2-bromobutane. 

PASADENA, CALIBORNIA 

THE REACTION RATES OF POTASSIUM IODIDE WITH 1,2- AND 
2,s-DIBROMOBUTANE THE ANALYSIS OF MIXTURES OF 

THE NORMAL BUTENES1 

BY ROBERT T. DILL ON,^ WILLIAM G.  YOUNG^ AND HOWARD J. LUCAS~ 
RECEIVED NOVEXBER 26, 1929 PUBLISHED MAY 8, 1930 

The butenes are the simplest unsaturated hydrocarbons which exist in 
isomeric as well as stereoisomeric forms, viz., 1-butene, cis-2-butene, trans- 
2-butene and isobutene. The variety of isomeric changes which they 
might conceivably undergo in passing from one form to another would in- 
clude: (1) stereoisomeric change, for example, cis- to trans-2-butene, or 
vice versa; (2) shifting of the double bond, 1-butene or 2-butene, or vice 
versa; and (3) shifting of a methyl group, isobutene to 1- or 2-butene, or 
vice versa. A study of the transformations of these comparatively simple 
olefins would presumably be of value in the study of the higher olefins. 

Before undertaking an investigation on the effect of subjecting the iso- 
meric butenes to different treatments, it was first necessary to  develop a 
satisfactory method of analyzing mixtures containing any combination of 
these four hydrocarbons. For this purpose the analysis of mixtures of the 
three normal butenes, viz., 1-butene, cis-2-butene and trans-2-butene 

1 This paper contains results obtained in an investigation listed as Project 14 
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 co- 
operation of the Central Petroleum Committee of the National Research Council. 

American Petroleum Institute Research Assistant. 
Director, Project 14, American Petroleum Institute. 
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would serve the purpose since isobutene can apparently be removed by 
absorption rneth~ds.~ Moreover, the dibromide of this hydrocarbon has a 
boiling point some 10' lower than any of the others and in the proposed 
method it could be separated out by fractional distillation. Fortunately 
this hydrocarbon would not be present in many of the mixtures, especially 
those being studied a t  first, and for that reason also the analysis of the 
normal butenes serves our purpose. 

Besides the fractional distillation of the corresponding dibromides, no 
method for analyzing mixtures of the three normal butenes has appeared in 
the literature. 

The Analytical Method 

The method herein developed depends upon the fact that each of the 
three normal butenes is quantitatively converted into a pure dibromide on 
treatment with bromine, and each of these dibromides has a different sec- 
ond-order reaction rate with potmsium iodide in methanol at  75' to form 
potassium bromide, free iodine and an unsaturated hydrocarbon, thus: 
C4HgBrz + 2KI -+ C4Hs + 2KBr + Iz. Since these rates are not 
symbatic with the boiling points of the dibromides, while the physical 
properties of density and refractive index are, a combination of rate with 
one of these properties suffices for the analysis of any mixture of these three 
dibromides, and therefore of the three normal butenes. For this purpose 
the densities proved to be more useful than the refractive indices, since 
they differ by larger amounts. 

In Table I are shown the boiling points of the three normal butenes5 and 
the boiling points, densities, refractive indices and reaction rate constants 
of the corresponding dibromides. The rates with which these dibromides 
react with potassium iodide are proportional to the first power of both the 
dibromide and potassium iodide concentrations and are therefore second- 

TABLE I 
PHYSICAL CONSTANTS 

Corresponding dibromide---------- 
Density in Refractive Second- 

--Hydrocarbon-- . B. p. at vucuo index order 
B. p., O C .  50.0 mm., dy dy rate 

Name (corr.) Mm. Name "C. n: nE withKI 
1-Buteiie - 6 7 to -6 5 748 1.2-dibromobu- 

tane 80.5-80.7 1.7870 17951  1 5125 1 5150 0.0765 
Cis-2-bu- Racemic 2,3-di- 

tene 3.2.95 to 3.3.05 746 bromobutane 75.6-75 8 1.7836 1.7916 1.5125? 1 5147 0 0297 
Trans-2- Meso-2,3-dibro- 

butene +O 3 to 3.0.4 744 mobutane 72.7-72 9 1.7747 1.7829 1.5092 1.5116 0 0544 

"a) Michael and Brunel, Am. Chem. J., 41, 135 (1909); (b) Konowaloff, Ber., 
13, 2395 (1882); cf. Butlerow, ibid., 9,  77 (1878); (c) Davis, THIS JOURNAL, 50, 2780 
(1928); (d) Davis and Schuler, ibid., 52, 721 (1930). 

(a) Lucas and Dillon, ibid., 50, 1460 (1928); (b) Young, Dillon and Lucas, 
ibid., 51, 2528 (1929). 
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order. The discussio~~ of the order of the reaction is taken up later on in 
this paper. 

The rate with which iodine is formed when a mixture of the three di- 
bromobutanes reacts with potassium iodide is given by Equation 1 

in which C,, C, and Cc are the molal concentrations of the three dibromo- 
butanes, A, B, C and kz,, kzb, ktc are the respective second-order reaction 
constants of the pure components with potassium iodide. This expression 
is the summation of the three individual rates typified by Equatiotl 2 

and is true if the reaction rates are additive. Integration of (I) would give 
an expression by means of which the progress of the reaction could be fol- 
lowed for any mixture a t  any time, t, by a determination of the amount of 
iodine formed. However, the awkwardness of this integration makes i t  
desirable to use instead a simpler expression by means of which an approxi- 
mation to the real rate can be obtained. Equation 1 may be written in 
another form (Equation 3) 

dc - = 
dt (kzBx 4- k ~ b y  + ~ Z ~ Z ) C K I  C (3) 

where x, y and z are the,respective molal fractions of A, B and C and ZC 
is the total concentration of the dibromides. Setting 

K2 = kzax + + kzcz (4) 
Equation (3) becomes 

= KzCKI ZC 
dt (5 )  

In Equation 5 Kz occupies formally the position of a second-order reaction 
rate constant; it  is, however, not constant, because each dibromide dis- 
appears a t  a different rate due to the fact that k,, kZb and k,, have different 
values, with the consequence that the molal fractions change with time. 
The rate of change of the molal fractions will depend upon the individual 
constants kz,, kzb and k,, and will be small when these are of the same order 
of magnitude. Since this is true in the present case, the mole fractions and 
hence the value of Kz will not undergo much change during a not too great 
interval of time. Accordingly, for experiments in which the reaction is not 
allowed to proceed too far, Equation 5 may be integrated under the assump- 
tion of constancy of K2, and the value of Kz taken as that corresponding to 
the initial molal fractions. Kz is designated as a "pseudo" second-order 
reaction rate constant since i t  is not a true constant. 

Assuming that the density of a mixture of the three dibromides may be 
obtained additively, their relationship may be expressed by Equation 6 

D = dax -k d b ~  f d& (6) 
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in which D is the density of the mixture, while d,, db and d, are the densi- 
ties of the respective components, A, B and C. Combining 4 and 6 with 
the additional Equation 7 

x + y + z = l  (7) 

the following solutions for the unknowns are obtained by means of de- 
terminants 

where A = k2,(da - d,) - k2,(da - db) - k,(db - d,) = 0.0005004. 
The assumption that the density of the mixture is an additive function of 

the individual densities, d,, db and d,, and that its specific reaction rate 
constant, K2, is also an additive function of the individual constants kk, 
k2,, and k2, would appear to be warranted in view of the fact that halogen 
compounds of this type are non-polar, non-associated liquids, mixtures of 
which would presumably deviate but little from ideal  solution^.^ 

This method of calculating compositions, besides involving the above 
assumptions, requires that Equations 4, 6 and 7 should be independent of 
one another or, in other words, the proportionality constants should not be 
related in the following way 

kz, : kZb : kza = d ,  : db : do 

Moreover, greater accuracy is realized by the fact that these constants are 
not symbatically related, that is, the higher-boiling 2,3-dibromide has a 
higher density but a lower reaction rate than the lower-boiling 2,3-isomer, 
while the 1,2-dibromide has the highest boiling point, density and reaction 
rate. 

The deviations of approximately 1% in the rate constants of the pure 
compounds and the error involved in the calculations of the pseudo con- 
stant, K2, determine the maximum error, which appears to be approxi- 
mately 4% (see Tables VII and IX). 

The Reaction Rates 

Of the many compounds with which the dibromides react, for example, 
potassium iodide, sodium thiosulfate, sodium phenolate, potassium cyanide, 
silver nitrate, ammonia and substituted ammonias, the reactions with the 
first two only were studied. In all cases except with potassium iodide the 
amount of material reacted would be obtained from the difference between 
two much larger quantities while in this case the extent of the reaction can be 
determined directly and with less error from the amount of iodine formed. 

A mixture of ethylene bromide and propylene bromide is an ideal solution. 
Zawidzki, 2. physik. Chem., 35, 129 (1900). 
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The reaction with sodium thiosulfate was carried out in sealed tubes a t  
100°, preliminary experiments having shown that the rate was too slow a t  
lower temperatures.' The reaction as carried out under these conditions is 
subject to two sources of error: the final titration of the excess of unused 
thiosulfate varies on the one hand with the gaseous volume above the re- 
acting solution in the sealed tubes and on the other hand with the length of 
time the unopened reaction tubes stand after removal from the thermostat. 
Perhaps these errors are not significant at  lower temperatures and there- 
fore need not be considered, but they are interfering factors when the re- 
action is carried out at a temperature of 100'. A fairly satisfactory sec- 
ond-order constant was obtained in the reaction of thiosulfate with pure 
1,2- and a mixed 2,3-dibromobutane, but because of the difficulty involved 
this method was not as suitable as the reaction with potassium iodide. 

The reaction rates of alkyl chlorides with potassium iodide in absolute 
acetone have been studied by Conant and KirnerS and Conant and H u s ~ e y , ~  
who found that the reactivities of the alkyl chlorides decrease in the order, 
primary, secondary and tertiary. The reaction rates of many dibromo- 
substituted compounds with potassium iodide have been investigated by 
Biilmannlo and by van Duin.ll Biilmann worked in dilute sulfuric acid 
solution and van Duin in both 70% ethanol and 70% ethanol acidified with 
hydrochloric acid. The reaction proceeds differently with the two classes 
of compounds, an alkyl chloride forming an alkyl iodide and potassium 
chloride, a dibromide forming an unsaturated compound, iodine and 
potassium bromide. Van ~ u i n " ~  observed a difference in the reactivities 
of stereoisomeric dibromides, mesodibromosuccinic acid having a much 
higher rate than the racemic form. The three dibromobutanes (Table I) 
would thus be expected to differ in their rates, since the 1,2-dibromide 
contains a primary bromine atom, more reactive than a secondary, and the 
isomeric 2,3-dibromides exist as meso and racemic forms. 

There are several mechanisms by which the reaction of potassium iodide 
with these dibromides may proceed, as shown by Equations 11 to 13 in- 
clusive. 

C4H8Br2 f KI -+ C4HsBrI + KBr ( l l a )  
C4H8BrI + KI --+ C4Hs12 + KBr ( I l b )  

CaHsIz --+ CaHs + 1 2  ( 1 1 ~ )  

C4HaBr2 + KI = C4Hd3rI f KBr (12a) 
CaHeBrI + KI = C4H8 + 1 2  + KBr 

- 
(12b) 

Slator [J. Chem. Soc., 85, 1286 (1904); 87, 481 (1905)] studied the reaction of 
sodium thiosulfate with ethylene halides at  temperatures ranging from 25 to 60°. 

Conant and Kirner, THIS JOURNAL, 46,232 (1924). 
Conant and Hussey, ibid., 47,476 (1925). 
Biilrnann, Rec. trav. chim., 36, 319 (1916). 

l1 (a) Van Duin, ibid., 43,341 (1924) ; (b)  van Duin, ibid., 45,345 (1926) ; (c) Kruyt 
and van Duin, ibid., 40,258 (1921). 
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C4H8Br2 + 2KI = C4H812 + KBr (134 
C4Hs12 = C4Hs + Iz jiabj 

I n  addition to the steps enumerated above, each process may, and probably 
does, involve to some extent the reaction of iodine with potassium iodide 
as given in Equation 14 

Iz + KI = KII (14) 
I n  general, the rate will be second order if expressed by (11) and (12), and 
third order if by (13), provided the reactions of the different steps proceed 
with markedly different rates. In  (11) and (12) the slow reaction may be 
either (a) or (b), and in (13) i t  must be (a), since Slator12 found that di- 
iodides and iodobromides in the presence of iodide ion dissociate quite 
rapidly even at temperatures of 25 and 35'. It is not possible to establish 
the extent to which iodine and potassium iodide react according to Equa- 
tion (14) since in methanol part of the iodine is probably combined with the 
solvent. Moreover, even though KI3 is formed, its effect upon the reaction 
rate can be made negligible by keeping the ratio of potassium iodide to 
iodine large. 

I n  the experimental work the concentrations of both the reactants were 
varied. The rate was found to be second order, and to be proportional to 
the first power of the concentration of both the potassium iodide and di- 
bromobutane. The reaction may then be represented by (11) or (12), 
but  not by (13). This is in accordance with the observations of Biilmann, 
who studied the behavior of dibromopropionic acid with potassium iodide, 
but is not in agreement with those of van Duin, who concluded that this 
reaction and other similar ones were third order, according to Equation 13. 

The specific second-order rate constant of a pure dibromide, kz (Equation 
15), is derived from the differential form (Equation 16). 

dc/dt = ~ ~ ( C K I )  (CC~H~B~S)  (16) 
The third-order constant, k3 (Equation 17), given for comparison in Tables 
11, 111 and IV, is derived from the differential form (Equation 18). 

I n  these equations t is time in hours, a is initial concentration of potassium 
iodide in moles per liter a t  20°, b is initial concentration of dibromobutane 
in moles per liter a t  20' and 4 is fraction of the total dibromobutane which 
had reacted at the time, t. The values of kz and ks are thus expressed in 
hours and moles per liter a t  20°, rather than in hours and moles per liter a t  
75O. This is done because the solutions are made up a t  20' and the con- 
centrations (a) and (b) would each differ a t  the two temperatures by a fac- 
tor which is proportional to approximately the cubical coefficient of ex- 

l2 Slator, J. Chem. Soc., 85, 1697 (1904). 
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pansion of methanol. Since the ratio of two concentrations occurs in each 
of the variable terms involving 9, the values of kz in moles per liter a t  20° 
and of k~ in moles per liter at  75' are each constant in themselves and differ 
from each other by this factor. Likewise the values of kg a t  the two tem- 
peratures are each constant in themselves but differ from each other by 
the square of this factor. 

The pseudo second-order reaction constant, Kz, of mixtures is also cal- 
culated according to Equation 15. 

Description of the Method 
Materials.-The potassium iodide, "P. W. R .  Analytical," was ground in an agate 

mortar to a powder, dried a t  100' for twenty-four hours and kept in a desiccator 
until used. The sodium thiosulfate solution, 0.02 N, was made by dissolving "P. W. R. 
Analytical" material in distilled water and was allowed to stand some time before use. 
It was stored in the dark and standardized a t  frequent intervals against standard po- 
tassium dichromate. 

The three dibromobutanes used for the reaction rate measurements were those 
prepared from pure 1-b~tene,~'  cis-2-butene and tvans-2-b~tene.~~ The dibromides 
were fractionally distilled a t  50 mm., the products boiling completely within a tem- 
perature range of 0.2" (Table I), indicating that each was a pure substance and not a 
mixture of isomers. 

The synthetic methanol used as the solvent was purified by refluxing with sodium 
hydroxide and distilling from the solid. Water was subsequently added in order to 
bring the strength to 99.0070. It was not considered feasible to work with absolute 
methanol since the specific reaction rates are markedly affected by the addition of water 
to methanol, being much greater a t  a dilution of 75% than at 99%. Thus the accidental 
addition of traces of water to absolute methanol might produce greater effects than a 
slight variation in the composition a t  99.00%. 

The methanol as prepared usually contained a slight amount of impurity which 
reacted slowly with iodine a t  75O. It was therefore necessary to determine the correction 
for this impurity by adding to the solvent definite amounts of iodine and potassium 
iodide equivalent to those encountered in the actual rate measurements and measuring 
the iodine decrease against time. These corrections, which for three different samples 
of methanol amounted to 0.00, 1.10 and 1.27 ml. of 0.02 N sodium thiosulfate per 20 ml. 
of solvent, were added to the titration values as determined in the different rate measure- 
ments. 

Apparatus.-The reaction tubes were made by drawing out very thin glass test- 
tubes, previously cleaned and dried, to form a constriction near the end. They had 
capacities slightly greater than 20 ml. A thermostat suitable for carrying on reactions 
in the dark was maintained at  74.93 * 0.03". 

Procedure.-Each solution containing the reactants was made up to exactly 250 ml. 
a t  20.0°, thoroughly mixed and pipetted into 8 or 10 reaction tubes with a 20-1111. 
pipet (exact volume, 19.94 ml.). Great care was exercised in keeping the solutions a t  
exactly 20" while being made to volume and while being pipetted, since methanol has 
a large coefficient of expansion. The tubes were then sealed and placed in the thermo- 
stat, care being taken to avoid a large temperature drop by increasing the voltage of the 
continuous heater just before inserting the tubes. Tubes which were allowed to stand 
at  room temperature for several hours showed no signs of reaction. The time could 
be considered from the time of immersion. At various intervals tubes were removed 
from the thermostat, quickly cooled in ice water and broken into a 600-ml. beaker con- 
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taining 75 ml. of distilled water, 2 g. of potassium iodide and about three-fourths of the 
amount of sodium thiosulfate solution required for the titration. Thiosulfatc was then 
added until the end-point as indicated with starch was reached. Reaction rate con- 
stants were then calculated from the titration values and are shown in the tables. 

The densities of the dibromobutanes were determined with a 10-ml. pycnometer. 
Wl 

The values have been calculated to vacuuml3 by applying the equation: di  =; -(dm - u2) 
ww 

+ Us. Here cz = U3 = 0.0012 and the temperature of wz and w, are the same. Densi- 
ties of the pure compounds are shown in Table I and of mixtures in Table VIII. 

Results 
I n  the tables which list the reaction rates, the following notations are 

used: KI  is initial concentration of potassium iodide in moles/liter a t  20' 
(given by "a" in the rate expressions, Zquations 15 and 17), C4HsBr2 is 
initial concentration of dibromobutane in moles/liter at  20° (given by "b" 
in the rate expressions), t is time in hours, q5 is fraction of dibromide used up 
a t  time t ,  and k2 and ks are second-order and third-order specific reaction 
constants. 

In  the experiments represented by Tables 11, I11 and IV, essentially the 
same dibromide concentration was used throughout and essentially two 
different concentrations of potassium iodide, the ratio between these last 
two being approximately 1.5 to 1. In each table the second-order con- 
stants calcuilated for the two potassium iodide concentrations zre in 
satisfactory agreement, whereas the third-order constants are not. This 
shows that the rates are proportional to the first power and not the second 
power of the potassium iodide concentration. Since ,previous work on 
other dibromides by invest igat~rs l~.~~ had shown the rate to be propor- 
tional to the first power of the dibromide concentrations, and since pre- 
liminary work on the three dibromobutanes confirmed this observation, as 
was to be expected, evidence for this conclusion is not given here. 

TABLE 11 

REACTION RATE O F  1,2-DIBROMOBUTANE WITH POTASSIUM IODIDE IN 99.0% METHANOL 

AT 74.93 
KI, 0.2298 M; GHeBrz, 0.03428 M KI, 0.1470 M; C4H8Br2, 0.03397 M 

Time d, kz k3 Time d, kz k3 

12.50 0.1940 0.0774 0.347 12.50 0.1302 0.0784 0.552 
15.50 ,2334 ,0775 .351 15.50 .I585 .0787 .556 
19.25 .2794 .0775 ,354 19.00 .I879 .0779 .555 
23.75 ,3307 ,0778 .358 23.75 .2303 .0793 .572 
27.25 .3647 .0771 .357 27.25 .2516 .0771 .559 
37.50 .4587 .0772 .365 37.50 ,3279 .0785 .583 
40.75 .4835 .0769 ,365 - - 40.75 .3505 .0790 .591 - - 

Average ,0773 .357 Average ,0784 ,567 
Percentage variation from the mean: ks = 0.60/0, k3 = 22.8%. 

l3 Reilly, Rae and Wheeler, "Physico-Chemical Methods," D. Van Nostrand Co., 
New York, 1925, p. 322. 
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TABLE I11 
REACTION RATE OP RACEMIC 2,3-DIBROMOBUTANE WITH POTASSIUM IODIDE IN 99.0y0 

METHANOL AT 74.93 O 

KI, 0.2327 M; C4HsBrz, 0.02612 M KI, 0.1498 M; CaHsBrz, 0.02785 M 
Time d kz k3 Time 6 kz hs 

11.00 00721 0.0296 0.128 11.00 0.0500 0.0313 0.212 
15.42 .0994 .0295 .I28 15.42 .0683 .0309 .209 
21.50 .I343 .0293 .I27 21.33 .0903 .0301 .204 
31.75 .I928 .0297 .I30 31.75 ,1318 .0304 .208 
35.50 .2114 .0295 .I29 35.50 .I462 .0305 .210 
41.67 .2454 .0299 .I32 41 67 .I693 .0306 .212 . - - 
45.50 .2638 ,0299 .I32 Average .0306 .209 
54.75 .3074 .0300 .I34 - - 

Average .0294 .I30 
Percentage variation from the mean: ka = 2.0010, k8 = 23.5%. 

TABLE IV 
REACTION RATE OF MESO-~,~-DIBROMQBUTANE WITH POTASSIUM IODIDE IN 99.0% 

METHANOL AT 74.93 
KI, 0.2217 M; C4H8BrZ, 0,03287 M KI, 0.1461 M; C4H8Br2, 0.02629 M 
Time d kz k3 Time 0 ks k3 

11.50 0.1262 0.0541 0.249 11.50 0.0848 0.0539 0.375 
14.50 .I552 .0539 .249 14.50 .I063 .0542 .378 
17.50 .I837 .0539 .250 17.50 .I259 .0540 .379 
21.00 ,2173 .0545 254 21.00 .I515 .0551 .389 
27.75 .2759 .OX9 .259 27.75 .I952 .0557 .396 
36.50 .3416 .ON7 .261 36.50 .2440 .0551 .396 
39.50 .3627 .OX7 .261 - - 
43.17 .3853 .ON3 .261 Average .ON5 ,386 - - 

Average .OM4 .256 

Percentage variation from the mean: kz = 0.1%, ka = 20.2y0. 

In determining the dependence of the specific reaction constant on the 
concentration of potassium iodide it was necessary to decrease this con- 
centration to somewhat lower values than those ordinariIy employed in the 
rate measurements. Thus under these conditions the ratio of the con- 
centration of potassium iodide to dibromide was small compared to the 
usual values. With a ratio above 6.0, the values of the specific reaction 
constants were independent of this ratio in so far as investigated (that is, 
up to 12.0), but below 6.0 the specific reaction constants were found to 
increase slightly. This effect although quite small is very definite since it 
invariably occurred when the ratio was low; for example, the values for a 
given sample of dibromide were 0.0364 and 0.0365 when the ratios were 
9.44 and 8.32, respectively, but 0.0381 when the ratio was 4.29. 

Table V shows the iodine correction for one sample of methanol. Be- 
cause of the low rate it was not possible to apply this correction before 
twenty hours; consequently in the rate determinations of the dibromides, 
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readings taken under twenty hours are in error. Table VI shows that this 
iodine correction does not affect the second order rate constant. 

REACTION OF METHANOL WITH IODINE 

Time in hours 0.00 11.42 21.17 36.33 
0.02 N Iz reacted, ml. 0.00 1.23 1.27 1.27 

TABLE VI 

EFFECT OF IODINE CORRECTION UPON REACTION RATE 

Methanol 1 2 3 4 
Iodine correction 0.00 0.45 1.10 1.27 
Second-order constant 0.0761 0.0769 0.0773 0.0766 

The specific second-order reaction rates of the pure dibromides are sum- 
marized in Table VII. 

TABLE VII 
REACTION RATES OF PURE DIBROMOBUTAN~S WITH POTASSIUM IODIDE IN 99.070 

METHANOL AT 74.93' 
Mean values from different runs at slightly varying concentrations 

Material 

No. of exptl. 
detns. Deviation from 

Run of ke kr Mean kz the mean, % 
1,2-Dibromobutane, a 23 5 0.0773 +1.05 

b 32 7 .0761 0.0765 -0.52 
b 34 6 .0766 + .13 
a 45 8 .0761 - .52 

Racemic 2,3-dibromobutane 27 6 .0297 .0297 + .17 
42 6 .0296 - .17 

Meso-2,3-dibromobutane 21 6 .0544 . 00 
22 5 .0545 + . I8  
38 6 .OM1 .0544 - .55 
39 8 .ON0 - .73 
41 6 .0550 $1.10 

The two samples, a and b, were prepared from different samples of 1-butene. 

The satisfactory agreement in the case of the two samples of the 1,2- 
dibromide shows that the experimental conditions can be duplicated. 
This is likewise demonstrated by' the fact that two of the authors (R. T.  
Dillon and W. G. Young) obtained for each of the three compounds 
constants which are essentially identical. 

When the method was applied to different mixtures of the dibromo- 
butanes satisfactory pseudo second-order constants were obtained as 
shown in Table VIII. 

The compositions of these mixtures are given in Table IX. Duplicate 
runs were made on Mixtures B and D, the less satisfactory result in each 
case being shown in Table VIII. 

In Table IX these observed values of the pseudo constant Kz are com- 
pared with the values calculated from the known constants of the com- 
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REACTION RATES OP DIBROMOBU~ANE MIXTURES WITH POTASSIUM IODIDE IN METHANOL 

AT 74.93 O 

Mixture A B 
KI roncn. 0 02283 molal 0 1484 molal 

CaHaBre concn. 0 02054 molal 0.01734 molal 
Time + ke Time cb Kz 

32.00 0.3280 0.0562 16.25 0.1429 0.0652 
33.00 ,3382 .0566 19.50 .I683 .0650 
34.92 .3548 .0568 22.50 .I914 .0652 
36.42 .3655 ,0567 25.83 .2169 .0651 
38.17 .3765 .0554 28.75 ,2377 .0656 
40.33 ,3931 ,0564 34 00 ,3074 .Of360 

Average 0.0566 0.0653 
Mixture C D 

KI concn 0 2291 molal 0 2284 molal 
CaHeBn concn. 0.0254 molal 0.02611 molal 

Time 4 kz Time 0 kz 

18.00 0 2052 0 0571 24 72 0 2216 0.0457 
20.50 .2311 ,0576 28.28 .2536 .0468 
23.50 ,2619 ,0583 31.50 ,2767 .0467 
26.50 2903 0584 41.75 .3463 .0467 
29.50 ,3175 0587 44.00 .3588 ,0463 
39.75 ,3953 ,0585 46.50 .3739 .0463 
41.75 .4105 ,0582 48.25 .3825 .0460 
43.75 ,4233 ,0579 50.16 .3928 .0459 
46.00 ,4389 .0558? 53.42 .4116 .0459 
47.75 .4494 .0578 

Average 0 0583 0.0462 , 

ponents. In all cases the observed values are low, a result which is not 
surprising since Kz should presumably decrease as the molal fraction ratio 
of the pure dibromobutanes changes. The percentage of the 1,2-dibromo- 
butane is in all cases low, the maximum deviation being about 4%. 

TABLE IX 
REACTION RATES, DENSITIES AND CALCULATED COMPOSITIONS OP DIBROMOBUTANE 

MIXTURES --- Dibromobutane mixture------. 
C---- Component-------- Density 

dy % composition "Pseudo" con- in vacua, d2," 
by stant Kz 

Mixture Substance ke in V ~ C U O  Wt. Anal. Calcd. Obs. Calcd. Obs. 
A 1,2-Dibromobutane, pure 0 0765 1.7870 45 06 42 0 

2,3 Dibromobutane, mixed 0365 1 7816 35 81 39 6 0 0590 0.0566 1 7827 1 7826 
2,s-Dibromobutane, pure 0544 1 7747 10 13 18 4 

B 1,2-Dibromobutane, pure 0765 1 7870 79 38 77 4,76 1 0668 ,0659 
2,s-Dibromobutane, pure ,0297 1 7836 20 62 22 6,23 9 ,0653 

C l,2-Dibromobutane, pure .0765 1 7870 58 57 54 6 .0599 .0583 
2,s-Dibromobutane, mixed .0364 . . . 41 43 45 4 

D l,2-Dibromobutane, pure .0765 1.7870 26 53 23 2,24 4 ,0470 .0457 
2,s-Dibromobutane, mixed .0364 . . . . 73 47 76.8,75 6 .0462 

E 1,2-Dibromobutane, pure ,0765 1 7870 57 53 55 9 1.7828 1 7829 
2,3-Dibromobutane, mixed . . . . 1 7777 42 47 44.1 

In order to conserve the limited supply of the pure 2,3-dibromobutanes, 
mixtures of these two isomers resulting from fractional distillation were 
generally used in place of the pure compounds. 
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R a t e  measurements with the pure dibromobutanes were made a t  59.72'. 
From the results a t  the two temperatures the heats of activation, Q, and the 
temperature coefficients were calculated by means of the Arrhenius equa- 
tion. The values are given in Table X. 

Heats of Temp. coeff. for 10' 
Dibromo- kz activation, 69.720 'x 
butane 59.72" 74.93O cal. 59.720 64.93' 

Summary 
The specific reaction rates of 1,2-dibromobutane and of racemic and 

meso-2,3-dibromobutane with potassium iodide in methanol have been 
measured a t  60 and a t  75'. They are second-order reactions. The heats 
of activation and temperature coefficients have been calculated. 

The reaction rates of mixtures of these dibromides have likewise been 
measured a t  75'. Calculation of the composition of binary mixtures from 
the reaction rates and of a ternary mixture from the reaction rate and den- 
sity gave results in satisfactory agreement with the known compositions. 
The maximum deviation was 4%. \ 

Mixtures of the three normal butenes may be analyzed by first converting 
them to the corresponding dibromides and determining for these the reac- 
tion rates and densities. 
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Introduction 
Within recent years considerable interest has been attached to the de- 

composition of the normal butyl alcohols, partly because of its importance 
as a source of butenes and partly because of its bearing upon the theory of 
catalysis. These decompositions would be of particular value if they 
should yield, under the proper conditions, pure butenes, rather than mix- 
tures of these hydrocarbons. 

The catalytic decomposition of 1-butanol was first accomplished by Le 
Du Pont Fellow in Chemistry, 1928-1929. 
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Be1 and Green,2 who dropped the alcohol upon hot zinc chloride. The 
alcohol has also been dehydrated by passing the vapor over a variety of 
catalysts at elevated  temperature^.^ The catalytic dehydration of 2- 
butanol has likewise been accomplished in different a - a y ~ . ~ " , ~ , ~  

The composition of the butene mixtures obtained in the decompositions 
of these alcohols depends to a considerable extent upon the catalyst used 
and in most cases has been reported as being 1-butene, 2-butene, or a mix- 
ture of these. The isobutene present in some of these mixtures, as reported 
by a few inve~tigators,~~."~e~~ probably arose from isobutanol in the alco- 
hol used, as mas actually demonstrated in one case.@ The methods which 
have been used for analyzing mixtures of 1- and 2-butene, except those 
which depend upon a separation of the corresponding d ib romobu tane~~ .~~*~ .~  
in general rely upon a difference in the reactivity of 1-butene and 2- 
butene. Since, however, there are two isomeric 2-butenes, i t  is evident 
that any method developed on the assumption that a mixture of the 2- 
butenes behaves as a pure compound lacks accuracy and consequently the 
results obtained by it are in This criticism, however, does not 
apply to the ozonide which distinguishes between 1-butene and 
the mixed 2-butenes. 

TABLE I 
THE CATALYTIC DECOMPOSITION OF THE NORMAL Bum& ALCOHOLS 

No. Alcohol Catalyst 

60% 
HzS04 60% 
H3P04 85% 
P206 
Pzo5 
H3POr on pumice 
&Po4 on pumice 
Alp04 
Alp04 
A1203 
A1203 

Dura- Alcohol 
Temp., tion of Used, Recov- 

OC. run mln. g. ered, g. 

Le Be1 and Green, Am. Chem. J., 2,24 (1881). 
(a) Ipatiew, Ber., 36, 1999 (1905); (b) Sabatier and Senderens, Ann. chim. phys., 

181 4,458 (1905); (c) Senderens, Compt. rend., 144,1110 (1907); (d) Sabatier and Mailhe, 
Ann. chim. phys., 181 20, 325 (1910); (e) Senderens, ibid., 25, 449 (1912); (f) King, 
J. Chem. Soc., 115, 1404 (1919); (g) Pease and Yung, THIS JOURNAL, 46, 402 (1924); 
(h) Adkins and Nisson, ibid., 46, 130 (1924); (i) Brown and Reid, J. Phys. Chem., 28, 
1081 (1924); (j) Adkins and Perkins, THIS JOURNAL, 47, 1163 (1925); (k) Lazier and 
Adkins, ibid., 47, 1719 (1925); 48, 1671 (1926); (1) Lepingle, Bull. soc. chim., 39, 741 
(1926); (m) Coffin and Maass, THIS JOURNAL, 50, 1427 (1928); (n) Davis, ibid., 50, 
2769 (1928) ; (0) Lucas, Dillon and Young, ibid., 52,1949 (1930). 

(a) Ipatiew and Sdzitowecky, Ber., 40, 1827 (1907); (b) Harries, Ann., 383, 181 
(1911) ; (c) Harries and Evers, ibid., 390,238 (1912). 

5 Michael and Brunel, Am. Chem. J., 41, 135 (1909). 



WILLIAM G. YOUNG AND HOWARD J. LUCAS V0l. 52 

Yield 
on 

alcohol. 
No. % 

TABLE I (Concluded) 
% Composition or butene mixtures 

By density and reaction rate By density alone 
Dibromide mixture 2-Bu- 2-Bu- 2-Bu- 2-Bu- 

Density tene, tene tene, tene, 
Reac- in vacuo 1-Butene, b. p. b. p: b. p. b. p. 

. Press., tion b. p. +3,0° +0.3O +3:0° +0.3O 
O C .  mm. rate - 6 . 7 O  cis trans czs trans 

The method for analyzing mixtures of 1-butene, cis-2-butene and trans- 
2-butene by means of the densities and the reaction rates of the correspond- 
ing dibromides6 has been applied to the mixtures resulting from the de- 
composition of 1-butanol and 2-butanol with different dehydrating agents. 
The results are given in Table I. 

Experimental 
Materials.-The 1-butanol and 2-butanol were purified as described for other 

decompositions.30~7 
Merck's bromine was shaken with a solution of potassium iodide and distilled from 

concentrated sulfuric acid. 
Columbian spirits, free from acetone, was refluxed with sirupy phosphoric acid for 

three hours in order to remove traces of amines, and slowly distilled through the column 
used for purifying the butanols, the first and last portions being discarded. The main 
portion of the methanol was then refluxed for three hours with flake caustic soda, slowly 
distilled and the part distilling a t  64.2-64.6' (745 mm.) was diluted with water to a 
density, diO,  of 0.7945, the density of 99.0% methanol. 

The potassium iodide, P. W. R. analytical, was heated to 120' for four hours and 
placed in a desiccator until used. 

The dehydrating agents for the alcohol decompositions were aluminum oxide,30 
Baker's C. P. aluminum phosphate previously heated to 400 ", Merck's phosphorus pentox- 
ide, P. W. R. "highest purity" 85% phosphoric acid, 60% sulfuric acid, made by diluting 
Baker's C. P. acid, and pumice impregnated with phosphoric acid. 

Apparatus.-The decompositions of 1-butanol and 2-butanol with phosphorus 
pentoxide, phosphoric acid and sulfuric acid were accomplished in a three-necked three- 
liter flask. The resulting butene was passed in succession through a reflux condenser, a 
trap a t  0 O, a 24% solution of perchloric acid contained in a spiral wash bottle, a calcium 
chloride drying tube and finally into the brominating flask a t  -15O provided with an 
outlet attached to calcium chloride and soda lime tubes. The apparatus used for 
effecting the decompositions over aluminum oxide, aluminum phosphate and pumice 

Dillon, Young and Lucas, THIS JOURNAL, 52,1953 (1930). 
' The 2-butanol was kindly supplied by the Stanco Distributors, N. Y., through the 

courtesy of Mr. C. I,. Bowman. 
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impregnated with phosphoric acid and also the set-up employed in the distillation of the 
dibromides at  50 mm. were the same as those used for other decompo~itions.~~ 

Decomposition of the Alcohols.-The rate of decomposition of the alcohols was 
determined as rapidly as consistent with effective handling of the butene by the purifying 
train. The procedures used varied with the dehydrating agents. In  the case of 60% 
sulfuric acid and 85% phosphoric acid, the alcohols and acid were heated together in 
the generating flask in the following proportions: 220 g. of 60% sulfuric acid with 74 g. 
(1.0 mole) of alcohol, 475 g. of 85% phosphoric acid with 148 g. (2 moles) of a lc~hol .~"  
The decomposition of 2-butanol proceeds the more readily. In the case of phosphoric 
acid no butene could be obtained from 1-butanol, even with the addition of diatomaceous 
earth. 

The alcohols were dropped onto the phosphorus pentoxide in the following pro- 
portions: 74 g. (1.0 mole) of 1-butanol or 118 g. (1.6 moles) of 2-butano1*~ upon 100 g. 
of phosphorus pentoxide. 

In the case of aluminum oxide, aluminum phosphate and phosphoric acid on pumice 
the decompositions were effected in the usual manner.30 Of the last three catalysts, 
aluminum oxide was the most effective and the aluminum phosphate was decidedly 
inferior to the other two. Here also the 2-butanol was the more easily decomposed. 
The yield was calculated from the amount of alcohol decomposed, obtained by sub- 
tracting the amount recovered from that put through the furnace. 

Purification of the Dibromobutanes.-The crude dibromides contained small 
amounts of lower-boiling impurities but no higher-boiling ones, such as tribromobutane. 
In  every case the low-boiling impurity was removed by conducting the first part of the 
distillation a t  a very slow rate and removing in the first fraction about 10y0 of the total 
weight of the dibromides. The range of this fraction was usually three or four degrees 
and of this material about 90% came over a t  the top of its boiling range. The necessity 
of removing this first fraction was indicated by the analysis of the binary mixture of 
isomeric 2-butenes obtained in the decomposition of 2-butanol with phosphoric acid. A 
marked discrepancy was found between the reaction rate and the density of the resulting 
2,3-dibromobutanes following one distillation at  50 mm. without fractionation. The 
separation effected by a subsequent fractional distillation was indicated by the refractive 
indices of successive cuts, the values being 1.5097, 1.5128, 1.5129, 1.5130 and 1.5132. 
After discarding the first fraction, the remaining fractions were combined and density 
and reaction rate measurements were taken. These values were 1.7775 and 0.0435, 
respectively, whereas the corresponding values for the material before fractionation 
were 1.7759 and 0.0435. From these figures it is evident that the impurity was material 
of low density and not isobutene dibromide, the density of which lies close to that of the 
2,3-dibromobutanes. The ratio of the dibromides had not been materially altered by 
the removal of this first fraction since (1) the reaction rate was not affected, (2) the re- 
fractive indices of the other four fractions were about the same and (3) previous attempts 
at  fractional distillation of dibromobutanes had not effected a complete separation even 
after six  fractionation^.^^ 

Analysis of the Dibromobutane Mixtures.-From the densities and 
the reaction rate measurements of the dibromobutane mixtures with 
potassium iodide in methanol, the percentage of 1-butene, cis-2-butene, b. 
p. 3.0°, and trans-2-butene, b. p. 0.3", in the original butene mixture can be 
calculated according to the respective equations 
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Y =  kza(de - D )  - kzc(da - D )  + K2(d, - d,) 
A 

in which kz,, kzb and k2, are the specific second-order constants of the corre- 
sponding pure dibromobutanes, d,, db, d, are their densities, K2 and D are 
the observed reaction rate and density of the dibromide mixture and A = 

kza(d, - d,) - kz,(da - db) - kza(db - d,) = 0.0005004. 
Since the results on known mixtures showed an error of 2 to 4%, it seems 

reasonable to assume that the maximum error in this method is not greater 
than 5%.'j When analysis indicated that the decomposition product was 
a binary mixture, calculation from the density alone gave results in agree- 
ment within the limits specified, as shown in the table. 

It should be pointed out that in using this method for the analysis of 
butene mixtures the purity of the solvent must be checked by running a 
reaction rate with pure 1,2- or 2,3-dibromobutane. 

Discussion 
Perhaps the most striking features of the decompositions are the presence 

of the 2-butenes in all of the reaction products and the absence of 1-butene 
in the reaction product from both I-butanol and 2-butanol when phos- 
phorus pentoxide, phosphoric acid or sulfuric acid is used a t  temperatures 
below 160'. In all these cases the lower-boiling 2-butene is in excess and 
its amount is largest from 1-butanol. The behavior of 2-butanol with the 
pentoxide is in agreement with the results of Harries and  ever^,^' who 
found that no 1-butene was present although they made no distinction 
between the isomeric 2-butenes. The decomposition of 2-butanol with 
phosphoric acid has been carried out by Davis,3n who analyzed the butene 
fraction distilling a t  1.5-1.7' by the bromine absorption method and found 
84y0 to be rapidly brominated, therefore 2-butene, and 16% to be slowly 
brominated, therefore presumably 1-butene. He has misinterpreted his 
results, having failed to appreciate that the isomeric 2-butenes might absorb 
bromine a t  different rates. From our analysis and his bromination ex- 
periments it is evident that the lower-boiling (0.3') isomer has the faster 
reaction rate with bromine. It is interesting to note that the dibromide of 
this isomer also has the higher reaction rate with potassium iodide. It is 
not likely that the composition of the distillate studied by Davis was ma- 
terially different from that of his original butene mixture since the fraction 
a t  1.5-1.7' is midway between the pure  hydrocarbon^.^ 

No appreciable quantity of butene was formed when 1-butanol was re- 
fluxed with 85% phosphoric acid. The composition of the butene mixtures 
resulting from the decomposition with 60y0 sulfuric acid has not been 
reported previously. 

Young, Dillon and Lucas, THIS JOURNAL, 51,2528 (1929). 
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Of the higher temperature decompositions in the gas phase, 1-butene 
was in excess in only two cases, the largest amount coming from 1-butanol 
over aluminulll oxide. Approximately the same quantity of 1-butene was 
obtained from 2-butanol irrespective of the catalyst. The higher-boiling 
2-butene (cis) was in excess over the other two products in only one case, 
viz., 2-butanol over aluminum oxide; and it was only with this catalyst 
that the amount of the cis-isomer exceeded that of the trans. 

The decomposition of 1-butanol over phosphoric acid on pumice has been 
reported previously by b in^" and by Coffin and Maass." "The former 
found no isobutene and obtained nearly pure 2,3-dibromobutanes on frac- 
tionation of the mixed dibromides. The latter, by distillation of both the 
olefin and its dibromide, obtained 10-15010 of 1-butene, the balance being 
2-butene. Their result for 1-butene, although somewhat lower than ours, 
is in substantial agreement. The fraction distilling a t  l.OO and believed by 
them to be pure 2-butene was undoubtedly a mixture. 

The composition of the mixture from the decomposition of 1-butanol over 
aluminum oxide first reported by I p a t i e ~ ~ ~  has been studied recently by 
DavisJ3" I , ~ ~ i n ~ l e , ~ '  and by Lucas, Dillon and Yo~ng .~"  Davis claimed 
65% 1-butene and 35% 2-butene by his bromine absorption method. His 
result for 1-butene would agree better with ours if correction could be made 
for the difference in reactivity of the isomeric 2-butenes. The results 
obtained by Lepingle for 1-butanol and by Lucas, Dillon and Young for 1- 
and 2-butanol over aluminum oxide agree fairly well with the analyses 
given in the table, considering the limitations of the distillation method. 
1,Cpingle obtained 78% 1-butene and 22% 2-butene for 1-butanol while 
Lucas, Dillon and Young report 68% 1-butene, 20y0 higher- and 12% 
lower-boiling 2-butene. The latter obtained from 2-butanol 26%, 48% 
and 26%, respectively. 

The decomposition of 1-butanol over aluminum phosphate has been 
reported by sender en^,^' who obtained a mixture of 73% 1-butene and 27y0 
isobutene, Since no evidence has been found for the presence of isobutene 
in any of the decompositions described in this paper, i t  seems likely that  
the presence of isobutene in the product reported by Senderens was due to  
isobutanoI in the alcohol used by him. 

From the results listed in the table it is evident that neutral dehydrating 
agents favor 1-butene, whereas the acidic ones favor 2-butene, the order 
for both alcohols being aluminum oxide, aluminum phosphate, phosphoric 
acid on pumice and finally the three acidic reagents, phosphorus pentoxide, 
phosphoric acid and sulfuric acid. The last three likewise favor the lower- 
boiling 2-butene. 

Removal of Bromine from Dibromobutane.-Since bromine adds 
across the bond, and not on the same side,g a study was made of the re- 

Michael, J. prakt. Chem., 52,344 (1893); Chavanne, Revue Ge'ne'rale des Sciences, 
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moval of bromine from 2,3-dibromobutane to determine whether the 
original or the isomeric 2-butene was produced. It was found that the 
hydrocarbon formed by the removal of bromine from a mixed 2,3-dibromo- 
butane gave, with bromine, a dibromide identical with the original. The 
removal of bromine therefore appears to be a trans elimination similar to 
other reactions in which halogens or halogen halides are eliminated. 

135.5 g.  of 2,3-dibromobutane, obtained from the butene resulting from 
the decomposition of 2-butanol with phosphorus pentoxide and having a 
second order reaction rate with potassium iodide, K2,  of 0.0430, was al- 
lowed to drop upon 77 g. of 10-mesh granulated zinc, P. W. R. C. p. under 
110 ml. of ethanol a t  80-95'. The evolved butene, after passage through 
a reflux condenser, was purified as usual and allowed to react with bromine. 
The purified dibromide, 122.3 g. (90% yield), gave for Kz the value of 
0.0231. It was thus identical, within experimental error, with the original 
dibromide. 

Summary 

Decompositions of 1-butanol and 2-butanol have been effected by drop- 
ping the alcohols upon phosphorus pentoxide, by heating the alcohols with 
85y0 phosphoric acid and with 6070 sulfuric acid and by passing the vapor 
of the alcohols at high temperatures ovcr aluminum oxide, over allin~inu~li 
phosphate and over pumice impregnated with phosphoric acid. The bu- 
tene mixtures were analyzed by converting them to the dibromides and 
determining for the latter the densities and the reaction rates with potas- 
sium iodide in methanol. Both 1-butanol and 2-butanol gave a mixed 
2-butene free from 1-butene when the dehydrating agent was phosphorus 
pentoxide, phosphoric acid or sulfuric acid and the decomposition was carried 
out below 160°, except, however, that 1-butanol was not decomposed by 
phosphoric acid. 2-Butanol with phosphoric acid on pumice, with alumi- 
num phosphate, or with aluminum oxide gave largely 2-butene, the amount 
of 1-butene increasing slightly in the order named. With 1-butanol the 
amount of 1-butene obtained when these three catalysts were used increased 
rapidly in the order named, being 73Y0 with aluminum oxide. I n  general, 
the more acidic reagents favor trans-2-butene and the less acidic favor 
I-butene and cis-2-butene. 

The removal of bromine with zinc from a mixed 2,3-dibromobutane 
produced a mixed 2-butene identical in composition with the butene from 
which the dibromide was prepared. 

PASADENA, CALIRORNIA 

35, 229 (1924). The cis addition observed by Terry and Eichelberger, THIS JOURNAL, 

47, 1067 (1925), was effected in aqueous solution in the presence of bromide ions. 
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In  the course of work reported in 1922 from this Lab~ra to ry ,~  the impure 
sodium salt of phenylacetonitrile was isolated. Because of certain proper- 
ties the authors suggested the nitride structure (CGHS)H-C=C=N-Na 
for this substatice. It was also suggested that an imide form of the 
parent nitrile (C6Hs)H-C==C===N-H is an intermediate substance in cer- 
tain condensation reactions undergoing rearrangement to the nitrile form 
((CeH6)H-C-C=N)H. 

I 
I 

In two papers published recently by Rising and co-workers3 similar 
ideas are expressed and the theory concerning tautomerism of the nitriles 
is more fully developed than in the paper of Upson and Thompson. 

Several reactions carried out in this Laboratory favor the nitride struc- 
ture of the sodium salt. 

(I) Decomposition a t  high temperatures yields stilbene and sodium 
cyanide. 

(C6H5)H-C=C=N-Na -+ (CGHS)H-C= f NaNC 
2CsHsH-C= -+ (CsH5)H-C=C-H(C6Hs) 

(IT) An impure silver salt of phenylacetonitrile posgessing in all proba- 
bility the nitride structure was prepared from the sodium salt by inter- 
action with silver nitrate in alcoholic solution. The silver salt on inter- 
action with butyl iodide gave an alkyl derivative of nitride structure, since 
after decomposition there was isolated butylamine in the form of its 
hydrochloride. 

(C6H5)H-C=C=N-Ag + C4HgI + (CGH~)H-C=C=N-C~H~ + AgI 
(C6H6)H-C=C-N-C4-Hg + (C6Ha)H-C= f C~HS-N=C 

C4Hs-N-C + H20 + HCl + C4HgNH3Cl + HCOOH 

(111) Spontaneous oxidation of sodium phenylactonitrile in the air 
leads to the formation of benzoic acid and sodium cyanide 

(C6H5)H-C=C=N-Na + 0 2  -+ CeHbCOOH + NaNC 

(IV) Toluene and sodium cyanide are formed during the preparation 
of the salt. 

2CsHaH-C=C=N-H + 2Na -+ 2(CsHs)H-C=C=N-Na + 2H 

1 Based in part upon theses presented by Robert W. Maxwell and Howard M. 
Parmelee for the Master of Science degree, University of Nebraska. Presented before 
the Organic Division of the American Chemical Society at  the Minneapolis Meeting, 
September, 1929. 

Upson and Thompson, TIIIS JOURNAL, 44,181 (1922). 
Rising and Zee, ibid., 50, 1699 (1928); Rising, Muskat and Lowe, ibid., 51, 262 

(1929). 
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A part of the salt is reduced to toluene and sodium cyanide by the hy- 
drogen liberated in the above reaction.* 

(CeHs)H-C=C=N-Na + HZ + CeH6CHs + NaNC 

This reduction which always accompanies the formation of the sodium 
salt of phenylacetonitrile explains the difficulty experienced by us and by 
Rising and co-workers in preparing the pure salt.6 Unless the sodium 
cyanide is removed it contaminates the salt of the nitrile. Details of the 
preparation of the salt in pure form will be found in the experimental 
part. 

(V) Condensation reactions of the type studied by Avery6 can be 
produced by the use of sodium phenylacetonitrile, as well as by the use 
of sodium methylate and benzyl cyanide. 

The work of Avery involves condensation of benzyl cyanide with un- 
saturated esters and ketones using sodium methylate as the condensing 
agent. Benzalacetophenone condenses with the sodium phenylacetoni- 
trile in methyl alcohol solution to give a 97% yield of 1,5-dibenzoyl-2,3,4- 
triphenyl-3-cyanopentane. The same compound is obtained by the use 
of sodium methylate and phenylacetonitrile 

H H O  H Ha 0 
I I II /I 

CGEI-C-C-C-CGHI + (G,HI)HC=C=N-H + C.H6-L-C-CGH6 
I 

e CsH6-C-C=N 
I 

H 

This latter through its imide form gives, with a second molecule of benzal- 
acetophenone, the condensation product 'obtained by Avery (A). This 
CeH,CH-CH2-CO-C6H6 result constitutes evidence that phenylaceto- 

nitrile is tautomerized by sodium methylate 
(*) as well as by metallic sodium since the two 

-C0-C~H6 methods give theidentical product. 
Rising, Muskat and I,owe7 have suggested that sodium phenylacetoni- 

trile exists in two forms designated as "carbide" and "nitride." They ex- 
plain "the behavior of this salt and of its homolog, sodium a-phenylbuty- 
ronitrile, in the reactions studied, upon the assumption of nitride-carbide 
tautomerism, obviously an extension of the Nef theory with regard to  
the tautomerism of hydrocyanic acid." 

According to our interpretation of the behavior of these salt, there exists 
only the one form, the "nitride." We would explain condensation reac- 

4 See in this connection von Meyer, J. prakt. Chem., 22,261 (1880). 
6 Zee (Ref. 3) prepared the pure sodium salt of phenylacetonitrile but Rising later 

was unable to repeat his work. Rising, Muskat aud Lowe more recently have prepared 
the pure potassium salt. 

6 Avery, THIS JOURNAL, 50,2512 (1928). 
7 Rising, Muskat and Lowe, ibid., 51, 263 (1929). 
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tions of these salts a t  the carbon atom as involving rearrangement of the 
anion during the reaction, and condensation at the nitrogen atom as 
direct replacement of the sodium without rearrangement. Thus just 
as silver cyanide gives alkyl isocyanides with alkyl halides, so we found 
that the silver salt of phenylacetonitrile gives a nitrogen derivative on 
reaction with butyl iodide 

Rising, Muskat and Lowe found that the sodium salt condenses with 
butyl iodide to give a-phenylbutyronitrile. This we believe involves re- 
arrangement of the anion. 

(C6Hs)H-C=C=N-Na + (CcH6)H-C=C=N- 3. Na+ 
C4HgI f Na* --+ C4H- + NaI 

(CeH6)H-C-C=N- + C4Hs + (C~HF.)H--C-C=-N 
I 1  I 

c4H8 

Experimental Part 
Preparation of Sodium Phenylacetonitri1e.-In a 500-cc. flask were placed 4.4 g. of 

sodium in the form of fine shot and 220 cc. of ether which had been specially dried. The 
flask, connected to a reflux condenser, was warmed on a hot-plate just sufficiently to  
cause the ether to boil. Dry phenylacetonitrile (23 g.) was added drop by drop, over a 
period of one hour and thirty minutes. At the end of this time the contents of the flask 
consisted of a white solid suspended in a yellow solution. The heating was continued 
for six hours, at  the end of which time the sodium had disappeared. All apparatus was 
specially dried and the reaction mixture was protected from moisture, oxygen and car- 
bon dioxide during the course of the reaction. 

The contents of the flask after cooling to 20' deposited a small quantity of white 
solid. This was removed by filtration under vacuum in an apparatus designed to ex- 
clude air and moisture. The solid weighed 1.2 g. and proved to be sodium cyanide. It 
gave the usual qualitative tests for the cyanide ion and on analysis was found to contain 
47.44% Na; calculated for NaCN, 46.93%. 

The sodium phenylacetonitrile precipitated from the ethereal filtrate after standing 
for several days, in the form of frost-like crystals. The salt was removed by filtration 
in an atmosphere of dry nitrogen and freed from ether in a vacuum desiccator over 
phosphorus pentoxide. The salt was light pink in color at  first and of a yellow color 
after twenty-four hours. I t  was distinctly crystalline in character. A yield of 20 g. 
was obtained. 

Anal. Calcd. for C8HoNNa: Na, 16.55. Found: Na, 16.57. 
The sodium salt is very soluble in the parent nitrile, somewhat soluble in benzene, 

toluene and xylene and slightly soluble in ether. The reaction mixture contains ether, 
toluene and unchanged nitrile. The salt is thus quite soluble in the reaction mixture 
and separates slowly and incompletely. A large excess of ether is desirable since it 
dilutes the unchanged nitrile and toluene. Cooling increases the rate of precipitation. 
A second precipitation of the salt usually occurs on long standing of the filtrate. 

Identification of Toluene in the Reaction Mixture.-The combined filtrates from 
five reaction runs, involving a total of 200 cc. of phenylacetonitrile and 1400 cc. of ether, 
were filtered from precipitated salt and subjected to fractional distillation; 1200 cc. of 
ether was recovered in the first fraction. The remainder was distilled with an efficient 
fractionating column. The fraction 110-115", 54 cc., was again refractionated, yielding 



1974 P. w. UPSON, R. T. MAXWELI, AND H. M. PARMELEE Vol. 52 

47 cc. boiling at 110-Ill0, from which there was finally isolated 43 cc. of pure toluene 
with a boi!ing point of 110° (corr.). The toluene was further identified by conversiofi 
t o  2,Cdinitrotoluene; m. p. 70' (corr.). 

The higher-boiling fraction yielded a small amount of liquid (unidentified) distilling 
between 120 and 190". Between 190 and 240" there was obtained a fraction of 20 cc. 
consisting chiefly of unchanged phenylacetonitrile. Between 240 and 260 O a heavy oil 
of a red-green color distilled. A small amount of crystalline solid collected in the con- 
denser. These latter were not identified. 

Effect of Heat on the Sodium Salt.-The sodium salt obtained from 120 g. of 
phenylacetonitrile was subjected to rapid heating in a pyrex flask. A small amount of 
low-boiling liquid was obtained, after which the temperature rose rapidly to 200'. A 
distillate was obtained of oily appearance and of a green color by reflected light and red 
by transmitted light. The distillate smelled strongly of ammonia. A considerable 
amount of crystalline material collected in the condenser tube. This, on recrystalliza- 
tion from alcohol, gave crystals of a wax-like appearance and melting point 123-124O, 
which is the melting point of stilbene. 

Anal. Calcd. for ClrHlr: C, 93.28; H, 6.72. Found: C, 93.41 ; H, 6.7. 
The distillate was treated with an excess of bromine in carbon tetrachloride solu- 

tion. There appeared almost a t  once a considerable quantity of fine needle-like crys- 
tals. The crystals were removed by filtration and washed well with alcohol. The 
yield was 4.6 g. The product on recrystallization from hot toluene gave white feathery 
needles, m. p. 237" (corr.), which is the melting point of stilbene dibromide. 

Anal. Calcd. for ClnH1tBrz: Br, 47.01. Found: Br, 47.11. 
The dibromide was converted into tolane by heating with alcoholic alkali. The 

tolane was precipitated on additio~i uf watel, coilected and recrysCailized from aicohol as 
white leaflets, m. p. 50-60'. This is the melting point recorded for tolane. These re- 
sults without doubt identify stilbene as a product of the decomposition of the sodium 
salt of phenylacetonitrile. 

Reactions of the Silver Salt of Phenylacetonitri1e.-The silver salt mas prepared 
in an impure form through interaction of the sodium salt and silver nitrate in absolute 
alcohol solution. There was obtained a white insoluble compound which rapidly became 
dark in color. This substance decomposes with explosive violence on heating. The 
silver salt, freshly prepared was mixed with butyl iodide and allowed to stand for twelve 
hours, after which time a complete reaction had occurred. The mixture possessed a 
strong odor of isocyanide. 

The solution obtained from the reaction mixture of silver salt and butyl iodide was 
filtered and distilled. The distillate was treated with hydrochloric acid and evaporated 
to  dryness, giving a considerable quantity of white crystalline material. This was 
purified by recrystallization first from absolute alcohol and then an alcohol-benzene 
mixture. The substance was butylammonium chloride. 

Anal. Calcd. for C4HlzNCl: C1, 32.36. Found: C1, 32.47. 
Condensation of the Sodium Salt of Phenylacetonitrile with Benza1acetophenone.- 

This condensation was carried out in order to prove that sodium phenylacetonitrile 
gives the same product that is obtained from phenylacetonitrile using sodium methylate 
as the condensing agent. 

The sodium salt obtained from 2.2 g. of sodium was cooled to the temperature of ice 
water in a three-necked flask fitted with a stirring device. To this was added 25 cc. of 
absolute methyl alcohol and then 20 g. of solid benzalacetophenone. The contents of 
the flask were stirred constantly for three hours, keeping the temperature a t  0'. After 
standing for thirty-six hours there had formed a dense crust of white crystals on the 
walls of the flask. This was removed, powdered in a mortar and washed with dilute 
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hydrochloric acid to remove sodium compounds, and then with alcohol. There was 
obtained 24 g. or 93.7Yo of the theoretical yield of 1,5-dibenzoyl-2,3,4-triphenyl-3- 
cyanopentane. After recrystallization from chloroform and benzene there was obtained 
9.9 g. of pure substance, m. p. 264.5-265.5' (corr.). The substance agrees in every 
respect with that obtained by Avery.8 

Anal. Calcd.f0rC~8H~~O~N: C,85.6; H,6.1; N.2.6. Found: C,85.6; H,5.9; 
N, 2.5. 

This compound has been prepared by KohIer and Allen,%ho suggest the same 
structure but who found a melting point of 257". Avery has shown that this melting 
point is probably low, due to impurities, and that the corrected melting point is 264.5- 
265.5 ". 

Summary 
1. A method for the preparation of pure sodium phenylacetonitrile is 

described. 
2. New evidence for the existence of tautomeric forms of the nitrile 

and for the imide structure of the salt is presented. 
3. It has been shown that the sodium salt enters into condensation 

reactions of the type produced by sodium methylate and phenylacetoni- 
trile. 

LINCOLN, NEBRASKA 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OP IOWA STATE COLLEGE] 

THE PREPARATlON OF DIETHYL LEAD DICHLORIDE AND 
TRIETHYL LEAD CHLORIDE 

Introduction 
Convenient methods have been determined for the ready preparation 

of diethyl lead dichloride and of triethyl lead chloride in essentially quanti- 
tative yields by means of the following reactions carried out in toluene 
and ether, respectively 

(CzH6)4Pb + 2HC1 + (CzHs)zPbClz (1) 
(CaH5)4Pb + HCl + (CZH5)3PbCl (11) 

The most generally used method for the synthesis of diethyl lead di- 
halides is that elaborated by Griittner and Krause,l and involves the 
direct action of halogens on tetraethyl lead at low temperatures. In 
that method they recommend that the triethyl lead halide be first pre- 
pared a t  -60' and then converted to the dihalide as the solution warms 

S. Avery, results soon to be published. 
"ohler and Allen, THIS JOURNAL, 46, 1522 (1924). 

(a) G ~ t t n e r  and Krause, Ber., 49, 1415 (1916). (b) Other methods, not of 
preparative value, for the synthesis of diethyl lead dichloride may be found in the 
following references: Griittner, ibid., 47, 3257 (1914); Moller and Pfeiffer, ibid., 49, 
2441 (1916); Goddard and Goddard, J. Chem. Soc., 121,256,482 (1922). 
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up to -20'. When the reaction with halogens is effected at  -20' in 
large-sized rtins, without the preliminary formation of triethyl lead halide, 
they caution against a vigorous reaction which may be of explosive violence. 
Incidentally, we have shown in this study that it is possible to prepare 
diethyl lead dichloride in a 98.6% yield by the direct action of chlorine 
on 0.05 mole of tetraethyl lead in ether cooled to - 10'. 

The same authors1" object to any method for the preparation of triethyl 
lead chloride which involves the use of hydrogen chloride or hydrochloric 
acid, basing such objection on the ground that the yield is lowered when 
large quantities of materials are used. This objection is not valid a t  least 
in a preparation starting with 113 g. (0.35 mole) of tetraethyl lead, inas- 
much as our yield by Reaction I1 of triethyl lead chloride is 96%. Triethyl 
lead chloride has been prepared by Buckton2 and Cahours3 by warming 
tetraethyl lead with concd. hydrochloric acid, and by Buckton4 from 
hydrogen chloride and tetraethyl lead. More recently, Browne and Reid5 

have given splendid directions for the preparation of triethyl lead chloride 
in 86% yields from tetraethyl lead and concd. hydrochloric acid with a 
trace of silica gel as a catalyst. 

The greater stability of the diethyl and triethyl lead chlorides over the 
corresponding bromides and iodides, as well as their lesser expensiveness, 
makes them the most desirable halides. This is particularly the case in 
our studies of their reactions with other organometallic compounds, in 
which studies they have been shown to have a very high order of reac- 
tivity. When, however, it is desired to use the bromide or iodide, then 
two general methods are available for the conversion of the chloride to 
the other halides. One involves the hydrolysis to the corresponding 
hydroxide and subsequent treatment with the appropriate halogen acid.6 
The other method is based on a double decomposition reaction between 
an alkyl lead halide and the appropriate halide of sodium or pota~sium.~ 
Both of these methods are applicable to the dialkyl lead dihalides as well 
as to the trialkyl lead halides. 

Although we have not tried our method with halogen acids other than 
hydrochloric acid, it is probable that they can be extended to some of the 
other halogen acids. Also, it is altogether reasonable to believe that our 
methods for the synthesis of diethyl lead dichloride and triethyl lead 

2 Buckton, Ann., 109,218 (1859). 
3 Cahours, ibid., 122,48 (1862). 
4 Buckton, ibid., 112, 220 (1859). See also Pfeiffer and Truskier, Ber., 37, 1125 

(1904), who used the same method and reported a good yield, but gave no details as to 
solvent, percentages, purity, etc. 

Browne and Reid, THIS JOURNAL, 49,830 (1927). 
Krause and Pohland, Ber., 55,1282 (1922). 
Lowig, J. prakt. Chem., 60, 304 (1853); Klippel, ibid.,  81, 287 (1860); and Refer- 

ences 2 and 3 of this paper. 
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chloride are applicable to tetra-alkyl lead compounds other than tetra- 
ethyl lead. 

Experimental Part 
Diethyl Lead Dichloride, (C~HG)~P~C~S.-After dissolving 107.5 g. (0.3 mole) of 

tetraethyl lead in 500 cc. of toluene in an open8 Erlenmeyer flask, and heating the solu- 
tion to 90 O,9 dry hydrogen chloride is passed into the solution a t  a moderate rate. In- 
asmuch as the triethyl lead chloride which first forms is soluble in toluene, no precipi- 
tate appears before one-half of the hydrogen chloride has been absorbed. The approxi- 
mate end of the reaction may be determined by adding hydrogen chloride a t  the same 
rate for twice the time necessary to cause the first precipitate of diethyl lead dichloride 
to form. At this stage the precipitate is removed by filtration and hydrogen chloride 
is again added in order to precipitate any unreacted triethyl lead chloride. If no pre- 
cipitate forms on this subsequent addition of hydrogen chloride, the reaction is ended. 
The yield of 107 g. or 97.5% has been checked many times. The product is free of lead 
chloride, and if there were any significant quantity of triethyl lead chloride i t  would 
probably not contaminate the diethyl lead dichloride because of its high solubility in 
hot toluene.1° 

In  another connection, chlorine was bubbled slowly into a well-stirred solution of 
16.5 g. (0.05 mole) of tetraethyl lead dissolved in 150 cc, of dry ether and cooled to - 10 O. 
A smooth reaction occurred, and when the chlorine colored the solution, the reaction 
was considered to be complete. The diethyl lead dichloride was filtered off, and its 
weight was 16.6 g. which is equivalent to a 98.6% yield. This describes the only ex- 
periment we carried out between tetraethyl lead and chlorine. 

Triethyl Lead Chloride, (CzH6)8PbC1.-Forty-eight and one-half grams (0.15 
mole) of tetraethyl lead is dissolved in 400 cc. of absolute ether and saturated with 
hydrogen chloride at  room temperature. This requires about thirty minutes or more. 
depending on the rate of flow of gas. The rate a t  which the hydrogen chloride is ab- 
sorbed appears to reach a maximum and the evolution of ethane is rather constant. 
Perhaps the best way to determine when the reaction is at an end is to  remove the 
needles of triethyl lead chloride by filtration when the ethane is only slowly evolved, and 
then to saturate the filtrate again with hydrogen chloride. If no more needles form, 
the reaction is complete. The yield is 48.6 g. or 98.2%.11 

I n  this preparation it is necessary that all moisture be rigorously excluded from the 
flask and reagents. Triethyl lead chloride is soluble in moist ether but quite insoluble 
in dry ether which contains moderate amounts of hydrogen chloride. However, tri- 
ethyl lead chloride appears to be appreciably soluble in dry ether which contains a 
large quantity of hydrogen chloride. This finds support in two observations. First, 
i t  has been found that on boiling a solution to remove excess hydrogen chloride, another 

All operations are carried out, of course, with due care because of the toxicity of 
tetraethyl lead. This involves, primarily, working in a well-ventilated hood. Care 
should be exercised about long exposure to triethyl lead chloride. The observation of 
Krause and Pohland, Ber., 55, 1282 (1922), that compounds of this type cause severe 
headaches has been confirmed. 

The temperature of the solution should be maintained a t  90 by the application 
of heat, although there appears to be no harm with a temperature variation of 10". 

lo The diethyl lead dichloride is in the reactive form and requires no further treat- 
ment prior to use. See Griittner and Krause, Ber., 49,1546 (1916). 

l1 The yields may vary between 92 and 98.2% depending on the careful conversion 
of the last small quantities of tetraethyl lead. The smoothness of these reactions has 
recommended them for other studies concerned with the lability or polarity,oE radicals. 
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crop of crystals frequently appears. - Second, the saturation of a suspension of triethyl 
lead chloride in ether with hydrogen chloride induces some of the triethyl lead chloride to  
dissolve. This latter phenomenon appears t o  be unusual with organolead halides. 

Summary 
Diethyl lead dichloride and triethyl lead chloride can be very conven- 

iently prepared in essentially quantitative yields by the reaction between 
tetraethyl lead and hydrogen chloride. 

SOME PHYSICAL CONSTANTS OF MONACETIN, MONOPROPIN 
AND MONO-NORMAL-BUTYRIN' 

The discovery of the nature of fatty oils by Chevreul over a century 
ago gave a marked impetus to the synthesis of simple and mixed glycerides. 
The monoglyceryl esters of the acids of low molecular weight have not, 
however, shared the same degree of interest. Published information there- 
on i s  apparently non-existent for one of the esters pertinent to this com- 
munication; the reported physical constants of another are obviously in 
need of correction ; and such data as are available have been determined 
a t  temperatures for which there is no uniformity. 

In view of this situation there is an evident need for new data and for 
a revision of some of that now extant. These ends have been accomplished 
by the synthesis of the glycerides in question and the determination of 
their vapor pressures, densities, refractive indices and surface tensions. 
The method of preparation which was followed led to the formation 
of racemic compounds which probably possess, as might be expected, dif- 
ferent constants than the corresponding naturally occurring glycerides, 
none of which, however, seems to have been isolated. 

Monacetin has been made by Ber the l~ t ,~  who heated a mixture of 
glycerol and acetic acid under pressure; by Geitel,3 who isolated it from 
the reaction product resulting from heating a mixture of glycerol and 
acetic acid at atmbspheric pressure; by Averill, Roche and King,* who 
synthesized a-monoglycerin by a method developed by Pischer5 and his 

Constructed from a thesis submitted by John T. Hale to  the Graduate School of 
the University of Wisconsin in partial fulfilment of the requirements for the degree of 
Master of Science, June, 1928. 

Berthelot, Ann. chim. pl~ys., [3] 41,216 (1854). 
Geitel, J. prakt. Chem., 163, 417 (1897). 
Averill, Roche and King, THIS JOURNAL, 51,866 (1929). 
Fischer, Bergwin and Barwind, Ber., 53, 1589 (1920). 
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collaborators; and by one of us,6 who improved upon Geitel's technique 
by introducing a suitable catalyst into the reaction mixture. Butyrin 
was made by Berthelot by a method already indi~ated;~ by Guth7 from 
sodium butyrate and a-monochlorohydrin; and by Hanriot, i t  is reported,* 
who used a biological method of synthesis in that he caused lipase to act 
upon a mixture of glycerol and butyric acid. 

Experimental 
A uniform method of procedure was followed in the synthesis of the 

monoglycerides pertinent to this communication. Its salient features 
consist of the use of phosphoric acid as catalyst; an esterification tem- 
perature whose order of magnitude is lower than that of the boiling point 
of the acid in question; and the removal of by-product water as fast as 
i t  is formed. The last two conditions were met by dispersing the reactants 
in carbon tetrachloride and carrying out the operation with the aid of a 
continuous separator.9 

Because of the similarity in method the synthesis of but one glyceride 
is described as illustrative of a typical case. In each instance equivalent 
quantities of glycerol and fatty acid necessary to produce the monoglycer- 
ide in question were taken. 

That a monoglyceride had actually been synthesized was deduced from 
the satisfactory degree of agreement between the molecular refractivity 
(Gladstone and Dale formula) and the sum of the atomic refractivities of 
the compound in question. Although it is true that no claim for great 
delicacy can be made for this method of identification, yet it would seem 
that, in this instance, the assumption is valid in view of the close concord- 
ance between observed and theoretical saponification equivalents. 

Monopropin.-A mixture consisting of 150 g. of glycerol (1 mol), 118 g. of pro- 
pionic acid (1 mol) (b. p. 140-141 '), 10 g. of phosphoric acid (85%) and 200 cc. of car- 
bon tetrachloride was heated under a reflux for approximately four hours, during which 
time an amount of water was recovered which was slightly in excess of the theoretical. 
Tell g. of sodium propionate was then added to the reaction mixture, and the whole con- 
centrated by distillation a t  a temperature below 130". The insoluble phosphate was 
then removed by filtration, whereupon the filtrate was distilled a t  a pressure of 3 mm., 
the fraction boiling between 132-134O, indicative of a 58% yield, being saved for further 
purification. 

The following constants were noted: d i O  1.1537, a20 1.4503; saponification equiva- 
lent, 148.2, calcd. for monopropin, 148.1; molecular refraction, 57.81, calcd. for mono- 
propin, 57.18; 720 40.3 dynes/cm. 

Monacetin.-The fraction boiling between 129-131 (3 mm.) on purification yielded 
the following constants: d;O, 1.2060; nzo 1.4517; saponification equivalent, 134.1, 

Schuette and Sah, THIS JOURNAL, 48,3161 (1926). 
Guth, 2. Biol., 44, 78 (1903). 
Lewkowitsch, "Chemical Technology and Analysis of Oils, Fats, and Waxes," 

Macmillan Co., London, 1921, 6th ed., Vol. I, p. 8. 
O Hultman, Davis and Clarke, THIS JOURNAL, 40,366 (1921). 
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calcd. for monacetin, 134.2; molecular refraction, 50.21, calcd. for monacetin, 49.53; 
'-pao 47.1 dynes/cm.; yield of crude cstcr, 7C%. 

Mono-n-butyrin.-The fraction boiling between 139-140' (4 mm.) on purification 
yielded the following constants: 1.1344; npo 1.4531; saponification equivalent, 162.1, 
calcd. for monobutyrin, 162.1; molecular refraction, 64.75, calcd. for monobutyrin 
64.83; yso, 37.6 dynes/cm.; yield of crude ester, 78%. 

Vapor Pressure Measurements 

Measurements of the vapor pressure of the three glycerides were made 
by the method of Ramsay and Younglo over a temperature range of 
approximately 120°, minimum and maximum being 112 and 23g0, re- 
spectively. Inasmuch as decomposition probably occurred in the upper 
zones, the values there observed have not been recorded. Temperatures 
were read with a thermometer graduated to 0.2O. They were corrected 
for stem exposure. Pressures were read to 0.1 mm. on an ascending and a 
descending temperature scale. When these data were subsequently plotted 
i t  was found that the observed points fell on one curve. 

The curve for the vapor 
i? 
- 0  pressure of monacetin may 
0 be expressed by the em- 9 0.4 pirical equation log P = 
9 ' 0  - 10.10518 - 3864.8/T. It 

$ 0.4 holds for temperatures up to 
approximately 185O, and is '. 0 reliable down to 112'. Sim- 2 0.4 ilarly the equation for mono- 

110 115 120 125 130 135 140 145 150 155 160 propin was found to be 
Temperature, "C. 10.29682 - 3961.3/T1 an 

A, monacetin; P, monopropin; B, mono-n-butyrin. expression which is valid be- 
Fig. 1.-Deviation plot. tween the temperatures 115 

and 183'. For mono-n-butyrin the curve for the vapor pressure corre- 
sponds to the equation log P = 10.78092 - 4200.8/T. I t  holds between 
the limits 119 and 176". 

Though due recognition is made of the fact that equations of this 
character are at  best but approximate, yet the fact remains that the 
experimental points were found to lie on straight lines within the limits 
of accuracy of the experimental data. The least accurate factor probably 
lies in whatever limitations are inherent in the method which was em- 
ployed for determining the vapor pressures. 

That the differences between the experimentally determined and calcu- 
lated vapor pressures might be graphically shown, there is reproduced a 
deviation plot (Fig. 1) for each of the glycerides pertinent to this study. 
Maximum and mean differences were found to be 0.40 and 0.12 mm. 

lo Ramsay and Young, J. Chem. Soc., 47,42 (1885). 
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for monacetin. Similarly for monopropin and mono-n-butyrin these 
differences are 0.24 and 0.09, and 0.16 and 0.04, respectively. 

Conclusions 

The foregoing expressions of the vapor pressure-temperature relation- 
ships which obtain among the monoglycerides of low molecular weight 
make possible a critical inspection of such boiling points of these com- 
pounds as have found their way into some of the well-known texts and refer- 
ence books. When viewed in the light of the data as herein recorded, it 
appears that the previously reported boiling points of monacetin of 189- 
191 (60 mm.)G and 130-132' (2-3 mm.)8 are in substantial agreement with 
our observations. On the other hand, the statement1' that monacetin 
boils a t  15S0(165 mm.) is rather difficult to explain except perhaps on the 
grounds of a typographical error in recording the pressure. 

That monobutyrin boils at  269-271°8 or a t  271°11 under atmospheric 
pressure appears to be an absurd statement because of the generally ac- 
cepted view that the glycerides cannot be distilled under ordinary con- 
ditions without decomposition, and the fact that the calculated boiling 
point of this glyceride is approximately 535O. The assigned boiling point 
of 160-163' (16 mm.)s is in better agreement with fact. 

The heat of vaporization per gram of ester when calculated with the aid 
of the Clausius-Clapeyron equation is for monacetin 132.4 cal., for mono- 
propin 122.5 cal. and for mono-n-butyrin 118.75 cal. 

Summary 

The monoglycerides of acetic, propionic and n-butyric acids have been 
synthesized and their simpler physical constants determined a t  a uniform 
temperature. Of these data those for monopropin are new. 

The vapor pressures of these glycerides have been determined over the 
temperature range in which they are stable. 

The heats of vaporization have been calculated. 
MADISON, WISCONSIN 

l1 National Research Council, "International Critical Tables," McGraw-Hill 
Book Company, Inc., New York, 1926, Vol. I, p. 193. 
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AN INVESTlGATION OF A SERIES OF DERIVATIVES OF 
NORMAL HEPTANE. I. PREPARATION, IDENTIFICATION 

AND PHYSICAL CONSTANTS 

I n  connection with further investigation of isomeric hydrocarbons similar 
to those obtained in the case of 2-pentene2 i t  was found necessary to 
prepare and identify certain derivatives of normal heptane. The prepa- 
ration, purification and identification of these products and the physical 
constants measured furnish the basis for the present paper. The measure- 
ment of the dielectric constants and the determination of the dipole mo- 
ments of these compounds are given in the following paper. The work 
involved a study of the four straight-chain alcohols, heptanol-1, heptanol-2, 
heptanol-3, heptanol-4, the corresponding chloro and bromo derivatives, 
two of the iodo derivatives, and the aldehyde and the ketones obtained 
from these alcohols. 

Experimental 
Determination of Physical Properties 

Boiling Point.-All distillations were made a t  diminished pressure 
except in a few specified cases. A fractionating column (a modified Vi- 
greux type) 50 cm. in length, was used for these distillations. The receiver 
was so arranged that fractions could be removed and new receivers put 
on (evacuated by an auxiliary pump) so that the distillation could be 
continuous. In the case of distillations a t  atmospheric pressure the frac- 
tionating column was 50 cm. long, of the Crismer type, consisting of a 
glass spiral fitting closely around an inner tube, the tube and spiral fitting 
snugly into the column. The thermometers used were of the Anschiitz 
type, calibrated by the Physikalisch-Technische Reichsanstalt, and were 
placed in the side neck so that the mercury was completely immersed in 
vapor. 

Freezing Point.-The freezing point determinations were made by 
Professor Jean Timrnerman~.~ Approximately 5-cc. samples, in 15-18-cm. 

1 C. R. B. Fellow, University of Brussels, 1928-1929. The experimental work in- 
cluded in this and the following paper was done a t  the University of Brussels. The 
writer wishes to express appreciation to the C. R. B. Educational Foundation for the 
opportunity given for study and also to acknowledge a very generous grant from the 
Cyrus M. Warren Fund of the American Academy of Arts and Sciences which made 
possible the investigation. 

2 Sherrill, Otto and Pickett, THIS JOURNAL, 51, 3027-3033 (1929); Sherrill, 
Haas and Baldwin, ibid., 51,3034-3041 (1929); Carr, ibid., 51, 3041-3053 (1929). 

3 The author takes this opportunity of expressing appreciation of Professor Tim- 
mermans' interest and cooperation. 



May, 1930 DERIVATIVES OF n-HEPTANI3 1983 

tcst-tubes, were cooled in liquid air and the temperature of the freezing 
point measured by Professor Timmermans' specially calibrated thcr- 
mometcrs. 

Density.--The density determinations were made in a 14-cc. Sprengel 
pycnometer and a t  least three checking determinations were made a t  each 
temperature. The measurements a t  0' were made by surrounding the 
pycnometer with finely crushed ice, those a t  15' were made in a Dewar 
flasii in which the temperature remained constant within less than 0. l o  
over several hours, those made at 20' were made in a thernlostat regtl- 
lated constant to a t  least 0.01 '. The weights were reduced to a vacuum 
basis. 

Index of Refraction.--The refractive indices for the three helium lines, 
a t  15 and 20' or a t  17..5 and 20' were measured with a Pulfrich rcfrac- 
tometer, supplied with a calibrated thermometer graduated in tenths of 
degrees. The water current through the refractometer came from an  
accurately regulated thermostat. The temperatures were accurate within 
0.05'. Duplicate observations checked closely. The refractive indices 
for the sodium D line were made with an Abbe refractometer. The 
water current through the refractometer came from a thermostat. 

Following each table of physical data there is a summary of literature 
data, complete in the case of the halogen derivatives, representative in 
the case of the other compounds. 

Purification of Heptano1s.-Three of the heptanols which were the 
source materials for the work were prepared especially for this problem 
by R. E. Marker by means of the Grignard synthesis from the correspond- 
ing alkyl bromide and alkyl aldehyde. These alcohols were methyl-n- 
amyl carbinol, ethyl-n-butyl carbinol and dipropyl carbinol. The fourth 
alcohol, n-heptanol, was obtained from Schering--Kahlbaum. I n  each 
case the alcohols were carefully dried and fractionated in vacuo in order 
to diminish any possibility of dehydration which might give a mixture of 
hydrocarbon and alcohol. Three distillations were made although the 
alcohols boiled very constantly in the second distillation. The boiling 
points and indices of the distillates in the second and third distillations 
were the same. The identity of the alcohols was proved by the oxidation 
of each and the preparation of the corresponding sernicarbazone. In  each 

Alc. Const. b. 
fract , prod. (final Boiling points c 

g, dist.), g. OC. t O.1° mm. "C. .t 0.05' mm. dfl Mm. 
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F. p., "C. 

TABLE I (Concluded) 

Density, t ' / 4 O  
0 15' 

M. p. of semi- 
carbazone from 

20' ox. of alc., OC. 

Heptanol-1 . . . . .  0.8359" 0.8260 0.8227 109 
Heptanol-2 Vitreous ,8315 ,8203 .8167 123 
Heptanol-3 Vitreous .8370 ,8251 ,8210 88 
Heptanol-4 -41.5 .%35 .8219 .8183 132 

" Pycnometer used had a capacity of 6 cc. 

Indices of refraction of the heptanols 
Helium red Helium yellow 

2% 
Helium green 

15' 20° 15' 20 15' 20° 

case the semicarbazone without purification gave a sharp melting point 
which checked the most recent literature data.4,5 

Literature Data 
Heptanol-1.-B. p. (760 mm.) 175.8-176.2', di5 0.8187, n2: 1.4224;6 b. p. (751.2 

mm.) 174.4", d:4.6 0.8116;7 b. p. (755 mm.) 175.5O, di2 0.8173; d:' 0.8106;8 b. p. 
(12 mm.) 76";g diO 0.8237;lO b. p. 172.5-173", di2 0.8206, nt2.2.4 1.42116, nD 1.42326, 
n r  i.42843, n?,? 1.43281, d:4 O.Si90, n24 1.42043, nZD4 1.42242, n? 1.42770, 
nt4 44, 1.43196.11 

Heptanol-2.-(a) Inactive, b. p. (762 mm.) 156-157", dzo 0.8193, nD 1.42131;12 b. p. 
157-15g0, do 0.8344;13 b. p. 158-16O0;lL(b) dextro: b. p. (20 mm.) 73.5', diO 0.8190, 
n? 1.4209;14-(c) levo: b. p. (23 mm.) 74.5", diO 0.8184.14 

Heptanol-3.-(a) Inactive: b. p. (750 mm.) 156.5-157";15 b. p. 150-152°;'4 
b. p. (745 mm.) 152.7-154", di5 0.8159, n2 '  1.4201, nZD5 1.4175;16-(b) dextro: b. p. 
(18 mm.) 6Ci0, dA3 0.8248, 0.7985, diO 0.8227.14 

Heptanol-4.-B. p. 153-154", di5 0.822, n: 1.4226;9 b. p. (767 mm.) 154.5", 

4 Mathus and Gibon, Bull. soc. chim. Belg., 34,303 (1925). 
5 Harries and Oppenheim, Chem. Zentr., 11,992 (1916); C. A , ,  11,3237 (1917). 
6 Norris and Cortese, T a ~ s  JOURNAL, 49,2644 (1927). 
7 Verkade and Coops, Rec. trav. chim., 43, 903-917 (1927); see Ref. 8. 
8 Carrara and Ferrari, Gazz. chim. ital., 36, I, 424 (1906); summary of data: 

"Revues Critiques de Constantes Fascicule VI," Unpn Internationale de la Chemie 
pure et appliquCe par le Bureau International des Etalons Physico-Chimiques Uni- 
versite de Bruxelles, edited by Jean Timmermans, p. 57 (1928). 

9 Vavon, Ann. chim., [9] 1, 176 (1914). 
lo Lowry, J. Chcm. Soc., 105,92 (1914). 
l1 Eisenlohr, Z. physik. Chem., 75, 588 (1911). 
12 Henry and de Wael, Rec. trav. chim., 28, 446 (1909); Chem. Zentr., I, 1854 

(1909). 
l3 Masson, Compt. rend., 149, 630 (1909). 
I4 Pickard and Kenyon, J. Chem. Soc., 99, 57, 58, 65 (1911); 101, 638 (1912); 

103,1936, 1943, 1957 (1913); 105,849 (1914). 
l5 Blaise and Picard, Compt. rend., 152, 446 (1911); Ann. chim., [8] 26,286 (1912). 
'6 Dillon and Lucas, THIS JOURNAL, 50, 1711 (1928). 
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diO 0.8183, n2$ 1.4205;17 b. p. (750 mm.) 155.00 * 0.04", die 0.8129, n22 1.4l78;ls 
b. p. (760 mm.) 155.9-156". 0.8156, n% 1.4184;6 b. p. (745 mm.) 153.4-154.3", 
m. p. -41.5" to -37.2", d i 5  0.8175; n y  1.4199, n% 1.4173.16 

Halogen Derivatives-Each of the four chlorides and four bromides 
was prepared; the 3-iodoheptane was prepared; and the l-iodoheptane 
(Schering-Kahlbaum) was purified. Especial care was taken in the prepa- 
ration to prevent a shift of the position of the entering halogen and for the 
same reason the distillation was carried out under diminished pressure. 
The products were of very constant boiling point, showing no change on 
second distillation, and in each case, except for very small cuts at the 
beginning and the end, the distillate boiled completely within one-tenth 
of a degree. 

The chloro derivatives were prepared by the action of concentrated 
hydrochloric acid and zinc chloride on the heptanols according t o  an  
adaptation of the method of Norris and Taylor.lg One mole of the hep- 
tan01 was added to two moles of ice-cold concentrated hydrochloric acid 
containing two moles of anhydrous zinc chloride. The product was kept 
in an ice-bath for several hours and vigorously stirred. Then the mixture 
was gradually allowed to come to room temperature. In  the  case of 1- 
chloroheptane the reaction mixture was refluxed gently for one hour and 
then the oil was slowly distilled off. With the 2-, 3- and 4-chloro deriva- 
tives the method was varied as suggested by I,~cas,~O the reaction being 
carried out a t  a lower temperature in order to avoid as much as possible 
any shift of position in the chain. The mixture of heptanol, hydrochloric 
acid and zinc chloride was kept ice cold for six to eight hours; then i t  
was allowed to come to room temperature. After the mixture had stood 
from twelve to twenty-four hours, the oil layer was removed and the 
process repeated. The oil was added to fresh portions of ice-cold concen- 
trated hydrochloric acid (two moles) and zinc chloride (two moles). This 
was repeated a t  the end of a second twenty-four hour period. Finally 
the oil and acid mixture was vigorously shaken. 

For purification the chloride layer was separated from the water-acid 
layer, was washed three times with fresh portions of concentrated hydro- 
chloric acid, four times with ice-cold water, once with 10% sodium hy- 
droxide (ice cold) and twice with cold 15% sodium chloride. The crude 
oils, very pale yellow in color, were dried over calcium chloride and dis- 
tilled twice in vacuo over phosphorus pentoxide. The crude yields were 
7740% of the theoretical and the yields of constant boiling products were 
from 60-64% of the theoretical yields. The purified chloro derivatives 
were perfectly colorless and have remained so for six months. 

l7 Krapiwin, Chem. Zentr., I, 1335 (1910). 
l8 Brunel, THIS JOURNAL, 45,1334 (1923). 
l9 Norris and Taylor, ibid., 46, 753-757 (1924). 
20 Lucas, ibid.,  51, 249 (1929). 
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The 1-bromo derivative was prepared according to methods used for 
similar bromides by Kamm and Marvel,21 Norris, Watt and Thomasz1 and 
Simon.22 Eighty-eight grams of 1-heptanol was refluxed for two and one- 
half hours with 360 g. of 48% hydrobromic acid to which 92 g. of con- 
centrated sulfuric acid had been added. The oil was separated and washed 
with water but proved to be lighter than water, so the procedure was 
repeated and the material was refluxed for three hours. The oil, when 
separated and washed with concentrated sulfuric acid, with water and 
with sodium carbonate, was so dark in color that it was distilled frorrl 
four times its volume of 48% hydrobromic acid, which gave a practically 
colorless product. 

The 2-, 3- and 4-bromo derivatives were prepared by slow saturation of 
the alcohols with hydrogen b r ~ m i d e . ~  The heptanol was kept a t  a tem- 
perature of about -10' by an ice and salt bath and a slow stream of 
hydrogen bromide was passed into the alcohol during a period of six to 
eight hours. The flask was then closed with a capillary tube or a tube 
carrying a rubber balloon and the mixture was allowed to come to room 
temperature and left overnight. The process was repeated each day for 
twelve days. 

The bromides were purified as in the case of the chlorides by washing with 
48% hydrobromic acid, water and sodium hydroxide and were dried over 
anhydrous calcium chloride. Then each was distilled twice in vacuo over 
phosphorus pentoxide. The crude yields of bromide were 70% of the 
theoretical in the case of 1-bromo-, and 85-90% in the case of the other 
three derivatives. The yields of constant boiling products were from 
65-75% of the theoretical. The bromoheptanes so obtained showed no 
trace of color and have remained colorless for six months. 

The 1-iodoheptane was obtained from S~hering-Kahlbaum. It was 
shaken with mercury to remove excess iodine, filtered and distilled in vncuo. 
Bighty per cent. of the distillate was a constant boiling product and the 
iodoheptane so obtained has remained almost colorless for six months. 

The 3-iodoheptane was prepared by a method analogous to that used 
for the preparation of the chloro derivatives. One hundred and thirty 
grams of 3-heptanol was treated with 750 g. of hydriodic acid in three sepa- 
rate portions and the mixture left for sixty hours, being agitated frequently. 
At  the end of that time the oily layer was washed and found to be lighter 
than water so it was put back with the hydriodic acid and zinc iodide 
and refluxed for two hours a t  60-70°. The reaction was still incomplete 
so gaseous hydrogen iodide was passed into the oily mixture of S-iodo- 
heptane and 3-heptanol for about five hours. At the end of this time 

21 Kamm and Marvel, "Organic Syntheses," John Wiley and Sons, Inc., New York, 
1921, Vol. I, p. 7; Norris, Watt and Thomas, THIS JOURNAL, 38, 1075 (1916). 

22 Simon, Bull. soc. chim. Belg., 38, 48 (1929). 
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100 g. of the hydriodic acid (sp. gr. 1.5) and 100 g. of zinc iodide were added 
and the mixture left for twenty-four hours. The oil was then separated, 
purified as in the case of the chloro and bromo derivatives and distilled 
in vacuo. The distillation showed that the reaction was not complete, 
for there were two distinct distillates, one boiling fairly constantly a t  
75.2-75.6' a t  30 mm. for more than an hour; then there was an interval 
(twenty-five minutes) when there was practically no distillate. Then the 
temperature rose rapidly to 88.8' a t  30 mm. and a second constant boiling 
product distilled. This product was about 50% of the distillate. 

Proof of Position of the Halogen.-In order to test the position of the 
substituting halogen each of the chloro derivatives was treated in the follow- 
ing manner. Approximately 10 g. of the chloro derivative was refluxed 
for seven hours with 15 g. of anhydrous potassium acetate and 10 g. of 
glacial acetic acid. The product was diluted with water and the ester 
extracted with ether. The ether was then removed by distillation and the 
ester was hydrolyzed by refluxing for six hours with 50 cc. of alcoholic 
potash (20% solution). The larger part of the ethyl alcohol was removed 
by distilling up to 85' (some of the heptanol distilled also, as was evidenced 
by the odor). Water was then added to the residue and an ether extraction 
was made. The ether was distilled off and the distillation continued up 
to 90' to remove all traces of ethyl alcohol. The residue of heptanol 
(approximately 3 g.) was oxidized by acidified bichromate. A solution 
of bichromate (2.7 g. in 35 cc. of water) was divided into two portions. 
Half was added to the heptanol; to the other half, 2.2 cc. of concd. sul- 
furic acid was added and this acid mixture was poured, drop by drop, 
into the well cooled mixture of heptanol and bichromate. The entire mix- 
ture was refluxed a t  70-80' for one hour and a quarter. About 100 cc. 
of water was then added and the mixture distilled as long as oil distilled 
over. The ketone (or aldehyde) was separated from the water layer and 
washed several times with sodium carbonate solution. The ketone (ap- 
proximately 2 g.) was then transformed into the semicarbazone by treat- 
ment with semicarbazide hydrochloride and sodium acetate. The semi- 
carbazones formed were in each case similar in crystal form to  those ob- 
tained from the original alcohols and they gave, without purification, the 
same melting points. The semicarbazone from 4-chloroheptane melted 
slightly lower, 129-130' and less sharply than the one obtained from the 
original, 132'. Mixed melting points with the original semicarbazones 
showed no change. 

The 2-, 3- and 4-bromo derivatives were esterified, hydrolyzed and 
oxidized as in the case of the chloro derivatives, and the semicarbazones 
formed from the ketones were identical with those from the corresponding 
alcohols, except in the case of the 3-bromo, the semicarbazone from 
which melted a t  96-97'. The amount of ketone obtained was small and 
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the semicarbazone was filtered after standing for several days. The 
amount obtained was too small for purification. A mixed melting point 
of equal portions of this semicarbazone and of the pure semicarbazone, 
m. p. 88-89', melted a t  90-91°, which indicated that i t  was the semicar- 
bazone of 3-heptanone with some impurity. There are two points of 
interest to be noted in connection with this: first that Pickard and Kenyonl4 
and Michaelz3 give values 99-100' and 103" for the melting point of this 
substance, Mathus and Gibon4 giving the lower value 89". Second, in 
the preparation of the semicarbazone from 3-heptanol a large yield (12 g.) 
crystallized out instantly and melted a t  88-89' sharply. A second pre- 
cipitate (less than 2 g.) which came out after several days of standing 
melted a t  97-98'. This material mixed with the 88--89' product melted 
a t  90-91'. This seems to indicate that on oxidation of 3-heptanol, in 
addition to the 3-heptanone, there is a small amount of another ketone or 
other impurity which on long stasding gives a semicarbazone. 

TABLE 11 
CONSTANTS OP THE CHLOROHEPTANES 
Chloro Const. b. 

der. prod. 
fract., (final Boiling points - dl 

(vac.)g. dist.),g. OC. =k0.05° Mm. d0 Mm. 

1-Chloroheptane 170 138 61.4 27 0 5" 25-27 
2-Chloroheptane 65 59 46.0 19.5 .5" 19.2-22.5 
3-Chloroheptane 75 61 48.3 21 .4O 21-24 
4-Chloroheptane 50 38 48.9 21 .5" 20-22 

Density, 1°/40 M. p. of semicarbazone 
F. p.. O C .  0 16" 20' from chloro deriv., OC. 

1-Chloroheptane - 69.5 . . . . 0.8783 0 8725 108.8-109.2 
2-Chloroheptane . . 0.8848 .8725 .8672 123 
3-Chloroheptane . . .8866 ,8732 .8690 88-89 
4-Chloroheptane . . .8884 .8751 .8710 129 

Indices of refraction of the chloroheptanes 
Helium red Helium yellowo 

2% 
Helium green 

15' 20" 15' 20 15O 20 O 

1-Chloroheptane 1.42381" 1.42261 1.42657" 1.42537 . . . . 1.43084" 1.42964 
2-Chloroheptane 1.42170 1.41967 1.42446 1.42246 1.4221 1.42884 1.42675 
3-Chloroheptane 1.42251 1.42068 1.42547 1.42336 1.4228 1.42973 1.42755 
4-Chloroheptane 1.42270 1.42078 1.42557 1.42346 1.4231 1.42983 1.42765 

a Temperature, 17.5 ". 
Literature Data 

1-Ch1oroheptane.-B. p. (750 rnrn.) 159.2", dl6 0.881;24 b. p. 159O.26 
2-Ch1oroheptane.-Beilstein records that  i t  is unknown in pure form; b. p. 165- 

170°.26 
3-Ch1oroheptane.-B, p. (751 mm.) 143.4-144.4 O, n y  1.4237.ln 

2a Michael, THIS JOURNAL, 41, 411-424 (1919). 
24 Cross, Ann., 189, 3 (1877). 
25 Sabatier and Mailhe, Compt. vend., 169, 124 (1919). 
ze Schorlemmer and Thorpe, Ann., 217,152 (1883). 
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4-Ch1oroheptane.-B. p. (751 mm.) 143.1-144.4', n2: 1.4237;le b. p. (758 mm.) 
144-145"' di0 0.8619, n y  1.4199.4 

TABLE I11 

Bromo der. b. prod. 
fract. (final Boiling points dr 

(vac.), g. dist.), g. ''2. * 0 05' Mm. dp Mm. 

1-Bromoheptane 80 63 70.6 19 0.7O 19-23 
2-Bromoheptane 165 136 66.2 24 .Go 2&25 
3-Bromoheptane 135 88 62.0 18 .5" 18-20 
4-Bromoheptane 50 38 60.0 18 .7O 18-20 

Density, t0 /4 '  M. p. of semicarbazone 
F. p., "C. 0 1.5" 20° from bromo deriv., "C. 

1-Bromoheptane -58 25 1.1596 1.1488 1 .I384 . . . . . 
2-Bromoheptane . . . 1.1493 1.1333 1.1277 122-123 
3-Bromoheptane . . . 1.1577 1.1415 1.1362 96-97 
4-Bromoheptane . . . 1.1565 1.1404 1.1351 129-130 

Indices of refraction of bromoheptanes 
Helium red Helium yellow D Helium green 

15' 20 O 15' 20 O 20 15O 20 O 

1-Bromoheptane 1.44934 1.44734 1.45260 1.45049 . . . .  1.45765 1.45546 
2-Bromoheptane 1.44673 1.44461 1.44999 1.44789 1.4476 1.45506 1.45295 
3-Bromoheptane 1.44954 1.44744 1.45290 1.45069 1.4503 1.45785 1.45575 
4-Bromoheptane 1.44894 1.44673 1.45210 1.44989 1.4495 1.45716 1.45496 

Literature Data 
1-Bromoheptane.-B. p. (750.6 mm.) 178.5", dl8 1.133;24 b. p. (765 mm.) 175.5- 

177.5°.a7 
2-Bromoheptane.-B. p. 165" with  decomposition;^ b. p. 165-167 O,  dl7.5 1.422 (cf. 

1.1422, Beilstein)." 
3-Bromoheptane.-B. p. (74 mm.) 84.5-85.5", na$ 1.4507.le 
4-Bromoheptane,--B. p. (72-75 mm.) 84.0-85.5 O, n: 1.4506;la b. p. 159-160 O, 

ordinary pressure, b. p. (11 mm.) 55O, diO 1.1389, n2: 1.4472, transformed into mixture 
by atmospheric distillation.4 

Bromoheptane (position of bromine uncertain) b. p. (70 mm.) 93 O, dt 1.1577.30 

TABLE IV 
CONSTANTS OF IODOHEPTANES 

Distillate Const. b. Boiling pt. dC D e ~ s i t y , ~  1 " / 4 O  
g. prod., g. OC. * 0.05' Mm. dp Mm. 15O 20 O 

1-Iodoheptane 81 65 97.0 26 0.5" 25 1.3870 1.3774 
3-Iodoheptane 115 55 88.9 30 . . . . 1.3735 1.3676 

Indices of refraction of iodoheptanes 
Helium red Helium yellow Hzlium green 

17.5' 20" 17.5' 20° 17.5  20 

1-Iodoheptane 1.48760 1.48689 1.49193 1.49107 1.49867 1.49771 
3-Iodoheptane 1.48915 1.48812 1.49346 1.49241 1.50037 1.49923 

" The densities of the iodo derivatives were measured by M. Cambron a t  the 
University of Brussels. 

Bogert, THIS JOURNAL, 25, 289 (1903). 
28 Schorlemmer, Ann., 188, 253 (1877). 

. 29 Venable, Ber., 13, 1650 (1880); Wheeler, THIS JOURNAL, 25, 532 (1903). 
3O Francis and Young, J. Chem. Soc., 73,921 (1898). 
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Literature Data 

1-1odoheptane.-B. p. (754.8 mm.) 201°, dl6 1.346;24 b. p. (16.5 mm.) 91°;31 
b. p. (20 mm.) 93-95°;32 203.8", ordinary pressure, dg 1.4008.33 

3-1odoheptane.-B. p. (8.5 mm.) 64.5 ".I5 

Aldehyde and Ketone Derivatives.-The wheptaldehyde, obtained 
from Schering-Kahlbauin, was distilled in vncuo; 82% of the total distil- 
late boiled at a constant temperature. . The semicarbazone derivative of 
the aldehyde was prepared by treating 2 g. of the aldehyde witli a water 
solution of 2 g. of semicarbazide hydrochloride and 2 g. of sodium acetate. 
Sufficient ethyl alcohol was then added to dissolve the aldehyde and the 
semicarbazone crystallized out in lustrous plate-like crystals which melted 
sharply a t  109'. 

The heptanones (methyl n-amyl ketone, ethyl n-butyl ketone, di-propyl 
ketane) were prepared by oxidation of the corresponding heptanols. To 
one mole of the alcohol, well cooled, was added one-sixth of a mole of 
potassium bichromate (8yo solution). Then to the well-cooled mixture, 
a sixth of a mole of bichromate solution (8y0) containing 1.5 moles of con- 
centrated sulfuric acid was added dropwise. The reaction mixture was 
refluxed for one hour and a quarter a t  70-80'. Water was added and 
the mixture distilled until all of the oil had distilled over. The oil was 
separated, washed three tiiiies with sodium carbonate and dried over 
calcium chloride. The crude yields were 85-90yo of the theoretical. 

The 2-heptanone was purified by making the sodium bisulfite addition 
product. The ketone was freed from the bisulfite compound by sodium 
carbonate and then distilled. Neither the 3-heptanone nor 4-heptanone 
formed sodium bisulfite addition products. The dried ketones were frac- 
tionated a t  atmospheric pressure and 60 to 70% of the products was con- 
stant boiling within * 0.05'. 

The semicarbazone of 2-heptanone was prepared and crystallized in 
fine lustrous crystals which, without purification, melted sharply a t  123'. 
The semicarbazone from 3-heptanone crystallized in fine crystals somewhat 
granular in appearance. The semicarbazone, without purification, melted 
sharply a t  89'. A second small fraction which crystallized out on long 
standing melted a t  97-98'. 

The semicarbazone from 4-heptanone crystallized in fine crystals, very 
similar in appearance to those obtained from 2-heptanone but very much 
less lustrous. These crystals, without purification, melted sharply a t  
132'. 

Because of insufficient 4-heptanol the amount of 4-heptanone obtained 
was too small for the complete physical measurements. Dipropyl ketone 

3' Blaise and Picard, Ann. chim., [8] 25,266 (1912) ; Chem. Zentr., I ,  1208 (1912). 
s2 Von Braun, Ann., 382,24 (1911). 
33 Dobriner, ibid., 243, 28 (1888). 
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(purchased from Poulenc Prhres) was dried and distilled. The total 
product boiled within less than one and one-half degrees and 70% was 
constant boiling within one-tenth of a degree. The boiling point of this 
compound and the melting point of its semicarbazone were identical 
with those obtained from the oxidation product of 4-heptanol. The 
physical constants of this product were measured. 

TABLE V 
PHYSICAL CONSTANTS 

Distillate, Const. b. Boiling point M. p. sen2icarb- Density, t O,'4O 

6 prod, g Oc. Mm. azone, C. 1 5 O  20 

~z-Heptaldehyde 445 350 59.6 * 0.05 30 108-109 0 8252 0.8219 
2-Heptanone 87 58 150.2 += 0 . 1  750 123 ,0852 .8018 
3-Heptanone 140 93 148 2 += 0.05 756 89 .8222 ,8183 
4-Heptanone 82 58 144.0 * 0 05 756 132 .a212 ,8175 

Indices of refraction 
Helium red Helium yellow Helium green 

17.5' 20 O 17.5O 20° 17.5' 20° 

n-Heptaldehyde 1 41051 1.40941 1.41315 1.41216 1.41748 1.41639 
2-Heptanone 1.40760 1.40660 1 41027 1 40927 1.41433 1.41336 
3-Heptanone 1.40750 1.40649 1.41017 1.40917 1.41423 1.41316 
4-Heptanone 1.40560 1.40459 1.40818 1.40719 1.41218 1.41120 

Literature Data 
n-Hepta1dehyde.-B. p. (748.6 mm.)  152", dl6 0.82J,24 b. p. (760 m m . )  155", 

b. p. (20 m m  ) 54 4" ,  b. p. (22.5 mm. )  56.2°;34 b. p. (10 mm.)  42-43'. d20 0 8250, n~ 
1.41655;36 b. p. (18 mm.) 62°;35 b. p. 152.2-153.2O (corr.), d:: 0.82264, 0.81578;37 
b .  p. 154.2-154.5", diO 0.8495, n: 1.42339, n? 1.42571, n y  1.43094, n y  1.43514;38 
b. p. (759.3 mm.)  152.5-153.5', d ig  0.81708, ni9 1.41046, n1,9.' 1.41251, n r  1.41789, 

n?,? 1.42236;11 b ,p .  154", d:: 0.8320, nA9 1.41105, n: 1.41370, n? 1.42312.5 
Semicarbazone of  n-Hepta1dehyde.-M. p. 109 0.5 

Heptanone-2.-B. p. 151-1520;13 b. p. (763 mm.) 151-152", do 0.8366,39 b. p. 
(760 mm.) 149.5-150°, do 0.8346;40 b. p. 151-153", dl5 0.8223;*l b. p. (750 m m . )  
148-151 O ; 4 2  b. p. 144-145°;23 b. p. 148-150°;43 b. p. (760 mm.) 151.45 * 0.02", 
d: 0.83239, d i 5  0.81966, 0.80680, n;: 1.40906, n: 1.41150, n&t 1.41161, 
n;; 1.41577, n;; 1.40481, n2; 1.40729, n&t 1.40740, n&: g,,,, 1.41154.22 

Semicarbazone o f  2-Heptanone.-M. p. 122-123°;44 m. p. 1220;1° m. p. 1230;14 
m. p. 122-12'3°,40 m. p. 127°;23 m .  p. 121-123°;4 m. p. 120°,43 

34 Kahlbaum, Ber., 17, 1251 (1884); 18, 2107 (1885). 
3"chlotterbeck, ibid., 40, 481 (1907). 
3"emmler, ibid., 42, 1161 (1909). 
37 Perkin, J .  Chem. Soc., 45,477 (1884). 
38 Briihl, Ann., 203, 28 (1880). 
39 Behal, Ann.  chim., [ 6 ]  15, 270 (1888). 
40 Moureu and Delange, Bull. sac. chim., [3] 29, 674 (1903); Compt. rend., 136, 

753-756 (1903). 
41 Schimmel and Co., Chem. Zentr., I ,  1059 (1902). 
42 Johnson and Hager, "Organic Syntheses," John Wiley and Sons, Inc., New Y o r k ,  

1927, Vol .  V I I ,  p. 60. 
43 Weizmann and Garrard, J .  Chem. Soc., 117,338 (1920). 
4Qakin, Am.  Chem. J., 44,46 (1901). 
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Heptanone-3.-B. p. (742.9 mm.) 147-148°;45 b. p. 149-150°:14 b. p. (760 mm.) 
147-148°;23 b. p. ?47.4', m. p. -39°.46 

Semicarbazone of 3-Heptanone.-M. p. 99-100°;14 m. p. 103°;23 m. p. 86-88°.4 
Heptanone-4.-B. p. (760 mm.) 143.52°;47 b. p. (760 mm.) 144-145", d 0.8193, 

n D  1.414;48 b. p. 144.2", m. p. -34°;46 b. p. (770 mm.) 143-144°;49 b. p. (755 mm.) 
143.5-144.5°;23 b. p. (68 mm.) 75.1;5@ d iO 0.8258, d iO 0.8105;51 d:: 0.8210;52 di6 
0.8205, nL5 1.40818, n? 1.41538;53 d:1.7 0.8160, n z  1.40521, n2: 1.40732, n?,.? 1.41650;54 
diO 0.8217.l'J 

Semicarbazone of 4-Heptanone.-M. p. 133 0;55 m. p. 132 0;56 m. p. 132°;57 m> p. 
133°;49 m. p. 129°;23 m. p. 125O.58 

The writer wishes to take this opportunity of expressing indebtedness 
to Professor Jacques Errera and to Professor Hector Van de Walle for the 
hospitality of their laboratories and appreciation for their suggestions in 
the prosecution of this work. 

Summary 

The four heptanols (I-, 2-, 3- and 4-), the four corresponding chlorides 
and four bromides, two of the iodides (1- and 3-), the n-heptaldehyde and 
the three ketones (keto-2, -3 and -4) have been investigated and some of 
the physical constants determined. 

SOUTH HADLEY, MASSACHUSETTS 

46 Ponzio and de Gaspari, Gazz. chim. ital., 28,II, 272 (1898). 
46 Timmermans, Bull. soc. chim. Belg., 36, 502-518 (1927). 
47 Louguinine, Ann. chim. phys., [7] 13, 331 (1898). 
48 Amouroux and Murat, Compt. rend.. 154,992 (1912). 
4B Henderson, Henderson and Heilbronn, Ber., 47, 887 (1914). 
50 Rice, Proc. Roy. Soc. (London), 91,83 (1915). 
51 Morgan and Kramer, THIS JOURNAL, 35,1836 (1913). 
62 Perkin, J. Chem. Soc., 69, 1173 (1896). 
55 Eijkman, Rec. trav. chim., 12, 172 (1893); Rech. Refrac., 86 (1919); cf. "Revue 

des Constants," Ref. 8. 
64 Briihl, J. prakt. Chem., [2] 50, 141 (1894). 
66 Dilthey, Ber., 34, 2123 (1901). 
" Staudinger, ibid., 44, 528 (1911). 
57 Douris, Compt. rend., 157, 723 (1913). 
58 Lynn, THIS JOURNAL, 41,369 (1919). 
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[CONTRIBUTION FROM THE UNIVERSIT~ DE BRUXELLES, F A C ~ T I ~  DES SCIENCES 

APPLIQU&S AND PROM MOUNT HOI,YOKE COLLEGE, CHEMICAL LABORATORY] 

AN INVESTIGATION OF A SERIES OF DERIVATIVES OF NORMAL 
HEPTANE. 11. DIPOLE MOMENTS AND MOLECULAR 

CONSTITUTION l 

The dipole moments of various aliphatic compounds containing one or 
more polar groups have been determined,2 but it seemed advisable to study 
the effect on the moment of the position of the polar group in an aliphatic 
compound. 

In order to have several different positions available a study of a series 
of derivatives of the straight chain heptane was begun, for in normal 
heptane it is possible to have a single substituent in four different positions 
in the molecule. The dipole moments of the four alcohols, heptanol-1 
(n-heptyl alcohol), heptanol-2 (methyl-n-amyl carbinol) , heptanol-3 (ethyl- 
n-butyl carbinol), heptanol-4 (dipropyl carbinol) have been measured. 
The three ketones, 2-heptanone (methyl-n-amyl ketone), 3-heptanone 
(ethyl-n-butyl ketone) and 4-heptanone (dipropyl ketone) have been 
prepared and purified and the moments of these and of the n-heptaldehyde 
have been determined. The chloro and the bromo derivatives correspond- 
ing to each of the heptanols have been synthesized and two of the iodo 
derivatives, 1-iodoheptane and 3-iodoheptane, have also been studied. 
Great care was taken in the preparation of these compounds to avoid any 
shift of position in the chain. The preparation of these derivatives and 
the proof of the position of the groups has been given by one of the a ~ t h o r s . ~  
The dipole moment of each of the compounds has been calculated from 
measurements of the dielectric constants of dilute solutions of the com- 
pound in a non-polar solvent, benzene, according to the well-known method 

A preliminary report of this work was made a t  a Symposium in Leipzig, June, 
1929, and has been published, p. 41, in "Dipolmomente und Chemische Struktur," 
herausgegeben von Professor P. Debye, Verlag von S. Hirzel, Leipzig, 1929. Sce also 
Ref. 1, preceding article, M. L. Sherrill, THIS JOURNAL, 52, 1982 (1930). 

(a) Debye, "Polare Molekeln," pp. 39, 45, 52, 59, etc., p. 191 (complete tables), 
Leipzig, 1929, "Polar Molecules," New York, 1929 (less complete data); (b) Errera, 
J. phys., [6] 6, 390 (1925); Compt. rend., 182, 1623 (1926); Physik. Z., 27,764 (1926); 
29, 689 (1928); "Polarization Dielectrique," Presses Universitaires, Paris, 1928; 
(c) Ghosh, Nature, 123, 413 (1929); C. A. ,  23, 3383 (1929); (d) Gross, Physik .  Z.,  30, 
504 (1929) ; (e) Hojendahl, "Dissertation," Kopenhagen, 1928 (tables and bibliography) ; 
(f) Lange, 2. Physik, 33, 169 (1925); (g) Sanger, Physik. Z., 27, 556 (1926); (h) Smyth, 
THIS JOURNAL, 46, 2151 (1924); 51, 2380 (1929); (i) Smyth and Morgan, ibid., 50, 
1547 (1928); (j) Smyth and Stoops, ibid., 51, 3312 (1929); (k) Williams, Physik.  Z., 
29, 174 (1928); 2. physik. Chem., 138A, 75 (1928); (1) Wolf, ibid., 2B, 39 (1929). 

M. I,. Sherrill, THIS JOURNAL, 52, 1982 (1930). 
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shown by D e b ~ e . ~  The resonance method was used and the wave length 
was i O O  meters. The capacity measurements were of a precision of 1 part 
in 500. 

The total polarization of a pure substance is regarded as made up of three 
parts, the polarization PE caused by electronic shifts induced in the 
molecule, the polarization P A  attributed to atomic shifts and Pp, thc 
polarization due to orientation of the permanent dipoles in the molec~le .~  
The total polarization is determined according to the equation P = 

6 - 1/e + 2.M/d, in which e is the dielectric constant, M is the mo- 
lecular weight and d is the density of the compound. P a  is the total 
polarization of the unassociated molecule obtained by extrapolation of 
Pl,z and Pz from the data of the dilute benzene solutions, in which Pl,z = 

e - l i e  + 2.C1M1 -I- C2M2/d and Pz =  PI,^ - CIPI/Cz. Since i t  was 
not possible, a t  this time, to measure the refractive indices in the long 
waved infra-red, instead of measuring P E  + PA, PE was determined from 
the refractive index of the compounds obtained by measuring the helium 
yellow line at 20'. PE is considered equal to the molecular refractivity 
RM as defined by the Lorenz-Lorentz law, PE = n2 - l /n2 + 2 -Mid,  
in which n is the refractive index, M the molecular weight and d the den- 
sity. The dipole moment p is calculated according to Debye1

6 p = 0.0127 
X10-ls .t/(~, -- PE)T. 

According to one of the authors,' the molecular association in a liquid 
may be considered as the result of two factors. The first is the dipolar 
molecular association which may be attributed to the electrostatic forces 
of the permanent dipoles in the molecule, these forces being determined 
by the size and position of the dipoles in the molecule and the form of the 
molecule itself. The second is the molecular association of the molecules 
which are not dipoles, which may be the result of intermolecular attraction 
as indicated by van der Waals. The total association, the sum of these 
two factors, must be determined by measurements such as vapor pressure, 
viscosity and surface tension. Polarization measurements, which give the 
electric moment in unit volume, are able only to give some insight into 
the first factor of this association corresponding to the association of the 
dipoles. In fact, in the consideration of the total polarization, P = PE + 
P A  + PP, Debye has shown that PE f P A  corresponds to the polari- 

P. Debye, Handbuch der Radiologie, 6, 597 (1925); "Polare Molekeln," Leipzig, 
1929, p. 46; "Polar Molecules," New York, 1929, p. 44. 

J. Errera, "Polarization Dielectrique," Les Presses Universitaire de France, 1928. 
P. Debye, "Polare Molekeln," Leipzig, 1929, p. 51; "Polar Molecules," New 

York, 1929, p. 49. 
J. Errera, Z. ghysik.  Chem., 138A, 332 (1928); 140A, 273 (1929); "Dipolmomente 

und Chemische Struktur," herausgegeben von P. Debye, Leipzig, 1929, p. 105; "L'Ac- 
iivation et la Structure des l/lolecules," RCunion Internationale de Chimie-Physique, 
Paris, 1928, p. 236. 
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zation of those constituents whose field is determined by the van der Waals 
molecular attraction. For a substance whose molecules are not dipoles 
and whose total polarization is limited to Pn + P A  i t  is not possible to  
determine the association through polarization measurements. Where, 
however, there are dipole molecules present, the association of the per- 
manent dipoles affects greatly the Pp factor. It is then possible to  
determine the dipolar association, y, of the permanent dipoles present by 
the ratio of the total polarization a t  infinite dilution of the permanent di- 
poles, P p ,  ( P p ,  = P ,  - PE),  to the total polarization of the permanent 
dipoles in pure state, Pp (Pp = P - PB), or PPm/PP = y. In  the data 
for the various series of compounds tabulated below, PI? is a first ap- 
proximation in place of PE + PA. The probable error in the dielectric 
measurements is 0.5%. 

Derivative 

Heptanol-1 
Heptanol-2 
Heptanol-3 
Heptanol-4 
Heptaldehyde 
Heptanone-2 
Heptanone-3 

The results show that in the case of the hydroxy group in straight-chain 
hydrocarbons, such as the heptanols, the dipole moment is independent of 
the position of the polar group in the chain. It is also to be noted that  
the association is greatest in the case of 4-heptanol and decreases in order 
to 1-heptanol, which is least associated, for the dipole moment of each of 
the four alcohols is the same and the density practically the same, yet the 
dielectric constant which should be the same varies from e = 6.2 in 4- 
heptanol to E = 12.1 in the case of 1-heptanol. In the carhonyl deriva- 
tives, one of which is an aldehyde, the other three being ketones, i t  is 
found that the dipole moment of the 1-derivative, n-heptaldehyde, is smal- 
ler than that of the 3- and 4-heptanones. The 2-heptanone instead of 
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being like the 3- and 4-derivatives has a dipole moment more like that of 
n-heptaldeIlq.de. This seems to correspond somewhat to the chemical 
reactivity, for of these compounds only the aldehyde and the 2-heptanone 
form bisulfite addition products. The dipole moments of a number of 
ketones have been determined by W ~ l f , ~  and dipropyl ketone is one of 
these for which he found a value of p X 10ls of 2.73, which checks the 
value obtained in this work. 

In  the case of the halogen derivatives i t  is seen that in the 2-, 3- and 4- 
positions the dipole moment is practically independent of the position in 
the chain. In 1-chloro-, 1-bromo- and 1-iodoheptane the dipole moment 
is smaller than that of the other halogen derivatives. The dipole moment 
of n-heptylbromide is given by Smyth

g 
as 1.86, which compares favorably 

with the value found in this work. From the data obtained with these 
halogen compounds of heptane it is to be inferred that the dipole moment 
is the same for the chloro, bromo and iodo derivatives of the aliphatic 
compounds as Williams10 has found for the chloro and bromo derivatives of 
aromatic compounds, the numerical value, however, being greater than for 
the aromatic derivatives. For the disubstituted chlorides and bromides 
of benzene and of ethylene one of the authorsl1 has found that the moment 
of the chloro derivatives was larger than that of the bromo and of the 
bromo larger than the iodo derivatives. In these heptane derivatives 
the dipole moment of the halogen compounds has been found to be greater 
than that of the hydroxyl derivative, which is different from that found 
for aromatic  compound^,^^ where the dipole moment of the hydroxy deriva- 
tive is greater than that of the halogen derivative. The characteristic 
moment of the polar substituents in n-heptane are tabulated below. The 
values are approximate in the sense that PA, which in certain cases has a 
value which cannot be neglected, has not been taken into consideration. 

CHARACTERISTIC MOMENTS (p  X 1018) OF POLAR SUBSTITUENTS IN n-HEPTANE 
Group OH H-C=O C=O C1 Br I 
First position 1 .70 2.55 (2.58) (2-ketone) 1.85 1.85 1 .80 
Other position 1.70 . . 2.75 2.00 2.00 1.90 

In  addition to the alcohol derivatives of heptane there were available 
three of the petanols (n-amyl alcohol,12 methyl propyl carbinol and diethyl 
carbinol). The dielectric constants of these alcohols were measured and 
the dipole moments calculated as in the case of the heptane derivatives. 

Here as in the heptanols it is evident that the moment is independent of 
K. I,. Wolf, Zeit. physik. Chem., 2B, 39 (1929). 
C. P. Smyth, THIS JOURNAL, 51,2385 (1929). 

lo J. W. Williams, ibid., 50, 2350 (1928). 
l1 J. Errera, J. phys., 6, 390 (1925). 
l2 Obtained from Professor Timmermans, University of Brussels. 
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TABLE 111 

PENTANS DERIVATIVES AT 22 
Derivative dr c P p m  PE p X f O 1 g  Y 

Pentanol-1 0.8134 14.37 88.53 84.0 26.80 1.65 0.93 
Pentanol-2 .&lo0 13 82 88.43 86.0 26.88 1.66 .94 
Pentanol-3 .a142 13.02 86.82 83.0 26.52 1.64 .94 

the position of the substituent in the molecule; the numerical value of the 
moment, 1.65, is, however, slightly smaller than that obtained for the 
heptanols, 1.70. Representative data on electric moments of the straight- 
chain alcohols as given in the literature are as follows: methyl alcohol, 
1.73 (gas) ,2e 1.64 (solution) ;I3 ethyl alcohol, 1.63,1° 1.72,'" 1.64;14 n-propyl 
alcohol 1.66,14 1.53;~' n-butyl alcohol 1.65,~~ 1.75;'j octyl alcohol 1.71." A 
comparison of these values with the electric moments of the C g  and C7 
alcohols obtained in this study shows fairly good agreement. 

Summary 

Dielectric constant data have been obtained for the following com- 
pounds, pure and in benzene solution: four straight-chain heptanols, the 
n-heptaldehyde, the three ketones, the four chloro and four bromo deriva- 
tives and 1-iodo and 3-iodoheptane. From these data the electric rno- 
ments have been determined. 

The position of the polar group in the chain in the case of the alcohols 
has been found to have no effect. In the case of the halogen derivatives, 
the moment is found to be the same for chloro, bromo and iodo compounds 
but a slightly smaller moment is obtained when the substituent is in the 
l-position than when it is in either of the other positions. 

The electric moment characteristic of each of the groups, hydroxyl car- 
bony1 and halogen, as shown in aliphatic compounds has been tabulated. 

BRUSSELS, BELGIUM 

SOUTH HADLEY, MASSACHUSETTS 

l3 Stranathan, Phys. Rev., 31, 653 (1928). 
l4 Debyc, Handbuch der Radiologie, 6, 390 (1925). 
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STUDIES ON THE POLYMETHYLBENZENES. 111. THE VAPOR 
PRESSURES OF THE TETRAMETHYLBENZENES, AND OF 

PENTA- AND HEXAMETHYLBENZENE 

BY F'. H. MACDOUGALL WITII LEE IRVIN SMITII 

RECEIVED DECEMBER 16, 1929 PUBLISHED MAY 8, 1930 

No data are recorded in the literature on the vapor pressures of any 
of the polymethylbenzenes containing four or more methyl groups, and 
the work reported in this paper deals with the determination of the vapor 
pressure curves of five polymethylbenzenes: the three tetramethylben- 
zenes, penta- and hexamethylbenzene. Only the vapor pressures of the 
liquid hydrocarbons have been measured: the lower limit is either around 
room temperature, or as close to the melting point of the hydrocarbon as 
could be obtained with the apparatus used. 

The purification of all the materials is given in a previous paper.' In 
every case except one the purest materials a t  hand were used, judging by 
the freezing point curve. The one exception is in the case of prehnitene 
(1,2,3,4-tetramethylbenzene), the vapor pressure sample showing a freezing 
point of -6.8' as compared with a later sample purified through the pic- 
rate, and which showed a freezing point of - 6.4O. However, the boiling 
point of this very pure sample was determined a t  two or three pressures 
and the results were found to check within the experimental error the values 
given by the sample freezing a t  -6.g0, so that i t  was not felt necessary to 
re-check the whole curve. 

Apparatus and Procedure.-The procedure followed was to determine 
the boiling point under various pressures in a modified Claisen flask, ar- 
ranged so that the distillate was returned to the flask. Superheating was 
avoided by passing a very fine stream of air through the boiling liquid, 
and the temperature of the outside (Wood's metal) bath was carefully 
regulated so that a nice even distillation resulted. The neck of the flask 
was made long enough so that the thermometer was completely immersed 
in the vapor, and was wide enough so that the thermometer did not 
touch the flask a t  any point. The thermometers used were all standard- 
ized. The pressure was read on a closed tube manometer, internal di- 
ameter about 7.5 mm., which had a range up to atmospheric, and which 
had been carefully checked against an accurately calibrated manometer. 
The accuracy of reading the manometer scale was about 0.3 mm., but 
since two readings were necessary in order to determine the pressure, the 
error in any given reading was double this, or about 0.5 mm. The pres- 
sure was varied by inserting a long tapering capillary into the line and 
cutting off small lengths in passing from one determination to the next. 

Smith and MacDougall, THIS JOURNAL, 51,3001 (1929). 
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With a good pump having high capacity, this method permits the pressure 
to be changed easily and very constant readings were obtained. In  
every case the readings were checked: first the pressure was read, then 
the temperature, and after half a minute these readings were repeated in 
the reverse order. 

Results.-The results are given in the tables and curves. Figure 1 is 
taken from the observed data directly, plotting alternate readings in order 

Temperature, 'C. 
Fig. 1.-Vapor pressure curves of the polymethyl benzenes. 

to simplify drawing these curves. In addition, the curves for durene 
and isodurene are so close together that only one of them has been drawn, 

TABLE I 

VAPOR PRESSURE EQUATIONS, u = 1000/T 

Durene log,, P = 18.8224 - 3093/T - 3.499 loglo T 
Isodurene log,, P = 5.9514 - 0.6033 u - 0 3972 u2  
Prehnitene log,, P = 6.4470 - 1.0542 u - 0 3099 u2  
Penta log,,P = 6.7125 - 1 . 3 2 3 ~  - 0.309u2 

Hexa log,, P = 7.7760 - 2.4394 u - 0 1009 u2 

Substance 

Durene 
Isodurene 
Prehnitene 
Penta 
Hexa 

L7&4 - 
Trso Ti60 
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the points on the other merely being indicated. Table I gives the em- 
pirical equations for the vapor pressures. Figure 2 gives the deviations 
of the calculated pressures from the observed values. These deviations, 
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Temperature, OC. 
A, Durene; B, isodurene; C, prehnitene; D, pentamethylbenzene; E, hexamethyl- 

benzene. 
Fig. 2.-Deviation plots for the vapor pressures of the polymethylbenzenes. Positive 

deviations are to be added to the calculated to find the observed. Negative vapor 
pressures are to be added. 
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when positive, are to be added to the calculated pressures, and sub- 
tracted when negative. Table I1 gives the normal boiling point, the latent 
heats of vaporization, and LIT, or the "entropy of vaporization." All 
pressure readings are in mm. of mercury at 03, and all temperatures are 
corrected. 

Summary and Conclusions 
1. The vapor pressures of all the polymethylbenzenes containing four 

or more methyl groups have been determined over a considerable range of 
temperatures, and the results are given in the form of tables and curves. 

2. From these data, the latent heats of vaporization have been calcu- 
lated. 

MINNEAPOLIS, MINNESOTA 

RESEARCHES ON PYRIMIDINES. CXV. ALKYLATION ON 
NITROGEN OF THE PYRIMIDINE CYCLE BY APPLICATION OF A 

NEW TECHNIQUE INVOLVING MOLECULAR 
REARRANGEMENTS 

That the lactim ethers I will undergo rearrangements to their isomeric 
and stable lactam configurations I1 has been known for a long time. These 
transformations are not reversible and are brought about by the appli- 
cation of heat or through the influence of special catalytic agents, and have 
been observed to take place in both the acyclic and cyclic series of organic 
com~ounds.~ 

The interesting data obtained by Knorr as a result of his study of mo- 
lecular transformations in the pyrazolone and quinoline series suggested 
that corresponding changes might be brought about in pyrimidine com- 
binations containing lactim ether groupings3 Knorr showed that  certain 
a- and y-alkoxyquinolines interact with methyl iodide with formation 
of addition products IV which are unstable and break down on heating 
to form N-alkylquinolones V. The transformation of the ethoxyquinoline 

Sterling Research Fellow, 1928-1930. 
A review of the literature on imido-ester rearrangements has been recorded in the 

following publications: Johnson and Hahn, "Theories of Organic Chemistry (Henrich)," 
John Wiley and Sons, Inc., New York, 1922, and in "Molecular Rearrangements," 
by C. W. Porter, American Chemical Society Monograph No. 45, The Chemical Cata- 
log Company, Inc., New York, 1929. See also Chapman, J. Chem. Soc., 569 (1929). 

Knorr, Ann., 293, 5 (1896); Ber., 30, 922, 927, 937 (1897); see also Lieben and 
Haitinger, Monatsh., 6,315 (1885), for rearrangement of alkoxypyridines. 



I11 into the corresponding N-methyl derivative (lactam construction) is 
expressed by the following formulas. Knorr also found that the lrctim 

CH./\I CH, I 
111 IV v 

constructions 111 are rearranged by heating, forming the isomeric lactams 
in good yield. 

Substituted pyrimidines of the type represented by the 2,6-dialkoxy- 
pyrimidines are analogous in constitution to the quinoline lactim compounds 
studied by Knorr. Several pyrimidine ether constructions of this type 
have been ~ r e p a r e d , ~  but in no case has any tendency to undergo molecular 
rearrangements been observed, nor has the behavior of these compounds 
toward alkyl iodides been investigated. We have had occasion to investi- 
gate the properties of certain representatives of this series and we find that 
the 2,6-dialkoxypyrimidines and constructions like 2-oxy-3-alkyl-6-alkoxy- 
pyrimidines easily undergo rearrangement on heating to form the 1,3- 
dialkyluracils in excellent yields. The respective changes are expressed 
by the following formulas. 

N=COCH, CH8N-CO 
I I I I 

CH30C CH CO CH 
II II 
N-CH 

I I1 
CHzN-CH 

VI VII 
N=COC2Hs CzHsN-CO 
I I I I 
CO CN -+ CO CH 
I /I 

CHaN-CH 
I II 

CHaN-CH 
VIII IX  

These rearrangements open up a new technique for synthesizing N-alky- 
lated uracils of known structure which hitherto have been very difficult 
t o  obtain in a pure condition. Thus far i t  has been impossible to  produce a 
partial rearrangement by heating a 2,6-dialkoxypyrimidine leading to 
the formation of derivatives in which only one lactim grouping has been 
destroyed. 1,3-Dialkylpyrimidines are always the end-products of py- 
rolysis. 

Pyrimidines representing the partially rearranged forms are obtained 
by the action of alkyl halides. The interaction of methyl iodide with 2,6- 
dimethoxypyrimidine VI a t  room temperature, for example, yields 
smoothly 2-oxy-3-methyl-6-methoxypyrimidine. In other words, the two 

Schlenker, Ber., 34, 2812 (1901); St. Augerstein, {bid., 34, 3956 (1901); Buttner, 
ibid., 36,2227 (1903); Gabriel and Colman, ibid., 36, 3379 (1903); Johnson and Joyce, 
THIS JOURNAL, 37,215 (1915); Johnson and Moran, ibid., 37,2591 (1915). 
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lactim configurations within the same pyrimidine molecule differ in their 
stability, and the nitrogen atom which is alkylated during the molecular 
changes is that one which is the most basic, or the nitrogen in position 
3 of the pyrimidine ring. The mechanism of the reaction, which is prac- 
tically quantitative, is easily explained by assuming the primary formation 
of an addition product with methyl iodide. This intermediate penta- 
valent nitrogen compound X being unstable, dissociates with the pro- 
duction of the 3-nitrogen derivative XI  and a new alkyl halide by coupling 
of the 2actirn alkyl group with iodine. These changes are expressed by the 
formulas 

N=COCHa N=COCH3 N=COCHa 
I I I I 

CH3OC CH + C H I  + 0 A + CHaI + CO CH 
I /  /I 
N-CH 

I 1 Ii I/ 
1 I] N-CH 

i /I 
I---- CH3N-CH I 

CHz 
VI X XI 

That an intermediate addition product as expressed by formula X repre- 
sents one stage of our reaction is supported by the behavior of 2,6-diethoxy- 
pyrimidine toward methyl iodide. In this case the product of the reac- 
tion was 2-oxy-3-methyl-6-ethoxypyrimidine, but we were unable t o  
identify any substance corresponding to an addition compound. That 
such addition compounds, are exceedingly unstable was shown by the 
behavior of 2,6-dimethoxypyrimidine toward methyl iodide a t  or- 
dinary temperature in quantities very much less than molecular propor- 
tions of the halide. Under these experimental conditions the dimethoxy 
compound was completely transformed into 2-oxy-3-methyl-6-methoxy- 
pyrimidine X I  in a few days. This interesting result is direct evidence 
that the addition product is an unstable configuration, breaking down as 
soon as formed and continually regenerating the halide, thus allowing the 
reaction to go to completion. 

In the above reactions methyl iodide was found to be much more reac- 
tive than ethyl iodide, and the use of benzene as a solvent decreased the 
rate of reactivity very appreciably, which is in accord with the recent work 
of Norris and Prentiss.5 It is also a well-known fact that alkyl halides 
show a much greater tendency to add to basic nitrogen groupings than 
the corresponding alkyl bromides or chlorides. In the case of 2,6-diethoxy- 
pyrimidine, for every molecule of methyl iodide interacting with this com- 
pound, one molecule of ethyl iodide is liberated. However, since methyl 
iodide is in excess and is also the more reactive halide, the main product 
formed is 2-oxy-3-methyl-6-ethoxypyrimidine with the practical exclusion 
of 2-oxy-3-ethyl-6-ethoxypyrimidine. 

The 2-oxy-3-alkyl-6-alkoxypyrimidines very easily undergo hydrolysis 
5 Norris and Prentiss, THIS JOL~RNAL, 50,3042 (1928). 
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by treatment with hydrochloric acid, yielding mono alkylated uracils 
quantitatively. This new reaction, which makes possible the application 
of a new technique for the preparation of 2,6-dioxypyrimidine compounds 
alkylated in position 3, promises to  assume an important biochemical 
significance. By application of this new procedure it should be possible 
to  synthesize sugar derivatives of pyrimidines related structurally to the 
nucleosides found in nucleic acids. In  fact, we have already found that 
the hexose derivative-bromotetra-acetylglucose-interacts smoothly with 
2,6-dimethoxypyrimidine giving a crystalline compound exhibiting the 
properties of a true nucleoside de r i~a t ive .~  This special reaction is now 
under investigation and the results of our research will be reported in a 
future paper from this Laboratory. 

Experimental Part 
The Preparation of 2,6-Diakoxypyrimidines.-The chlorine atoms occupying the 

2- and 6-positions in the pyrimidine ring are very reactive and interact practically in- 
stantaneously with sodium alcoholates to give the corresponding 2,6-dialkoxypyrimidines 
in excellent yields. 

2,6-Dimethoxypyrimidine, N=C(OCH~)N=C(OCH~) CH=&H.-T~~~ compound 
has been described previously by Gabriel and Colman,' who prepared it by reduction 
of 2,6-dimethoxy-4-chloropyrimidine. They report a boiling point of 204.5-205' and 
a melting point a t  about 10 '. Their method, however, is an impractical one for quan- 
tity production and we recommend the following. Forty grams of 2,6-dichloropy- 
rimidineg are dissolved in 200 cc. of absolute methyl alcohol

g 
and added slowly to a solu- 

tion of 12.5 g. of sodium in 200 cc. of dry methyl alcohol. A vigorous reaction immediately 
takes place, sodium chloride precipitating and the mixture generating sufficient heat to 
raise the temperature of the solution to its boiling point. The reaction is complete 
within a few minutes. After filtering off the sodium chloride, the excess of alcohol is 
then expelled by distillation under reduced pressure and the residual oil treated with 100 
cc. of 30% sodium hydroxide solution. The dimethoxypyrimidine separates as the 
upper layer and is extracted by ether, dried over sodium sulfate and finally purified by 
distillation. Our product distilled as a colorless oil boiling a t  202", and solidified on 
cooling. The compound melts a t  17.5' and the yield is 35 g. or 93% of the theoretical. 

AnaE. Calcd. for CsHsOzNz: N, 20.00. Found: N, 19.72, 19.85. 

2,6,-Diethoxypyrimidine, N=C(OC~H~)N=C(OCZH~)CH=~H.- he procedure 
for obtaining this pyrimidine was similar to that described above. I t  was produced as a 
colorless oil boiling a t  224-225' and melting a t  19-20'. The yield was 85% of the 
theoretical. 

Anul. Calcd. for C~HIZOZN~: N, 16.67; H, 7.14; C, 57.14. Found: N, 16.27, 
16.67; H, 7.21; C, 56.92. 

6 Johnson and Hilbert, Science, 69, 579 (1929). 
Gabriel and Colman, Ber., 36, 3379 (1903). 

* Hilbert and Johnson, THIS JOURNAL, 52,1152 (1930). 
On dissolving 2,6-dichloropyrimidine in methyl alcohol heat should not be ap- 

plied as this initiates a reaction with replacement of halogen and formation of the di- 
alkoxypyrimidine. The latter compound undergoes hydrolysis in the presence of the 
generated hydrochloric acid and is changed immediately into uracil. 
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Rearrangement of Alkoxypyrimidines 
Rearrangement of 2,6-Dimethoxppyrimidine to 1,3-Dimethyluraci1.-Four and 

one-half grams of the dimethoxypyrimidine is heated in an oil-bath a t  220-240" for 
four hours. At first there is vigorous ebullition which gradually subsides and finally 
ceases as the proportion of rearranged compound increases. On cooling, the pale brown 
reaction product completely solidified. This was purified by dissolving in a mixture of 
alcohol and ether and allowing to cool after decolorization with norite. The yield of 
rearranged pyrimidine was 4 g. and it crystallized in colorless prisms melting a t  123- 
124". A mixture of this substance with a sample of l,3-dimethyluracil prepared by a 
known methodlo melted a t  the same temperature. 

Rearrangement of 2-Oxy-3-methyl-6-methoxypyrimidine to 1,3-Dimethyluraci1.- 
This change is accomplished by heating under the same conditions that were employed 
for the molecular rearrangement of 2,6-dimethoxypyrimidine to dimethyluracil. The 
purified 1,3-dimethyluracil melted at  12.3-124" and the yield was excellent. 

Rearrangement of 2-Oxy-3-methyl-6-ethoxypyrimidine to I-Ethyl-3-methyluracil, 
r CH~N-CO-N(C~H~)COCH=~'N.-A~~~~ heating 5 g. of the above ethoxypyrimidine 

in an oil-bath at  250" for eight hours, the resulting dark brown reaction product was 
extracted with ether, dried and purified by distillation under diminished pressure. The 
rearranged pyrimidine was obtained as a colorless oil boiling at 140-141 a t  4 mm. which 
solidified on cooling. I t  melted a t  60-61'. The yield was 4 g. This pyrimidine is 
very soluble in water, alcohol and ether and sparingly soluble in ligroin. It gives a 
negative Wheeler and Johnson color test." 

Anal. Calcd. for C?HloO2Nz: N, 18.18; H, 6.49; C, 54.55. Found: N, 18.26, 
18.43; H, 6.67; C, 54.64. 

The Action of Alkyl Iodides on Alkoxypyrimidines from Uracil 
r 

2-0xy-3-methyl-6-methoxypyrimidine, CH~NCON=C(OCH~)CH=&H.--~ive 
grams of 2,6-dimethoxypyrimidine was mixed with 10 g. of freshly distilled methyl 
iodide and the solution allowed to stand at room temperature. lVithin two to three 
hours large colorless crystals started to deposit in the solution, and in twelve hours the 
reaction was complete. The reaction product was separated by filtration and washed 
with ether. I t  was purified by recrystallization from warm alcohol and separated, on 
cooling, in the form of colorless prisms which melted at  149-150 ". The yield of re- 
arranged pyrimidine was quantitative. The compound is very soluble in alcohol and 
water and insoluble in benzene and ether. 

Anal. Calcd. for CsHsOzNz: N, 20.00; H, 5.71; C, 51.43. Found: N, 19.98, 
20.13; H, 5.82; C, 51.40. 

The structure of this compound was established by its behavior on hydrolysis. 
When dissolved in dilute hydrochloric acid and the solution evaporated on a steam-bath 
it was converted quantitatively into 3-methyluracil melting at 237-238".13 

Anal. Calcd. for CsH60zNz: N, 22.22. Found: N, 22.21, 22.19. 
An experiment was carried out using the same quantities of 2,6-dimethoxypy- 

rimidine and methyl iodide as given above. The solution, however, was diluted with 

lo Davidson and Baudisch, THIS JOURNAL, 48, 2379 (1926). 
l1 Wheeler and Johnson, J. Biol. Cbem., 3,183 (1907). 
l2 It is preferable to carry out this reaction in the dark and thereby reduce to a 

minimum the quantity of colored products formed during the reaction. 
la Wheeler and Johnson, Am. Chem. J., 42, 30 (1909). 
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benzene. The effect of this was to decrease the rate of reaction enormously. as the re- 
arrangement required several weeks to  go to completion. The reaction was furthermore 
highly colored. 

I n  a second experiment 5 g. of 2,6-dimethoxypyrimidine was mixed with two drop- 
lets of methyl iodide and the solution sealed in a tube. I n  two days the rearrangement 
was complete, giving a quantitative yield of 2-oxy-3-methyl-6-methoxypyrimidine. 
If two drops of ethyl iodide are substituted for the methyl iodide, similar results are 
obtained except that in this case the reaction requires several weeks for completion. 

2-Oxy-3-Methy1-6-Ethoxypyrimidine, CHINCON=C(OC~H~)CH=~H.-F~V~ 
grams of 2,6-diethoxypyrimidine dissolved in 10 g. of methyl iodide was converted com- 
pletely a t  room temperature and within ten hours into the above pyrimidine. I t  was 
purified by recrystallization from a mixture of alcohol and ether and separated as color- 
less plates melting a t  136". This pyrimidine is very soluble in alcohol and water and 
insoluble in ether. The yield was excellent and no trace of a pyrimidine containing an 
ethyl group substituted on nitrogen of the pyrimidine cycle was detected. 

Anal. Calcd. for C~HIOO~NZ: N, 18.18; C, 54.5; H, 6.49. Found: N, 18.33, 
18.20; C, 54.68; H, 6.33. 

When this compound was warmed in hydrochloric acid solution i t  was converted 
quantitatively into 3-methyluracil. 

1,s-Diethyluracil, C~HSACON(CSHS)COCH=&H.- his was formed by reflux- 
ing 2,6-diethoxypyrimidine (5 g ) with ethyl iodide (10 g.) for one week. The excess 
of the  iodide was then removed with a blast of air and the residue distilled under di- 
minished pressure. It boiled a t  13.5' a t  4 rnm. and the yield of pyrirnidinc was 4 g. 
1,3-Diethyluracil is a colorless, odorless oil which solidifies on cooling and melts a t  14- 
15". It gives a negative Wheeler and Johnson color test.ll 

Anal. Calcd. for C~HIZOZNZ: N, 16.67; C, 57.14; H, 7.14. Found: N, 16.27, 
16.67; C. 56.86; H, 7.48. 

This rearrangement to diethyluracil is also brought about by heating the 2,6- 
diethoxypyrimidine in a bomb tube a t  260" for twenty-four hours. The product of the 
reaction was a dark brown viscous oil. This was dissolved in ether, dried over sodium 
sulfate and purified by distillation. The yield was 4 g. of a colorless oil boiling a t  290- 
295 ". 

Anal. Calcd. for C ~ H I ~ O ~ N Z :  N, 16.67. Found: N, 16.55, 16.33. 

1,3-Diethyluracil has not been described previously in the literature and as wc 
wished to compare the properties of our new compound with a sample prepared by a 
different method, an alkaline solution of uracil was alkylated by interaction with diethyl 
sulfate according to the technique employed by Davidson and Baudischlo for the 
preparation of l,3-dimethyluracil. Twenty grams of uracil and 17 g. of sodium hy- 
droxide were dissolved in 100 cc. of water, warmed to 30" and 45 cc. of diethyl sulfate 
was added slowly with constant agitation. The reaction mixture, after standing for one 
hour, was finally heated to  boiling and then cooled. This solution was then repeatedly 
extracted with chloroform to remove 1,3-diethyluracil. This was purified by distillation 
as  described above and agreed in all its properties with the pyrimidine obtained by re- 
arrangement of the 2,6-diethoxypyrimidine. The yield was 10 g. 

1,3-Diethyl-5-bromo-uracil, C~H~NCON(C~HS)COCB~=CH.- his is formed by 
dissolving the 1,3-diethyluracil in absolute alcohol and then adding t o  the  solution the 
required amount of bromine. The alcohol was evaporated on a steam-bath and the 
bromopyrimidine left behind purified by crystallization from water. It separated in 
prisms melting at  80-81 ". Depending on the conditions of crystallization it  sometimes 
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separates as colorless needles and a t  other times as colorless rhombic blocks. In one 
experiment a modification was obtained which melted at  71"; after resolidifying the 
melting point rose to 80-81 ". 

Anal. Calcd. for C ~ H I ~ O ~ N ~ B ~ :  N, 11.34. Found: N, 11.45, 11.38. 

Summary 
1. 2,6-Dialkoxypyrimidines are formed smoothly by interaction of 2,6- 

dichloropyrimidine with sodium alcoholates. 
2. 'She 2,6-dialkoxypyrimidines and the 2-oxy-3-alkyl-6-alkoxypyrimi- 

dines rearrange on heating to  form 1,3-dialkyluracils. This method of 
operating makes possible the synthesis of uracil derivatives which hitherto 
have not been available for the development of pyrimidine chemistry. 

3. A new method for the alkylation of pyrimidines of the uracil type in 
position 3 has been developed. 

4. This new reaction will be applied for the synthesis of hexose and 
pentose derivatives of pyrimidines. It is possible that some of these 
sugar derivatives will be found to be identical with the naturally occurring 
nucleosides. This same technique will also be applied in the purine series. 

[CONTRIBUTIO?~ FROM THG.LABORATORY O F  ORGANIC CHEMISTRY OF THE UNIVERSITY O F  

WISCONSIN] 

PIPERIDINE DERIVATIVES. IX. METHYLPIPERIDINO- 
ALKYL CINNAMATES 

BY C. F. BAILEY AND S. M. MCELVAIN 
RECEIVED DECEMBER 26, 1929 PUBLISHED MAY 8, 1930 

It has been pointed out in two previous communications~ from this 
Laboratory, that those piperidino-alkyl benzoates containing a methyl 
group as a substituent in the piperidine nucleus were much more effec- 
tive as local anesthetics than the corresponding compounds in which the 
piperidine nucleus was unsubstituted or was substituted by certain other 
aliphatic groups. In  two very interesting papers concerned with the 
correlation of aromatic properties with physiological action, Gilman and 
co-workers2 have shown that in the amino-alkyl ester type of anesthetic 
a distinct local anesthetic effect is found associated x i th  those structures 
in which the carbonyl group of the ester is attached to an unsaturated 
carbon atom. Of all such types of compounds that have been investigated, 
the cinnamates are by far the most effective. Apothesine, y-diethylamino- 
propyl cinnamate, is a well-known example of this type of ester. 

Since the methylpiperidino-alkyl nucleus has been found to be so efficient 
1 McElvain, THIS JOURNAL, 49, 2835 (1927) ; Bailey and McElvain, ibid., 52, 1633 

(1930). 
"ilman and co-workers, ibid ,47, 245 (1925); ibid., 50,437 (1928). 
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in the benzoate series, i t  seemed desirable to prepare and submit for phar- 
macological study an analogous series of cinnamates. This paper gives 
the preparation, properties and a brief statement of the pharmacological 
action of the following six compounds: 2-methyl-, 3-methyl- and 4- 
methylpiperidino-ethyl and propyl cinnamates. 

These substances were prepared by the condensation of the methyl- 
piperidines'with P-chloro-ethyl cinnamate and y-chloropropyl cinnamate. 
The tertiary amino esters so obtained were isolated and used in the form 
of their hydrochlorides. 

Experimental 

Methy1piperidines.-The 2-methyl-, 3-methyl- and 4-methylpiperidines that were 
used were obtained from a-, P- and y-picolines, respectively, by methods previously 
described.' 

0-Chloro-ethyl Cinnamate.-This ester has previously been prepared3 by the action 
of ethylene chlorohydrin on cinnamic acid in the presence of sulfuric acid. This pro- 
cedure was not tried in this work since the following method gave very satisfactory re- 
sults. To 111 g. of cinnamic acid in a 1-liter flask fitted with a reflux condenser, 179 g. 
of thionyl chloride was slowly added from a dropping funnel. The evolution of sulfur 
dioxide and hydrogen chloride began almost immediately. After all of the thionyl 
chloride had been added the mixture was heated on a steam-bath for two hours. The 
excess thionyl chloride was then removed by distillation. To the remaining material 
61 g. of ethylene chlorohydrin was slowly added and the resulting solution heated for 
two hours a t  180" in an oil-bath. The reaction mixture was then allowed to cool, 
poured into water and the immiscible layer taken up in ether. After drying over calcium 
chloride the ether was removed and the remaining ester distilled under diminished pres- 
sure. There was obtained 126 g. (80% of the theoretical) of P-chloro-ethyl cinnamate 
which boiled at 162-163' (3 mm.). On distillation the ester crystallized in the re- 
ceiver. Its melting point was found to be 35-37". (The literature reference to this 
compound states that the melting point is 31 ".) 

Anal. (Stepanoff). Calcd. for C11H1102C1: C1, 16.86, Found: 17.03, 17.12. 

y-Chloropropyl Cinnamate.-This ester does not appear to have been described in 
the literature. I t  was prepared according to the procedure described above for 8- 
chloro-ethyl cinnamate except that an equivalent amount of trimethylene chlorohydrin 
was used instead of ethylene chlorohydrin. The yield was 75% of the theoretical. The 
y-chloropropyl cinnamate boiled at  174-177' (3 mm.); 1.1512; n: 1.5677. This 
ester is a liquid at  ordinary temperatures. 

Anal. (Stepanoff). Calcd. for C~nHlaOnCl: C1, 15.81. Found: C1, 15.83, 15.82. 
Methylpiperidino-alkyl Cinnamates.-These compounds were prepared by the 

general procedure that was used1 for the corresponding benzoates. There was, how- 
ever, a distinct difference between the chloro-alkyl cinnamates and the chloro-alkyl 
benzoates in the ease with which they condensed with 2-methylpiperidine. I t  had 
been noted that the benzoates did not condense with 2-methylpiperidine to any appre- 
ciable extent under the conditions (100" for one hour) which caused quite complete 
condensation with 3- and 4-methylpiperidine. In the case of the chloro-alkyl cinnamates 
a temperature of 100" for one hour caused quite complete condensation with each of the 
methylpiperidines. These cinnamates were isolated as the hydrochlorides and recrys- 

German Patent 239,650; Chem. Centr., 11, 1497 (1911). 
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tallized to a constant melting point from an alwhol-ether mixture. They are sum- 
marized in Table I. 

TABLE I 
METHYLPIPERIDINO-ALKYL CINNAMATE HYDROCHI,ORIDGS 

Analyses. C1, % 
Piperidino-alkyl group iM. p., 'C. Calcd. Pound 

1 P-2-Methylpiperidino-ethyl 178-180 11.47 11.45 
2 y-2-Methylpiperidinopropyl 179-181" 10 97 10.90 
3 p-3-Methylpiperidino-ethyl 161-163 11 47 11.29 
4 y-3-Methylpiperidinopropyl 193-196 10.97 10.90 
5 0-4-Methylpiperidino-ethyl 142-145 11.47 11.39 
6 7-4-Methylpiperidinopropyl 178-181" 10 97 10 98 

" The melting point of a mixture of No. 2 and No. 6 was 168-172'. 

Pharmacological Report 
These compounds are being studied pharmacologically by Mr. Charles 

I,. Rose of the Lilly Research Laboratories, Eli Lilly and Company, Indian- 
apolis, Indiana. A preliminary report of their pharmacological proper- 
ties is given in Table 11. The anesthetic effect was determined by an 
application of a 2% solution of the anesthetic to the rabbit's cornea and 
noting the duration of anesthesia. Toxicities were determined by subcu- 
taneous injection into white mice and intravenous injection into white rats. 
The various compounds are designated in Table 11 by the numbers asso- 
ciated with them in Table I. The analogous values for the corresponding 
benzoates are given in parentheses along with the cinnamate values. 

PHARMACOLOGICAL DATA 

Subcutaneous toxicity Intravenous toxicity 
Av. duration to white mice, mg /kg to white rats, mg./kg. 

Corn- of anesthesia, No  of mice N o  of rats 
pound mln. M.T.D. MI,  D. used M.T.D. M.L D. used 

1 11 (0) 1100 1200 14 25 30 9 
(1500) (2000) (25) (30) 

2 14 (15) 200 250 10 4 5 15 
(800) (900) (15) (17.5) 

3 10 (0) 1700 1800 30 35 40 11 
(3000) (3500) (25) (30) 

4 11 (11) 500 600 13 35 40 8 
(450) (500) (20) (25) 

5 13 (11) . . . . 20 25 8 a . . 
(1300) (1400) (40) (42.5) 

6 21 (14) 500 600 . . 12.5 15 8 
(. . . .)" (. . . .)" (20) (22.5) 

" Not determined because of scarcity of material. 

Discussion of the Pharmacological Data 
It is seen from the above data that, in general, the methylpiperidino- 

alkyl cinnamates are more active physiologically than the corresponding 
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benzoates. This greater activity is particularly noticeable in the case 
of the ethyl esters, for 1 and 3 show quite marked anesthetic effect on the 
rabbit's cornea while the corresponding benzoates are without any such 
effect. The 4-methylpiperidino derivatives seem appreciably more ac- 
tive than the isomeric 3-methyl- and 2-methylpiperidino derivatives. 
With the exception of y-3-methylpiperidinopropyl cinnamate, the toxic- 
ities of the members of the cinnamate series are, in general, greater than 
those of the benzoates. 

Spmmary 

1. The methylpiperidino-ethyl and propyl cinnamates have been pre- 
pared and described. 

2. A comparison of their pharmacological properties with those of the 
corresponding benzoates is given. 

MADISON, WISCONSIN 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OP IOWA STATE COLLEGE] 

ATTEMPTED CORRELATIONS OF CONSTITUTION WITH SWEET 
TASTE IN THE FURAN SERIES. THE VERY HIGH 

SWEETENING POWER OF 5-BENZYL-2-FURFURALDOXIME 

Introduction 
In  extension of studies1 concerned with some correlations of consti- 

tution with sweet taste in the furan series we have come upon a com- 
pound which is sweeter than saccharin. The compound is synd-benzyl- 
2-furfuraldoxime 

HC-CH 
II I I  

CQH~CH~C C-CH=NOH 

X 
and it was found to be 690 times sweeter than sugar. The anti-form of 
this oxime is about 100 times sweeter than sugar. 

These two isomers were prepared earlier by Fenton and Robin~on,~ 
but apparently they overlooked the sweet taste of the compounds. 

It is interesting to note that both the syn- and the anti-oximes of 5- 
hydroxymethyl-3-furfural 

(a) Gilman and Hewlett, Iowa State Colt. J. of Sci., 3, 27 (1929). This article 
contains leading references to pertinent papers and standard texts. We omitted in that 
paper reference to (b) Asahina and Fujita, J. Phrm.  Soc. Japan, 490, 1084 (1922); 
[C. A., 17,2578 (1923)l. 

Fenton and Robinson, J. Chem. Soc., 95, 1334 (1909). 



H-C-C-H 
II It 

HOCIGC C-CH=NOH 

'6" 
are without sweet taste. This woald hardly have been predicted. How- 
ever, despite an increasing literature on taste and constitution, too little 
is known about the subject to warrant broad and inflexible generaliza- 
tions. This is particularly true in connection with the interesting and 
important biological relationships of isomers, especially geometrical and 
optical isomers. For example, the anti-oxime of perilla aldehyde is the 
sweetest compound so far described, and its syn-form is without a sweet 
taste; the two oximes of furfural1 appear to be equally sweet; the syn- 
oxime of furylacetaldehyde is one-half as sweet as its anti- isomer;bnd 
our syn-oxime of 2-benzyl-furfural is about seven times sweeter than its 
anti-form. Of course, there is always the possibility that what is called 
the syn-form of some geometrical isomers may in reality be the trans form 
and vice versa. 

Experimental Part 
5-Chloromethyl-2-furfural, C1CH2(C4H20)CH0.-The 5-chloromethyl-2-furfural 

was prepared in accordance with the directions of Fischer and Neyman4 from cane 
sugar and concd. hydrochloric acid. To prevent the emulsion described by them, the 
solution, after the addition of sodium carbonate, was filtered and the solid removed in 
this manner was washed with water to recover any chloromethyl furfural. The average 
yield of a number of preparations starting with 200 g. of sugar was 11.275, and the 
maximum yield was 17y0. The range of yield reported by Fischer and Neyman4 was 
22-25%, and the yield obtained by Middendorps was 11% from one kilogram of sugar. 
All calculations are based on the weight of the sugar taken. 

5-Hydroxymethyl-2-furfural, HOCH2(CgH20)CH0 -Twenty-one grams (0.145 
mole) of crude chloromethyl-furfural was poured into 750 cc. of boiling water and boiled 
for fifteen minutes. The yellowish solution containing some tar was cooled and then 
extracted 15 times with a total of one liter of ether until the solution was essentially 
colorless. The aqueous solution was salted out by saturating with hydrated sodium 
sulfate. The ether extract was then dried over anhydrous sodium sulfate. The yield 
was 45% in one experiment and 6G.G0/o in another where the number of ether extractions 
was increased to 25.6 

The two oximes of 5-hydroxymethyl-2-furfural were prepared in the manner de- 
scribed by Kierrna~er.~ A 62.5010 yield of pure oxime was obtained from 10 g. of the 
crude aldehyde. 

a Ref. lb. It is interesting to know, apart from furan types, that Goldschmidt, 
Ber., 23, 2163 (1890), reported anti-anisaldoxime as being intensely sweet, whereas the 
syn-form is tasteless. There is a like difference with the p-nitrobenzaldoximes [see 
Cohn, "Die Organischen Geschmacksstoffe," Berlin, 19141. 

Fischer and Neyman, Ber., 47,974 (1914). 
Middendorp, Rec. trav. chim., 38, 1 (1919). 
When the hydrolysis was effected in boiling water containing powdered barium 

carbonate [Cooper and Nuttall, J. Chem. Soc., 99, 1193 (1911)l there appeared to be 
more decomposition and the yield was 30%. 

Kiermayer, Chem.-Ztg., 19, 1003 (1895). 
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5-Benzyl-2-fulfuraldoxirne, C,iH6CH2(C4H20)CH=NOH.-5-Benzyl-2-furfural was 
prepared by the reaction of chloromethyl-furfural, benzene and aluminum chloride.1 
In  addition to the two oximes which were prepared by a standard proced~re,~ we also 
prepared the known phenylhydrazonee in order further to identify our aldehyde. 

Relative Sweetening Powers.-The method of evaluating the sweet- 
ness of the several oximes was that described earlier by Gilman and Hew- 
1ett.l The tests were carried out by a number of p e ~ p l e . ~  By a method 
of cross-checking used previously by Gilman and Hewlett,' the currently 
accepted values for saccharin

g 
and dulcin were first checked within the 

experimental error for such studies. The solutions of the sparingly soluble 
syn- and anti-benzyl-furfuraldoximes were made up by dissolving 0.02 
and 0.04 g., respectively, of each of the oximes in 819 cc. of distilled 
water. The standard sugar solution (of 1.8% concentration by weight) 
was prepared from 0.0892 g. of sugar in 5 g. of water. The saccharin 
and dulcin solutions were of the same concentration as the syn-benzyl- 
furfuraldoxime. 

It was found that the syn-isomer is about 690 times sweeter than sugar, 
and the anti-isomer about 100 times sweeter than sugar. By direct com- 
parison it was found that the syn-isomer is slightly sweeter than saccharin. 
Aqueous alcoholic solutions of the oximes are decidedly sweet. 

It is interesting to note that with both isomers there is an apparent 
lag or induction period before the sweet taste becomes apparent. This 
time interval between no taste and a sweet taste is very short but distinct. 
Once the sweet taste becomes apparent it rapidly increases to a maximum. 
Later the sweet taste is replaced by a pungent taste. At their respective 
maxima the sweet taste of the anti-form is less pleasant than that of the 
syn-form. 

Studies are in progress on the introduction of water solubilizing groups 
with the hope of retaining the sweetening characteristics of the benzyl- 
furfuraldoximes. 

The 5-hydroxymethyl-2-furfuraldoximes were devoid of sweet taste.1° 

Summary 

It has been found that syn-5-benzyl-2-furfuraldoxime is sweeter than 
saccharin and that it is also about seven times sweeter than its anti- 

8 The authors are grateful for assistance rendered by Drs. P. Mabel Nelson and 
Louise Jennison Peet of the Department of Foods and Nutrition; to 12 students in one 
of their classes in foods; and to Dr. B. W. Hammer of Dairy Bacteriology. All of these 
individuals have had experience in detecting and differentiating tastes in a variety of 
foods. In  addition, we wish to thank 7 graduate students in Chemistry who helped 
with the several taste tests. 

9 Magidson and Gorbatschow, Ber., 56, 1810 (1923). Also, Paul, Chem.-Ztg., 4, 
38 (1921). 

10 Erdmann, Ber., 43,2391 (1910), reported that the corresponding hydroxymethyl- 
furfural has a sharp, burning taste. 
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isomer. Attention is directed to an apparent lack of correlation between 
geometrical isomers of the furan series and their sweet taste. 

AMES, IOWA 

[CONTRIBUTION PROM THE RESEARCH LABORATORY, THE UPJOHN COMPANY] 

THE STEROLS OF ERGOT 

In recent years considerable literature has developed about the chem- 
istry of the ergosterol of yeast and its accompanying sterols, though but 
one paper1 on the chemistry of the ergosterol of ergot since the original 
work by Tanretz has come to our attention. In this paper Rosenheim 
and Webster report on the irradiation of a "fungisterol" which, however, 
differs widely from that described by Tanret, and at the same time differs 
from any of the sterols accompanying the ergosterol of yeast as described 
by Wieland and A ~ a n o . ~  

Having a t  hand a considerable quantity of the ergosterol from ergot, 
i t  seemed desirable to us (1) to repeat and confirm if possible Tanret's 
isolation of fungisterol, and (2) to prepare a number of derivatives of our 
ergosterol, some previously described and some new, with a view to es- 
tablishing more rigorously, or to disestablish, the complete chemical 
identity of the sterol from the two sources. That differences might be 
expected is indicated by the experience of Heilbron, Sexton and S ~ r i n g , ~  
who found two different specimens of ergosterol from yeast which behaved 
quite differently upon hydrogenation. In this paper we present our 
work on the fractionation of the ergot sterols; we hope in subsequent 
papers to report on a number of derivatives of the ergosterol of ergot. 

Experimental 
Preparation of Ergosterol.--Spanish ergot was exhaustively extracted with ben- 

zene and, after recovery of the solvent, the residue boiled with an excess of 20y0 alcoholic 
potassium hydroxide. The unsaponifiable fraction was removed in the usual way, and 
crude ergosterol precipitated by the addition of petroleum ether (b. p. 60-80") to the 
concentrated ether extract. The yield of this crude averaged 0.13% of the ergot used. 
When twice crystallized from ethyl alcohol, plates melting at 152-157 were obtained. 
Filtration of a chloroform solution of this material removed a small amount of amorphous 
substance and subsequent crystallization of the soluble portion raised the melting point 
to 160-162O. Acetylation, crystallization of the acetate from acetic acid, ethyl and 
methyl alcohols, and subsequent hydrolysis, failed to raise this. [ a ] ~  varied from 
-112.2 to -100° in various runs, with the yield averaging about 60% of the crude. 

Rosenheim and Webster, Biochem. J., 22, 1426 (1928). 
Tanret, Comgt. rend., 108,98 (1889); ibid., 147,75 (1908). 
Wieland and Asano, Ann., 473,300 (1929). 
Heilbron, Sexton and Spring, J. Ckem. Soc., 926 (1929). 
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Crystallization from the alcohol-benzene mixture of Bills and Honeywells gave in poor 
yield a product melting a t  163-164.5 and having [cY]D of - 123 ", which is the closest 
we have been able to approach Tanret's values (m. p. 165". [WID -132") by these 
methods. Acetylation and hydrolysis of this preparation only served to  lower the 
melting point to 160-162 O and [CY]D to - 112 ". 

Separation of Fungisterol.--The combined filtrates from the purification of about 
250 g. of crude ergosterol were concentrated and fractionated from ethyl acetate. A 
large top fraction with [CY]D of -64" was discarded, and the rest refractionated twice 
with the results shown in Table I. 

SEPARATION OF THE FUNGISTEROL FRACTION 

Fraction no. Weight, g. 1.111, M. p., "C.  . 
1 0.3 -20.8 130-140 
2 .2 -19.1 130-135 
3 .2 -20.8 125-130 
4 . 2  -20.8 130-132 
5 .2  -2.6 116-120 
6 . . . . . .  Sirup 

Each of the first four fractions when recrystallized from ethyl alcohol gave a small 
amount of fungisterol melting a t  144-146", which yielded an acetate melting a t  156-157 O. 

Tanret gives 144' for the sterol and 158.5" for the acetate. There was not enough ma- 
terial to establish the elementary analysis, but it probably contains a t  least two more 
hydrogen atoms than srgosterol, sirice it no longer gives the Kosenheims color test 
with trichloro-acetic acid, which is regarded as specific for the A1-2 (or Al.13) linkage 
in sterols. The Liebermann-Burchard test was positive, showing that fungisterol is 
not completely saturated. The Salkowski reaction gave in the acid layer a yellow color 
which reddened with extreme slowness. 

Isolation of a Third Sterol.-It was evident from Table I that there was also present 
a third compound of even lower rotatory power than fungisterol. Fraction 5 was 
acetylated, yielding an acetate melting a t  121-124'. Several recrystallizations from 
acetic anhydride and from ethyl alcohol raised this to 122-125 ". 

AnaZ. Calcd. for C27H450COCH3: CHsCO, 10.0. Found: CH3C0, 10.0. 
The sterol recovered from this hydrolysis crystallized from alcohol in plates melting 

a t  120-125 ". 
Anal. Calcd. for Cz~H460 : C, 83.85; H, 12.01. Found: C, 83.46; H, 11.55. 

The Rosenheim color test was negative; the Liebermann-Burchard test positive; 
the Salkowski test gave a yellow color in the acid layer, which slowly changed to orange. 

The petroleum ether filtrates from the separation of the crude ergosterol deposited 
on long standing considerable further crystalline material which is a mixture of the three 
ergot sterols. It is being worked up a t  present to prepare larger quantities of fungisterol 
and the third sterol. 

Summary 

1. The association of fungisterol (m. p. 144-146O, -20°, acetate, 
m. p. 156-157') with the ergosterol of ergot, as described by Tanret, is 
confirmed. 

Bills and Honeywell, J. BioZ. Chem., 80, 15 (1928). 
Rosenheim, Biochem. J., 23, 47 (1929). 
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2. The presence of a third sterol (m. p. 120-125O, [&ID -2", acetate, 
m. p. 121-124') is established. 

K A ~ M A Z O O ,  MICHIGAN 

[CONTRIBUTION l R O M  THE RESEARCB LABORATORY, THE UPJOHN COMPANY ] 

SOME NEW ESTERS OF ERGOSTEROL 

In continuation of om study of the sterols of ergot, we have prepared 
several new esters of ergosterol with acid derivatives which have frequently 
been used to characterize alcohols, namely, phthalic anhydride, phenyl 
isocyanate, and chloro-acetyl o- and pnitrobenzoyl chlorides. Since it 
was found that the action of the acid chlorides in the absence of an agent 
to absorb the hydrogen chloride evolved yielded derivatives of isoergosterol, 
it  was necessary to work in pyridine solution. 

Experimental 
Ergosteryl Acid Phtha1ate.-Ergosterol (2 g.) was refluxed with phthalic anhydride 

(3 g.) in 5 cc. of pyridine. The resulting product appeared in the form of prisms melting 
a t  169 O after several recrystallizations from alcohol; [ f f ] ~  was - 51 O. 

Anal. Calcd. for C35H4604: C, 79.2; H, 8.7; mol. wt., 530. Found: C, 79.1; 
H, 8.9; mol. wt., 532 (by titration). 

Upon hydrolysis with alcoholic potassium hydroxide, this gave ergosterol identical 
with the starting material. 

The silver salt was made by adding a slight excess of an alcoholic solution of silver 
nitrate to the portion neutralized in titrating for the molecular weight. It separated as 
white crystals melting with decomposition a t  170-180°, and blackening upon standing. 

Anal. Calcd. for C36H4504Ag: Ag, 16.9. Found: Ag, 17.1. 
The copper salt was prepared from cupric acetate in an analogous manner and sepa- 

rated as a green amorphous precipitate. 
Alzal. Calcd for (C36H4504)2C~: Cu, 7.06. Found: Cu, 7.17. 
Ergosteryl Pheny1urethan.-Ergosterol (1.6 g.) was refluxed with 5 cc. of phenyl- 

isocyanate and 25 cc. of benzene for three hours. The solvent and excess reagent were 
removed by distillation a t  15 mm. and the residue was recrystallized by dissolving in 
hot benzene and adding alcohol to incipient precipitation. It crystallizes in short hard 
needles melting a t  236.5-238 (corr.). 

Ergosteryl m-Nitrobenzoate was prepared by refluxing 1 g. of ergosterol with 0.6 g. 
of m-nitrobenzoyl chloride in 5 cc. of pyridine for one hour. The reaction mixture was 
poured into hot alcohol and allowed to crystallize. I t  was purified by recrystallization 
from alcohol, forming tiny plates melting a t  151 O ;  [&ID was -71 '. 

Ergosteryl @-Nitrobenzoate was made in a similar manner. It formed clusters of 
plates melting a t  182'; [a]= was -49.5'. Both this and the meta compound yielded 
ergosterol upon hydrolysis. 

The m- and fi-nitrobenzoates of isoergosterol were formed by melting together ergo- 
sterol and the corresponding acid chloride either in toluene or without a solvent. Upon 
crystallization from alcohol they melted a t  172' (m-) and 189" (P-), respectively, and 
were both optically inactive. 
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Anal. Calcd. for CaaHdSOrN: C, 76.8; H, 8.5. Found: (meta) C, 76.6; H, 8.9; 
(para) C, 76.5; H, 8.Y. 

When hydrolyzed, both yielded isoergosterol, as plates melting a t  137" with [a]* 
of -32.6". Bills and Cox' give m. p. 140°, [ a ] ~  (= [a]6461 + 1.27) = -31.2' for iso- 
ergosterol made by treatment with cinnamoyl chloride. 

Chloro-acetyl Derivatives.-An attempt was made to prepare ergosteryl chloro- 
acetate by warming ergosterol with the acid chloride in pyridine, but this resulted in a 
halogen-free compound, due to a further condensing effect of the pyridine. The nature 
of this reaction will be reported in a later paper. 

Isoergosteryl chloro-acetate was readily obtained by warming 1.7 g. of ergosterol 
with 2 cc. of chloro-acetyl chloride on a steam-bath for three minutes. Crystallized 
from acetic acid and from ether it gave 1.2 g. of plates melting a t  190'; [ f f ] ~  was -45". 

Anal. Calcd. for Cz3H4302CI: C1, 7.7. Found: Cl, 8.0. 
Hydrolysis gave the same isoergosterol described above 

Summary 
Ergosteryl acid phthalate and its silver and copper salts, ergosteryl 

phenylurethan and m- and p-nitrobenzoates have been prepared from 
the ergosterol of ergot, as well as the m- and #-nitrobenzoates and chloro- 
acetate of isoergosterol. 

[CONTRIBUTION FROM THE RESEARCH LABORATORY, THE UPJOHN COMPANY] 

ALPHA-ERGOSTENOL AND ITS ISOMERIZATION TO 
BETA-ERGOSTENOL 

BY MERRILL C. HART, JOHN H. SPEER AND FREDERICK W. HEYI, 
RECEIVED DECEMBER 30, 1929 PUBLISHED MAY 8, 1930 

Since ergosterol itself and its esters, containing as they do three double 
bonds, are decidedly unstable and acquire a distinct yellow color on stand- 
ing even in a black vacuum desiccator, we decided to continue our investi- 
gation of the ergosterol from ergot by studying its very stable tetrahydro 
derivatives, a- and P-ergostenol. a-Ergostenol was first prepared by Rein- 
del and co-workers1 from yeast ergosterol by catalytically reducing the 
acetate and hydrolyzing the product obtained thereby. The same com- 
pound has later been prepared by other authors with variations of the 
catalyst and solvents used. a-Ergostenol as we have prepared it from 
ergot ergosterol differs slightly in physical constants from Reindel's values, 
and did not react at all to his method of isomerization to the @-form (pas- 
sing dry hydrogen chloride gas into a chloroform solution of a-ergostenol 
acetate). The statement of Reindel, Walter and Rauch that "the chloro- 
acetyl derivative of a-ergostenol cannot be made by chloro-acetyl chloride, 
since thereby isomerization to P-ergostenol chloro-acetate takes place" 

Bills and Cox, J. Bio2. Chem., 84,455 (1929). 

' Reindel, Walter and Rauch, Ann., 452, 34 (1927); Reindel and Walter, ibid., 
460, 212 (1928). 



led us to attempt the preparation of P-ergostenol acetate by esterification 
with acetyl chloride, instead of the anhydride which is normally used to. 
form acetates without danger of isomerization. The fact that this yielded 
an acetate identical in every respect with genuine a-ergostenol acetate 
made it seem of interest to investigate the effect of a number of acid chlo- 
rides in causing this isomerization. 

Experimental 
Preparation of a-Ergosteno1.-Three grams of ergosterol acetate (m. p. 170-172O, 

[ a ] ~  -74.5") was shaken with 0.3 g. of Adams2 platinum oxide catalyst and 300 cc. 
of glacial acetic acid with 2 atmospheres of hydrogen at  room temperature. The acetate 
rapidly dissolved, and the absorption of two mols of hydrogen was complete in about 
fifteen minutes Continued shaking and fresh catalyst did not cause any further ab- 
sorption. After filtration from the catalyst and concentration of the solution, or- 
ergostenol acetate separated as plates melting at  110-111 e which were optically inactive. 
Reindel and co-workers give [ a ] ~  + 5.18O; yield, almost quantitative. 

Sixty grams of this material was systematically fractionally crystallized from acetic 
acid five times, with the results shown in Table I. 

Fraction no. Weight, g .  M. p., O C .  ["ID 
1 11.83 110-111 0 
2 8.00 110-111 0 
3 14.08 109-110 0 
4 11.10 109-110 0 
6 5 24 107-108 0 
6 2.07 103-106 0 

Fractions 1-4 gave on hydrolysis a-ergostenol melting sharply a t  133 O and having 
[elD +10.5". Reindel and co-workers give m. p. 130-131";  or]^ f 17.86O. This 
discrepancy is most simply explained by the difference in source of the ergosterol. 

a-Ergostenol was quantitatively precipitated by digitonin, and was recovered un- 
changed by decomposing the digitoinide with boiling xylene. 

Treated in chloroform solution with dry hydrogen chloride gas according to Rein- 
del's directions, a-ergostenol acetate was consistently recovered unchanged in better 
than 80% yields, although Reindel reports yields of 95% of P-ergostenol acetate. As 
noted in the introduction, an attempt to prepare p-ergostenol acetate by the action of 
acetyl chloride on a-ergostenol also failed. We could without difficulty, however, pre- 
pare the p-ergostenol chloro-acetate, m. p. 166167O reported by Reindel, by the action 
of chloro-acetyl chloride on or-ergostenol. We also confirmed their observation of a 
"back-isomerization" upon hydrolysis, since we obtained not pure 6-ergostenol but a 
mixture containing some a-ergostenol, from which it was impossible to separate the 
pure 0-form by fractional crystallization. 

In order to determine if possible the conditions for isomerization, we prepared a 
series of esters as shown in Table I1 by warming 0.5 g. of or-ergostenol with 0.5 g. of acid 
halide and recrystallizing from alcohol. Hydrolysis with alcoholic potassium hydroxide 
gave either the characteristic low melting mixture of a- and p-ergostenol, or the homo- 

Voorhees and Adams, THIS JOURNAL, 44, 1397 (1922); Adams and Shriner, ibid. ,  
45,2171 (1923). 
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geneous sharp melting needles of or-ergostenol, according as isomerization had or had not 
taken place. As a control experiment, esterification was also carried out in pyridine 
i o l ~ t i o n , ~  resulting in every case in an a-ergostenol derivative as shown in Table 111. 
(Compounds which were identical with those in Table I1 are omitted from Table 111.) 

TABLE 11 
ESTERIPICATION O P  or-BRGOSTENOL WITHOUT SOLVENT 

Analysis, Ojo M. p. of 
Ester M. p., OC. Calcd. Found hydrolysate 

Acetate 110-11 131 
Monochloro-acetate 166-67 C1, 7.69 7.71 110-12 
Dichloro-acetate 114 C1, 14.27 13.48 132 
Trichloro-acetate 128 C1, 20.01 19.66 108-11 
Propionate 114-15 C,81.36,H,11.18 81.53,11.02 108-12 
a-Bromopropionate 104.5 Br, 15.34 15 47 112-14 
Butyrate 74-75 C, 81.49, H, 11.50 81.56, 11 22 110-1 1 
Benzoate 117.5" C, 83.17, H, 10.29 82.96, 10.19 130-31 
m-Nitrobenzoate 165 N, 2.61 2.38 132 
$-Nitrobenzoate 178 N, 2.61 2.66 132 

" Reindel, Walter and Rauch give 118 for or-ergostenol benzoate. 

ESTERIRICATION OR or-ERGOSTENOL WITH PYRIDINE AS SOLVENT 
Ester M. p., "C. M. p. of hydrolysate, O C .  

Monochloro-acetate (1 130-131 
Trichloro-acetate 133.5 129-131 
Propionate 90 129-130 
a-Bromopropionate 130-131 
Butyrate 67-68 130-131 

" These two compounds were not true esters of a-ergostenol, a further reaction due 
to the condensing effect of the pyridine having taken place. Their true nature is being 
investigated. 

It is difficult to understand why some acid halides should cause isomeriza- 
tion while others do not. It cannot be explained on the basis of the 
"strength" of the acid involved, for acetic acid stands intermediate be- 
tween butyric and the chloro-acetic acids, and dichloro-acetic acid be- 
tween monochloro- and trichloro-acetic acids in strength. Likewise, the 
presence or absence of halogen in the acid chain cannot be made to ac- 
count for the results. In every case a copious evolution of hydrogen 
chloride was observed, so the presence of dry hydrogen chloride alone is 
not sufficient to effect isomerization. We are forced to the conclusion 
that  the reaction is one the course of which cannot be predicted with 
our present knowledge. 

Summary 
1. a-Ergostenol prepared from ergot ergosterol was found to differ 

slightly in physical properties, and radically in ability to isomerize, from 
a Houben, "Die Methoden der organischen Chemie," Georg Thieme, Leipzig, 

1925, Vol. II,3d ed., p. 667. 
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the a-ergostenol from yeast ergosterol as described by Reindel, Walter 
and Rauch. 

2. The effect of a number of acid halides in causing isomerization of 
a-ergostenol to 6-ergostenol has been investigated; no single factor could 
be made to account for isomerization in some cases and not in others. 

3. A number of new esters of a- and of 8-ergostenol are described. 
KALAMAZOO, MICHIGAN 

[CONTRIBUTION FROM THE DERMATOLOGICAL RESEARCH ~ABORATORIES] 

AROMATIC AMIDES OF N-ARYLGLYCINE ARSONIC ACIDS 

BY GEORGE W. RAIZISS AND LE ROY W. CLEMENCE 

In the search for therapeutic arsenical compounds, used in the treat- 
ment of syphilis, Jacobs and Heidelbergerl deviated from the usual ex- 
perimental lines, which involved changes in the aromatic nucleus contain- 
ing arsenic. These older researches had involved changes in the structure 
of salvarsan base (diamino-di-hydroxy-arsenobenzene) and this field of 
study has been fairly well exhausted. 

The above authors synthesized a new series of compounds utilizing the 
reaction between chloro-acetyl-alkyl or chloro-acetyl-aryl amines and 
arsanilic acid (p-aminophenylarsonic acid). The aromatic series furnished 
a new field for work inasmuch as the non-arsenical benzene nucleus could 
be still further substituted, giving rise to compounds of substituted chloro- 
acetyl-aryl amines and arsanilic acid. A large number of such compounds 
were prepared. 

I t  is our purpose to add further to this series and in doing so we have 
used the chloro-acetyl derivatives of amines which in themselves are 
therapeutic to some degree. We have also obtained some compounds 
involving 3-methylarsanilic acid (m-methyl-p-amino-arsonic acid) which 
correspond to the known derivatives of arsanilic acid. 

'I'he intermediate compounds used by us in the preparation of the ar- 
sonic acids are chloro-acetyl derivatives of amines. In most of the ex- 
periments these were prepared by methods employed by Jacobs and Heidel- 
berger;2 the few exceptions will be described later. 

Jacobs and Heidelberger in their experiments3 employed arsanilic acid, 
and its corresponding derivatives, in the form of its sodium salt (i. e., 
in alkaline solution). For several of our experiments this was not prac- 
ticable inasmuch as the chloro-acetyl compounds were oxidizable in alka- 

Jacobs and Heidelberger, THIS JOURNAL, 41,1581 (1919). 
Jacobs and Heidelberger, ibid., 39, 1439 (1917); 41, 458 (1919); J. Biol. Chem., 

20,686 (1915). 
Jacobs and Heidelberger, THIS JOURNAL, 41,1587 (1919). 
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line mediums and gave very dark colored products, this being especially 
the case with 5-chloro-acetylaminosalicylic acid. 

I n  such cases we employed the free arsanilic acid (or derivative) in 
aqueous medium. This required more time for the reaction and in a 
few instances reduced the yield; nevertheless the product was purer 
in composition and much lighter in color. Then, again, according to 
Jacobs and Heidelberger,4 the reaction between arsanilic acid and chloro- 
acetylanthranilic acid did not go in the desired sense entirely, due to the 
high reactivity of the chlorine atom in the chloro-acetyl compound, re- 
sulting in side reactions and an impure product. We considered that this 
was perhaps due to the presence of sodium hydroxide, so we employed 
only a water medium. The product we obtained showed by analysis that 
i t  was not exactly pure, but still it  was practically so, and on further 
purification would finally have yielded an absolutely pure product. 

All of the arsonic acids we prepared are crystalline products with the 
possible exception of the N-(phenyl-4-arsonic acid)-glycyl-acriflavine, 
which is a very fine amorphous powder. 

The subsequently mentioned compounds were elaborated with a view 
to  possible application in the treatment of syphilis. The major require- 
ments for qualification of a chemical substance as a therapeutic agent are 
therapeutic efficiency and relatively low toxicity, allowing a large margin 
of safety between the therapeutic and the toxic doses. From the point 
of view of toxicity some of our preparations showed remarkably high quali- 
ties. When injected into rabbits they proved to be of much lower tox- 
icity than other pentavalent arsenicals, including tryparsamide and sto- 
varsol (acetarsone), both accepted antisyphilitic drugs and generally con- 
sidered of low toxicity. 

TOXICITY OF VARIOUS ORGANIC COMPOUNDS OF ARSENIC WHEN ADMINISTERED IN- 
TRAVENOUSLY TO RABBITS 

Compound 

Max. tolerated 
dose calcd. per kg. Lethal 
of body weight, g. dose, g. 

Arsanilic acid 
Tryparsamide (sodium N-phenylglycine-amide-p-arsonic acid) 
Stovarsol (3-acetyl-amino-4-hydroxyphenylarsonic acid) 
Sodium salt of stovarsol 
Arsonodiacetyl-(diacetyl-3,5-diamino-4-hydroxy-phenyl-ar- 

sonic acid) 
N-(phenyl-4-arsonic acid)-glycyl-5'-amino-salicylic acid 
N-(phenyl-4-arsonic acid)-glycyl-5'-amino-salicylic acid (so- 

dium salt) 
N-(phenyl-2-methyl-4-arsonic acid)-glycyl-5'-amino-salicylic 

acid 

Jacobs and Heidelberger, THIS JOURNAL, 41,1627 (1919). 



Thus, N-(phenyl-4-arsonic acid)-glycyl-5'-aminosalicylic acid (sodium 
salt) is considerably less toxic for rabbits than tryparsamide and the 
sodium salt of stovarsol. The results of the spirocheticidal tests of this 
compound, however, were not very encouraging. 

RESULTS OF INTRAVENOUS INJECTIONS OF N-(PHENYL-4-ARSONIC ACID)-GLYCYL-5'- 
AMINO-SALICYLIC ACID INTO RABBITS INOCULATED WITH TREPONEMA PALLIDUM 

l'esticcles Results of lymph 
Dose per Dark field rematned node trans- 

kilo of negative for Testicles normal plantation into 
body spirochetes normal (last control 

weight, g. after after examination) animals 

0.15 14 days Animal died after 3 days 
0.15 26 days 61 days 116 days Negative 
0.3 9 days 48 days 70 days Negative 

While this compound, as seen from the above table, is capable of de- 
stroying spirochetes in the animal body, it is evident that a dose had t o  
be employed which was quite near to the maximum tolerated, in order t o  
obtain early negative results in the dark field examination. It took nine 
days to make spirochetes disappear from lesions when the dose of 0.3 
g. was used, i. e., one-third of the maximum tolerated dose. For com- 
parison, it was found by us that only 0.015 g. (about one-eighth of the 
maximum tolerated dose) of arsphenamine was required to obtain the same 
result in one day. 

The same compound did not prove to be of therapeutic value in experi- 
mental trypanosomiasis in albino rats when injected intravenously in the 
dose of 1.1 g. per kilo (rats tolerated it in as high a dose as 4.5 g.). 

Experimental Part 
Preparation of Chloro-acetyl Amines.-The general method for chloro-acetylation 

is as follows: 1 mole of the amino compound or hydrochloride is dissolved or suspended 
in 1 liter of ice and water and cooled in a bath of ice water. Then with good stirring 
1.5-2 moles of chloro-acetyl chloride is slowly added. The chloro-acetyl compound 
separates and is filtered. I t  is then washed with water or 2% hydrochloric acid, except 
in the cases of chloro-acetylamino-antipyrine and chloro-acetylacriflavine, which are 
both somewhat soluble in water. With the exception of these two compounds, all can 
be recrystallized from water. 

TABLB I 
CHLORO-ACETYL COMPOUNDS 

Nitrogen, yo 
( )-Chloro-acetyl Formula M. p., 'C. CaIcd. Found 

4-( )-aminobenzoic acid p-(CHZC~CO)NHC~H~COOH 248 6.56 6.55 
2-( )-(4-nitro)-tol- 

uidine CICH~CONHC~H~(NO~)CH~-(~~,O) 151 12.25 12.08 
5-( )-aminosalicylic 

acid CICH~CONKC~H~(OH)C~OH-(~,~) 242-244 6.10 6.19 
( )-amino-antipyrine C1CH2CONHCi~H~1N20 187 C1,12.66 12.87 
( )-acriflavine C1CH2CONHC~4H12N2CI 215-220, d. . . . . . . . . . 

4-( )-aminoguaiacol c~cH~CONHCBH~(OCH~)OH-(W,~~) 117 6.48 6.29 
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Preparation of Arsonic Acid Amides in Alkaline Medium.-The method used was 
that of Jacobs and Heidelberger in which the arsonic acid is dissolved in alkali to give the 
sodium salt in solution, except that we used 2 moles of the arsonic acid instead of 1 
mole. 

Two moles of arsanilic acid (or 3-methylarsanilic acid) was dissolved in a volume of 
normal sodium hydroxide solution (2 moles) and to this was added 1 mole of the chloro- 
acetyl amine. The mixture was then heated under a reflux condenser for a time, varying 
with each reaction. Usually after refluxing for one to two hours the solid matter goes 
into solution, and on further heating precipitates again. In some cases the solid matter 
never goes into solution. The reaction is usually finished when a test portion of the 
mixture is completely soluble in alkali. The mixture is then made acid to congo red 
with hydrochloric acid and filtered off. The crude arsonic acid amide is insoluble. 
This can be purified by washing well with dilute hydrochloric acid and water, then dis- 
solving in dilute sodium hydroxide, treating with "nuchar" and reprecipitating with 
hydrochloric acid while hot. The purified amides are insoluble in hot or cold water, 
insoluble in organic solvents, insoluble in dilute acids but soluble in dilute alkali. The 
following amides were prepared in this manner. 

TABLE: 11 
AR~ONIC ACID AMIDES PROM ALKALINE MEDIUM 

Time of re- 
Compound M. p., OC. action, hours 

N-(Phenyl-4-arsonic acid)-glycyl-4'-aminobenzoic Darkens a t  230, melts 3 
acid a t  260-265 (dec.) 

N-(Phenyl-2-methyl-4-arsonic acid)-glycine-2'-toluidide 246 (dec.) 5 
N-(Phenyl-4-arsonic acid)-glycine-(4'-nitro)-of-toluidide 115-120 (dec.) 6 
N-(Phenyl-4-arsonic acid)-glycyl-amino-antipyrine 270 (dec.) 6 
N-(Phenyl-4-arsonic acid)-glycyl-4'-aminoguaiacol 215-217 5 

Nitrogen, % Arsenic. % 
Formula Calcd. Found Calcd. Found 

P-HZO~ASCBH~NHCHZCONHCBH~COOH-p 7.08 6.90 19.00 18.55 
o,~-CH~(HZO~AS)C~,H~NHCHZCONHC~H~CH~-O 7.36 6.93 19.80 20.01 
+-HzO~ASCBEI~NHCHZCONHCBH~(NO~)CH~-~,O 10.24 10.04 18.35 17.86 
P-H~O~ASC~HINHCH~CONHCIIHIIN~O . . . . 16.24 15.90 
P-H~~~ASC~H~NHCHZCONHC~H~(OCHI)OH-~,~ 7.07 6.82 18.93 19.19 

Preparation of Arsonic Acid Amides in Aqueous Medium.-This method is prac- 
tically the same as the previous one with the omission of the alkali. The reactions re- 
quire longer heating but the yields are approximately equal to those in reactions employ- 
ing sodium hydroxide. The yields in both cases range from 25-40% based on the 
chloro-acetyl compound. 

TABLE 111 
AR~ONIC ACID AMIDES PROM AQWO.US MEDIUM 

Time of re- 
Compound M. p., OC. action, hours 

N-(Phenyl-2-methyl-4-arsonic acid)-glycyl4'-aminobenzoic 
acid Dec. 3 

N-(Phenyl-2-methyl-4-arsonic acid)-glycine-anilide >275 6 .  
N-(Phenyl-2-methyl-4-arsonic acid)-glycine-(4'-nitro)- 

0'-toluidide 285-286 (dec.) 10 
N-(Phenyl-2-methyl-4-arsonic acid)-glycine-p'-amino- 

acetanilide . . . . . . 40 
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TABLE 111 (Concluded) 
Time of re- 

Compound M. p , OC. action, hours 

N-(Phenyl-4-arsonic acid)-glycyl-5'-aminosalicylic acid Darkens a t  190, 8 
melts at 230-235 (dec.) 

N-(Phenyl-2-methyl-4-arsonic acid)-glycyl-5'-amino- 
salicylic acid 240-245 (dec.) 10 

N-(Phenyl-4-arsonic acid)-glycyl-acriflavine Darkens a t  240, 6 
does not melt below 300 

N-(Phenyl-2-methyl-4-aesonic acid)-glycine-Pf-naphthyl- 
amide 260-262 (dec.) 8 

N-(Phenyl-2-methyl-4-arsonic acid)-glycine-a'-naphthyl- 
amide 254-255 (dec.) 8 

N-(Phenyl-2-methyl-4-arsonic acid)-glycine-piperidide . . . . . .  12 
N-(Phenyl-2-methyl-4-arsonic acid)-glycine-benzyl amide >275 15 
N-(Phei1yl-2-methyl-4-arsonic acid)-glycyl-anthranilic acid . . . . . . 6 

Nitrogen, % 
Formula Calcd. Found 

o,~-CH~(H~O~AS)C~H~NHCH~CONHC~H~COOH-~~ 6 84 6.34 
O,P-CH~(H~O~AS) C~H~NHCH~CONHC~HG 7 67 7.64 
O,P-CH~(H~O~AS)C~H~NHCH~CONHCBH~(NO~)CH~-~,O 9 90 9.52 
o,~-CH~(H~O~AS)C~H~NHCH~CONHC~H~NHCOCH~-~ 9.95 9.52 
p-H2O3AsC6H4NHCH2CONHC6H3(0H)COOH-p,m 6 83 6 55 
0,~-CH~(H~O~AS)C~H~NHCH~CONHCGHS(OH)COOH- 

P,m 6 09 6 04 
p-H203AsCeH~NHCH2CONHClaHlzNlCl . . . . 
O,~-CH~(H~O~AS)C~H~NHCHZCONHCI~H~-P- 6 74 6.43 
o,P-CH~(H~O~AS)C~H~NHCHZCONHCIOH~-CY- 6.74 6.37 
o , ~ - C H ~ ( H ~ ~ ~ A S ) C ~ H ~ N H C H ~ C O N C ~ H I ~  . . . . 
O,~-CH~(HZO~AS)C~H~NHCHZCONHCHZC~H~ 7.38 7.13 
o,P-CH~(H~O~AS)C~H~NHCH~CONHC~H~COOH-o 6.84 6.37 

Arsenic, % 
Calcd. Found 

18.33 18.10 
20.54 20.87 
17.68 17.20 
17.77 18.04 
18.29 18.05 

Two moles of arsanilic acid (or 3-methylarsanilic acid) is suspended in one liter 
of water and 1 mole of chloro-acetylamino compound added. The mixture is then 
heated until a test portion shows complete solubility in alkali. In some of the reactions 
the insoluble matter does not go completely into solution and the reaction is very slow, 
requiring long heating, as is particularly the case with p-chloro-acetylamino-acetanilide, 
which is heated for forty hours. After acidification with hydrochloric acid, the product 
is filtered and washed. I t  is purified by using "nuchar" and reprecipitating from alka- 
line solution. The amides obtained by this method are also insoluble in all solvents 
except dilute alkali. 

Summary 

I. Some new arsonic acids have been prepared following the work of 
Jacobs and Heidelberger. 

2. The preparation of intermediate chloro-acetyl compounds has 
been described. 

3. Some of the preparations described proved to be valuable, being of 
low toxicity. Their therapeutic effect, however, wasfound to  be low. 
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[CONTRIBUTION FROM THE DEPARTMENT O P  PHARMACOLOGY, SCHOOL OP MEDICINE, 
%'EsTEI~N ~~~~~~~E UN~VEESITY j 

CONDENSATION PRODUCTS OF AROMATIC ALDEHYDES WITH 
A,-ANGELICA LACTONE1 

J. Thiele, R. Tischbein and E. Lossow2 describ5d the condensation 
of anisaldehyde and Az-angelica lactone with the formation of a-anisal- A%- 
angelica lactone. In a study on the relation between chemical constitution 
and pharmacological action concerning the anthelmintic properties of some 
aliphatic lac tone^,^ it was found that both the Az- and Al-angelica lactone 
produce a very marked depression of the musculature and to a smaller 
extent also of the nervous system, but these compounds could not be 
utilized as anthelmintics on account of their chemical instability and general 
toxicity. Eugenol is also a muscular depressant and is used as an anthel- 
mintic; its action is said to depend upon the position of the OH and OCH3 
of the ring. Therefore, it appeared to be feasible to combine both the 
eugenol and the angelica lactone by co~idensing panillin with A,-angelica 
lactone by the method used by Thiele and his co-workers. Because this 
condensation was successful, a series of similar compounds was synthe- 
sized, in order to study the relation between chemical constitution and 
pharmacological action of these compounds. 

It would have been logical to start with the a-benzal- A2-angelica lactone, 
i. e., the angelica lactone in which the HZ group is substituted by a benzyl 
ring, but Thiele had already found that the compound is very unstable, 
the lactone ring being split with the formation of benzal-levulinic acid. 
In the present study it was also found impossible to obtain a pure product. 
The same holds true for the a-phenol acetal, the a-cinnamal- and the a- 
hydrocinnamal- A,-angelica lactones. 

On the other hand, it was found possible to prepare and to isolate the corre- 
sponding derivatives of the salicyl- and resorcylaldehyde in crystalline form. 

Because i t  is known that closure of the phenol group reduces the pharma- 
cological action of phenols, three further compounds were prepared, in 
which one or two hydroxy groups were masked by methyl groups. The 
compounds are a-anisal-, a-vanillal- and a-piperonal-A2-angelica lactone. 

The Az-angelica lactone was prepared according to the directions of 
R. Gilmour14 which gave very satisfactory results. 

This investigation has been made with the assistance of a grant from the Com- 
mittee on Therapeutic Research, Council on Pharmacy and Chemistry, American 
Medical Association. 

J. Thiele, R. Tischbein and E. Lossow, Ann., 319, 180 (1901). 
a W. F. von Oettingen, J.  Pharm. Exptl. Therapy, 36, 335 (1929). 

R. Gilmour, J. Chem. Soc., 105,75 (1914). 
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The condensation of the aromatic aldehydes with the Az-angelica lactone was ac- 
complished by heating small quantities of the angelica lactone, usually 2 g., with little 
more than the equimolecular quantity of the aldehyde on the water-bath for a half to 
one hour with the occasional addition of a few drops of diethylamine. The condensa- 
tion product was then shaken with sodium bisulfite solution (20 cc. of 15% solution), 
in order to remove the excess aldehyde; the resulting resinous mass was then dissolved 
in methyl alcohol, crystallized and recrystallized. Elementary analyses of the com- 
pound were made by Professor N. A. I,ange of Case School of Applied Science. A study 
of the pharmacological action of these compounds will appear a t  another place; Table 
I gives the properties of the compounds thus obtained. 

Property 

M. p. OC. 
Soly., water 
Soly., N saline 
Soly., alcohol 
Soly., ether 
Soly., chloroform 
Soly . , benzene 
Soly., olive oil 
Molecular wt. 
Formula 
C, calculated, % 
C, found, % 
H, calculated, O/o 
H, found, % 

~alicylal 

96 
1/2000 
1/2000 
Fairly 
Slightly 
Freely 
Fairly 
Fairly 

202 
C1zH1003 
71.25 
71.67 
4.99 
5.01 

----LY- ( )-A~Angelica lactones------------. 
Resorcylal Anisal Vanilla1 Piperonal 

167-168 99 143 125 
1/10000 1/50000 1/50000 1/50000 
1/10000 1/50000 < 1/50000 < 1/50000 
Fairlya Fairly Fairly Fairly 
Slightly Fairly Slightly Fairly 
Freely Freely Freely Freely 
Slightly Freely Slightly Freely 
Slightly Fairly Fairly Fairly 

218 216 232 230 
C1zH1004 CI~HIZO~ C13Hi204 C13Hio04 
66.02 72.19 67.21 67. 80 
65.85 72.2 66.78 67.61 
4.62 5.6 5.21 4.38 
4 54 5.51 5.19 4.20 

" Shows blue fluorescence in alcoholic solution. 

Summary 

A series of aromatic aliphatic lactones has been synthesized, namely, 
a-salicylal- Az-angelica lactone, a-resorcylal- Az-angelica lactone, a-anisal- 
Az-angelica lactone, a-vanillal- Az-angelica lactone and a-piperonal- Az- 
angelica lactone. The chemical properties are described. 

CLEVELAND, OHIO 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF COLORADO] 

THE ACTION OF GUANIDINE CARBONATE AND OF 
BENZAMIDINE HYDROCHLORIDE UPON GLYOXAL SODIUM 

BISULFITE 

Very little has been published upon the reaction of guanidine or of benz- 
amidine salts upon dialdehydes and diketones and, so far as we know, 
nothing upon their reactions with glyoxal sodium bisulfite. Wensel obtained 
mono- and diguanylbenzil and diguanylphenanthrenequinone from 
guanidine carbonate with benzil and phenanthrenequinone, respectively. 
By the action of benzamidine hydrochloride upon diacetyl, Diels and 
Schleich2 obtained a very interesting addition product which, from its 
properties, seems to be a dihydroglyoxaline derivative. 

This paper will describe compounds obtained by condensing guanidine 
carbonate and benzamidine hydrochloride, respectively, with glyoxal 
sodium bisulfite. 

Guanidine carbonate reacts with glyoxal sodium bisulfite yielding the 
sodium salt of an aminosulfonic acid of a tautomeric form of glyoxaline, 
according to the following reaction 

NaS03CH-CH S03Na NaS03CH-CH 
I I1 

N N + 2Hz0 + NaHS03 ,$+b 1 - ., 
N N-H 

I 
NH2 

XC/ 
NHz 

That the compound has the structure assigned to i t  is shown by the 
analysis, by the absence of a NH group (Liebermann's reaction), and by the 
fact that the NH2 group may be replaced by OH by treatment with nitrous 
acid, yielding the corresponding hydroxy acid. Acidifying the salt or 
carrying out the reaction in acid solution would be expected to give the free 
acid. This, however, is not the case, since, as fast as the acid group is 
liberated, i t  reacts with the amino group, yielding the inner salt A, as is 
shown by the fact that the resulting compound is neutral. Boiling this 
compound with sodium hydroxide yields the original sodium salt. Nitrous 
acid reacts with the inner ammonium salt giving the corresponding hydroxy 
acid, B. 

Benzamidine hydrochloride reacts in a similar manner with glyoxal 
sodium bisulfite, in this case forming the sulfonic acid of a tautomeric form 
of phenylglyoxaline, C. 

Wense, Ber., 19,762 (1886). 
Diels and Scheich, ibid., 49,1713 (1916). 



At 100° the compound, if slightly impure, loses sulfur dioxide and water, 
changing to a dark red resinous solid. Even at  80" the decomposition 
takes place slowly and a t  the end of a week the sample lost 86.3y0 of its 
weight. After raising the temperature to 10O0, it lost 33.8%. The theo- 
retical loss for sulfur dioxide in the above compound is 26.45% and for 
sulfur dioxide and water is 33.9%. If the compound is pure, i t  is stable, 
the crystals remaining unchanged apparently indefinitely. 

Experimental 
Sodium Salt of 2,4-Aminoglyoxaliinesulfonic Acid.-Guanidine carbonate and 

glyoxal sodium bisulfite were brought together in water solution and boiled. Carbon 
dioxide was given off and, on evaporating the solution, colorless crystals were obtained. 
There was some decomposition during the concentration, the solution becoming light 
brown. The crystals were recrystallized from hot water, yielding colorless transparent 
prisms, which on drying became opaque. The sample for analysis was dried a t  100° 
and melted a t  260-263 ". 

Anal. Calcd. for C3H4N3NaS08: C, 19.44; H, 2.18; N, 22.70; S, 17.32; Na, 12.42. 
Found: C, 19.22; H, 2.20; N, 22.41; S, 17.68; Na, 12.51. 

The mother liquor was evaporated and allowed to cool, whereupon crystals of acid 
sodium sulfite separated out. 

Inner Ammonium Salt of Aminoglyoxalinesulfonic Acid.-This compound is formed 
when the above sodium salt is acidified with hydrochloric acid or when water solutions 
of equimolecular proportions of guanidine carbonate and glyoxal sodium bisulfite are 
mixed, acidified with hydrochloric acid, concentrated and allowed to crystallize, where- 
upon colorless crystals of the inner salt are obtained. Recrystallized from hot water, 
they melt a t  172-174 ". 

Anal. Calcd. for C~H~NBSO~H:  C, 23.36; H, 2.61; N, 27.27; S, 20.80. Found: 
C,23.33; H, 3.01; N, 27.02; S, 21.11. 

2-Hydroxy-4-glyoxalinesulfonic Acid.-To an ice-cold water solution of the inner 
ammonium salt, acid with hydrochloric acid, cold sodium nitrite solution was added and 
allowed to stand. On concentrating the solution, colorless crystals were obtained which, 
recrystallized from hot water, melted a t  225 O. 

Anal. Calcd. for C3H3N2S04H: N, 17.07. Found: N, 17.10. 

2-Phenyl-4-glyoxalinesulfonic Acid.-Molecular quantities of benzamidine hydro- 
chloride and glyoxal sodium bisulfite were dissolved in warm water, mixed and concen- 
trated on the water-bath. On cooling, a colorless crystalline compound was obtained 
which, recrystallized from hot water, melted a t  109'. When impure, the crystals 
gradually decompose, but the pure compound is stable. 

Anal. Calcd. for CsH7NzS03H: C, 44.62; H, 4.13; N, 11.57; S, 13.22. Found: 
C,44.74; H, 4.06; N, 11.53; S, 13.08. 
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Summary 
1. The inner ammonium salt of 2-amino-4-glyoxalinesulfonic acid has 

been prepared. On boiling with sodium hydroxide, the sodium salt of the 
acid is obtained. 

2. 2-Hydroxy-4-glyoxalinesulfonic acid has been prepared. 
3. 2-Phenyl-4-glyoxalinesulfonic acid has been prepared. 

[CONTRIBUTION FROM THE I,ABORATORY OF FOODS AND SANITATION, UNIVERSITY OP 
WISCONSIN ] 

NORMAL VALEROLACTONE. 11. ITS VAPOR PRESSURE 

During the course of a study of the chemical and physical properties 
of n-valerolactone under way in this Laboratory, it became desirable to 
verify the statement that this compound distils without decomposition1 

a t  206-207O. A determination of its vapor pressure, which hitherto has 
not been reported, seemed to afford the most direct method of approach 
in the attack on this problem. 

Experimental Procedure 
The n-valerolactone used in this study was prepared by the reduction 

of levulinic acid as described by one of us.2 That which was used for 
experimentation was dried over anhydrous sodium sulfate and redistilled, 
the fraction boiling a t  125.3 A 0.2O (68 mm.) serving for the vapor pres- 
sure measurements. 

Vapor pressure measurements were made over the temperature range 
69 to  203.4' by the dynamic method of Ramsay and Young3 and the 
static method described by Smith and Menzies4 In both methods pres- 
sures were read directly from a manometer with the aid of lenses. They 
are accurate to *0.2 mm. The necessity of making stem corrections 
was avoided in the dynamic method3 by suspending the thermometer 
in the vapor pressure flask. All observed thermometer readings in the 
static method4 were corrected for stem exposure. Two series of measure- 
ments were made by each method. 

It was found that the vapor pressure curve as plotted in the usual man- 
ner from the data obtained by the dynamic method3 of measurement 
can be expressed by the empirical equation log P = - 2540.44/T + 8.2059. 
Similarly, the corresponding expression for the data obtained by the static 

Messerschmidt, Ann., 208,97 (1881). 
Schuette and Sah, THIS JOURNAL, 48, 3163 (1926). 

"amsay and Young, J. Chem. Soc., 47,42 (1885). 
' Smith and Menzies, THIS JOURNAL, 32, 1412 (1910). 
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method4 of measurement is log P = - 2558.42/T f 8.2544. Further- 
more, it was observed that if a composite curve be drawn of the 59 pairs 
of readings obtained by the two methods of vapor pressure measurement, 
and an equation fitted to it, there is presented a picture of the relative 
sensitiveness of these procedures to any decomposition of the lactone 
that might take place. The deviation plot (Fig. 1) illustrates this situa- 
tion by showing the differences under the above condition between the 
observed and calculated pressures at  any given temperature. For reasons 
which will become apparent later, the data obtained by the static method 
together with the pertinent equation are deemed to be less accurate than 
the former. 

70 90 110 130 150 170 190 210 
Temperature, OC. 

Fig. 1.-Deviation between observed and calculated pressures by 
two methods of measurement. 

Discussion 

At the completion of the determination by the Ramsay and Young 
method, a slight carbonaceous residue was noted in the apparatus where 
an occasional drop of the lactone had fallen from the thermometer bulb 
to the hot surface of the flask. The observed pressures for this method 
agree very well with the calculated up to about 16O0, but beyond this 
temperature there is considerable disagreement, which increases with 
rising temperature (Fig. 1). Since both of the above facts point to de- 
composition, it was decided to check these data by using a different method4 

for determining the vapor pressure. Since in this, the isoteniscopic or 
static, method the material undgr examination is constantly exposed to  
view, decomposition becomes visual, if not real, by a change in color of 
the liquid in question. In this particular instance the lactone showed 
the first signs of discoloration at  about 170°, the color gradually increas- 
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ing until at the completion of the run it was a dark brown. The observed 
and calculated values for the vapor pressure again were found to agree 
very well at low temperatures and to vary considerably at  higher tem- 
peratures (Pig. I). 

These data bring out the following points: (1) a t  low temperatures 
the values for the two methods agree very well; (2) as the temperature 
increases the pressures recorded by the static method are higher than 
those by the dynamic; and, (3) in both cases, the observed values are 
less than the calculated at  the higher temperatures. 

Conclusion 

In  the light of the information obtained in this study it appears that 
n-valerolactone does undergo some decomposition as it approaches its 
boiling point at  atmospheric pressure. This statement is further verified 
by the darkening of the compound. The isoteniscopic method of deter- 
mining vapor pressure is in this instance more sensitive to this decompo- 
sition. This is due to the fact that the resulting decomposition products 
are confined to the small space between the liquid in the bulb and in the 
U-tube rather than being swept out of the apparatus as is the case in the 
Ramsay and Young apparatus, hence affecting the observed pressure 
much more. That the values obtained by this latter method actually 
were lower bears out this conclusion. At first thought i t  might be ex- 
pected that if decomposition takes place the observed values would be 
higher than those calculated. However, this is not necessarily the case 
since the values log P/( l /T)  give a straight line only when the heat of 
vaporization is a constant with change of temperature. There is no neces- 
sity for deeming the heat of vaporization of valerolactone to be a constant; 
in fact it is very probable that the calculated values would be still lower 
were i t  not for the compensating effect of decomposition. 

The method most sensitive to decomposition, i. e. ,  the isotenis~opic,~ 
does give a better agreement with the calculated pressures a t  higher tem- 
peratures, which justifies the above reasoning. 

Summary 

1. The vapor pressure of n-valerolactone has been determined and 
may be expressed by the equation log P = (-2540.44/T) + 8.2059, 
which holds for temperatures up to 160'. 

2. I t  was found that decomposition takes place as n-valerolactone 
approaches its boiling point at  atmospheric pressure. 

MADISON, WISCONSIN 
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A STUDY OF THE BENZOIN CONDENSATION1 

BY AVERY A. MORTON AND JOSEPH R. STEVBNS 

RBCBIVED JANUARY 14, 1930 PUBLISHED MAY 8. 1930 

Introduction 
In  the condensation of benzaldehyde to benzoin under the influence of 

an alkali cyanide, the specific action of the catalyst has been ascribed, in 
general, to its ion or to its hydrolysis product. There is a large amount 
of experimental work which supports this but nearly all has been done 
in an ionizing solvent which contains water. No systematic attempt 
has ever been made to observe the reaction under conditions where no 
ionization nor hydrolysis can occur. In this paper we shall report ex- 
periments which show that the reaction will take place in anhydrous pe- 
troleum ether, and that an addition compound consisting of one mole- 
cule of benzaldehyde and one of sodium cyanide can be obtained, which 
in the dry state, slowly changes to benzoin. These facts cannot be ex- 
plained by the common mechanisms. We have, therefore, suggested two 
possible ways in which the catalyst may function. The results also raise 
the question as to whether the mechanism in ionizing solvents has been 
correctly represented in the past. 

Experiments 
The general experimental method was as follows. Two grams of benzaldehyde 

(Eastman Kodak Co. technical grade) and one gram of potassium cyanide were put into 
an 8-inch test-tube with a given amount of the solvent. The test-tube was tightly 
stoppered and shaken overnight. The contents were then poured into an Erlenmeyer 
flask, dilute acetic acid added to stop the reaction and the mixture boiled for a short time 
to volatilize the organic solvent. Any high boiling amines used with the solvent were 
soluble in the acid solution. The insoluble benzoin was filtered, dried and weighed. 
A number of these test-tube runs were made a t  one time. A blank experiment, identical 
in all respects except that the solvent was 95% alcohol alone, was made with each series. 
The results are referred to this blank on a basis of 100. Values recorded as (s) slight 
and (vs) very slight indicate yields of benzoin too small to be measured by our method. 

Effect of Solvent 
Series 1.-The solvent was 12 cc. of 950jo alcohol with 12 cc. of another liquid. 

The yield in the blank was 1.44 g. of benzoin. Comparative yields were in alcohol 
with carbon disulfide vs, ethyl bromide vs, ether vs, acetone s, carbon tetrachloride 14, 
chlorobenzene 31, petroleum ether 120. These results show the marked effect of pe- 
troleum ether as compared with carbon disulfide, ether, acetone and certain chlorides. 

Series 2.-Twenty-five cc. of a single solvent mas used. No effort was made to 
dry the solvent; in fact, a t  this stage of the work a trace of moisture was supposed to be 
favorable in order to hydrolyze the cyanide, Comparative yields were in acetic acid 0, 

From the thesis of Joseph R. Stevens presented in partial fulfilment of the re- 
quirements for the degree of Bachelor of Science, 1929. 
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iso-amyl alcohol vs, tertiary butyl alcohol 6, benzene 47.9 toluene 52. xylene 55, water 8.1; 
methyl alcohol 95. 

Series 3.-The comparative yield in a solvent consisting of 20 cc. of 95% alcohol 
with one gram of phenol was 0, with phthalic anyhdride vs, formaldehyde vs, ethyl ace- 
tate vs, isopropyl alcohol 2, aniline 2, hexamethylene tetramine 46, triethylamine 
hydrochloride 62, benzyl chloride 67, benzal chloride 68, diphenylamine 68, dimethyl 
aniline 89, hydroquinone 95, pyridine 94, urea 101, acetamide 102, butyl isocyanide 106. 
The series shows the inhibitory effect of many carbonyl and amine compounds. 

The Inhibitory Effect of Ethyl Acetate.--These experiments were made to study 
the effect of one of the compounds in Series 3 when used in several different concentra- 
tions. The solvent was 10 cc. of petroleum ether with 2 cc. of 95% alcohol, this ratio 
having been found to be very suitable in a number of preliminary tests. Table I gives 
the results. 

TABLE I 

REsVLTS 

KCN, moles. ...................... 0.02 0.02 0.02 0.03 0.04 
Gthyl acetate, moles. ............... .OO .01 .02 .01 .02 
Yield of benzoin, g.. ................ ,810 .375 .228 .400 .I95 

Comparison of Sodium Cyanide with Potassium Cyanide. Yield vs. Time.-The 
solvent was 5 cc. of petroleum ether with 1 cc. of 95% alcohol. An excess of the cyanide 
(2 g.) was added, which was sufficient to keep the solution saturated a t  all times with 
the catalyst and to combine with the product. 

The quantities of benzoin formed with potassium cyanide as a catalyst were so very 
small that only one point could be determined. The results are plotted in Fig. 1. 
The fact that the values fall on a straight line suggests that the main factor in this sol- 
vent is that of the solubility of the catalyst. The solubilities were determined by shaking 
an excess of the cyanide with the solvent for one hour a t  room temperature, filtering, 
evaporating to dryness, and heating in a vacuum oven a t  110° to constant weight. 
The solubility of sodium cyanide was found to be 0.067 mole; that of potassium cyanide 
0.0063 mole per liter of solution. The sodium cyanide is therefore 10.6 times more 
soluble than the potassium cyanide; its reaction velocity is only 6.8 times greater. 
Since only one point was obtained with potassium cyanide, we are unable to say that 
this difference is beyond the error of the experiment. 

The product from potassium cyanide was white; that from sodium cyanide was 
yellow. Franzen3 has prepared the addition compound between calcium cyanide and 
benzaldehyde and found it to be bright orange-yellow in color. When our sodium 
cyanide was recrystallized the yellow color largely disappeared. Since sodium cyanide 
is made from the calcium salt, it is very probable that the orange-yellow color is due 
to some calcium cyanide present. 

Comparison of the Reaction in Alcohol and in Petroleum Ether-Alcohol.-In this 
series each test-tube contained 6 cc. of 95% alcohol, 2 cc. of benzaldehyde and 2 g. of 
sodium cyanide. The procedure was identical with that of the experiment just above 
and the results are plotted in the same figure. 

2 Conclusions from these series must not be too hastily drawn. The solubility 
of the cyanide is of very great importance and, as will be shown later, the sodium is 
much more soluble than the potassium salt. Had sodium cyanide been used in this 
series instead of potassium cyanide the results for benzene, toluene and xylene might 
have been very good. The experiments were made to locate any pronounced effect 
of a solvent and not to assign an absolute value to each. 

a Franzen, Ber., 42, 3293 (1909). 
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A constant calculated for this reaction (see Table 11) shows that  for the first five 
hours a t  least the formation of benzoin is in agreement with that  expected from the 
eguatioti for a bimolecular irreversible reaction in which the initial concelitration of 
benzaldehyde is taken as 2 g. The sodium cyanidc concentration is assumed t o  be 
co~istant and does not enter into the equation. 

TABLE I1 

RESULTS OF EXPERIMENTS 

Time, hours 1 5  2 5 3 . 5  4 . 5  5  5  
Benzoin, g. 0 52 0.81 0 95 1.05 1  13 
K .12 .14 . I3 0.12 0 12 

The solubility of sodium cyanide in 95% alcohol was determined in the same manner 
as in the petroleum ether-alcohol mixture and found to be 0 405 mole per liter. This is 
six times the solubility of sodium cyanide in the 5: l  mixture. The values as  plotted 
in Fig. 1 show, however, that  a t  no time did the amount of benzoin formed in alcohol 

Time, hours. 

Fig. 1 . ~ 1 ,  NaCN in 5 : 1 mixturc of petroleum ether and ethyl alcohol; 11, 
KCN in 5 : l  mixture of petroleum ether and ethyl alcohol; 111, NaCN in 
ethyl alcohol; IV, same as I but with purified benzaldehyde. 

even a t  the very start of the reaction exceed by three times that  in the mixed solvent. 
Per sodium cyanide dissolved, therefore, the reaction is faster in the solvent containing 
petroleum ether* than in alcohol alone. The type of velocity curve is also different with 
the two solvents. I n  alcohol the sodium cyanide is so soluble that  t h e  formation of 
benzoin can proceed according to the mass action principle and the customary curves 
will be obtained; in the petroleum ether-alcohol mixture the sodium cyanide is so 
slightly soluble and is so continually removed by the precipitation of the addition com- 
pound that  the rate is governed almost entirely by the rate of solution of the sodium 
cyanide. 

The reason for this may be the chemical inertness of petroleum ether. The  
polar groups present in other solvents would form complexes with the sodium cyanide, 
thus competing with the benzaldehyde. 
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Comparison of Technical with Purified Benza1dehyde.-Benzaldehyde was purified 
by shaking the terhnica! grade with a dilute solution of sodium carbonate, drying o-V-er 
anhydrous potassium carbonate, filtering and distilling. The first 25 cc. out of the 100 
cc. was rejected and 2 cc. from the next fraction collected and used a t  once. This run 
was made to compare with the results given in Fig. 1, Curve I, for sodium cyanide and 
the experimental conditions were, therefore, identical in all respects except in regard to 
the purity of the benzaldehyde. The results are plotted in Fig. 1, Curve IV. The agree- 
ment is within 8%' which is as close a check as the experimental conditions would allow. 

Isolation of the Addition Compound.-In all of the reactions run in a solvent con- 
taining petroleum ether, an addition compound was precipitated. This compound was 
isolated and analyzed as follows. In a 250-cc. Erlenmeyer flask 3 to 5 g. of sodium 
cyanide lumps about the size of small peas were placed. A solution of 5 cc. of benzalde- 
hyde in about 30 cc. of the 5: l  petroleum ether-alcohol mixture was added. The mix- 
ture was allowed to stand for one-half hour, after which i t  was shaken and 20 cc. of 
benzaldehyde added. A large precipitate formed; 100 cc. of petroleum ether was then 
added and the solution filtered. The large particles of sodium cyanide either settled 
out before filtration or were mechanically separated from the dried flocculent compouhd 
on the paper. The addition product was washed with petroleum ether to  free i t  from 
benzaldehyde and dried in a vacuum desiccator. Two analyses gave 14.8 and 13.9% 
of sodium; the calculated value for a product consisting of one molecule of benzaldehyde 
to  one of sodium cyanide is 14.8%. When decomposed with water immediately after 
removing from the filter paper and drying, beiualdehyde and sodium cyanide were 
recovered. When allowed to stand in the desiccator over calcium chloride it very slowly 
changed to benzoin. 

Reaction in Anhydrous Medium 
Experiment A.-A dry glass tube was sealed off a t  one end and in it was placed 4-5 g. 

of sodium cyanide which had been dried in a vacuum oven a t  110' for two hours. 
From 100 cc. of technical benzaldehyde from a freshly opened bottle the first 40 cc. 
was distilled in a current of dry hydrogen and rejected; 5 cc. of the middle fraction 
was then distilled directly into the tube aod sealed in an atmosphere of hydrogen. No 
solvent was used. After two days a precipitate was formed which steadily increased in 
amount. When decomposed with water this proved to be benzoin. 

Experiment B.-A 16-mm. glass tube was heated nearly to its softening point in a 
current of dry air until no cloud of moisture appeared on the surface of the glass when it 
was allowed to cool and then reheated. Ten cc. of petroleum ether dried for twenty- 
four hours over sodium wire, and 3 4  g. of sodium cyanide prepared from commercial 
sodium cyanide by recrystallizing once from water and drying in a vacuum oven a t  110 O 

for four hours, were put into this tube. Ten cc. of benzaldehyde, treated as in Experi- 
ment A (except that nitrogen purified by passing through pyrogallol solution and drying 
with concentrated sulfuric acid was used instead of hydrogen) was distilled directly into 
the reaction vessel. The tube was then filled with dried nitrogen, sealed off and allowed 
to stand. A white addition compound formed on the surface of the cyanide; in four 
days the appearance of benzoin in fair quantity was observed and in ten days a large 
precipitate had formed. 

These experiments do not exclude the possibility of catalysis by an  extremely 
minute quantity of water, but they do show that when the reactants are dried in a man- 
ner fully equivalent to that used in reactions where water must be excluded, such as the 
preparation of the Grignard reagent, the benzoin condensation will still occur. I t  is 
necessary only to dissolve the catalyst and to exclude oxygen which would form benzoic 
acid with the benzaldehyde. 

Other Addition Compounds.-Cinnamic aldehyde does not undergo the benzoin 
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condensation. Hence when finely powdered sodium cyanide was added to a solution of 
an excess of the aldehyde in alcohol, the addition compound was precipitated from the 
solution and later recrystallized from alcohol. This compound has already been observed 
but not analyzed by Zincke and v. Hagei1.5 We found 11.1 and 13.0y0 of sodium as 
compared with a calculated value of 12.7 for the addition compound, N~CN-CSEI~O. 

Other addition compounds which were observed but not analyzed were those of 
sodium cyanide with ethyl benzoate and benzoyl cyanide. Ethyl acetate and benzamide 
apparently formed no solid addition compound under the conditions of the experiment. 

Reaction at Higher Temperature.-Cinnamyl aldehyde6 will not undergo the ben- 
zoin condensation nor will ethyl benzoate condense with benzaldehyde. Since addition 
compounds are formed in these cases which by their stability might hinder the reaction, 
higher temperatures were tried. When heated to 150' no condensation occurred in 
either case. Benzamide and benzaldehyde melted together with sodium cyanide gave 
off ammonia but nothing was isolated except benzoic acid. 

Catalysts Other than Potassium or Sodium Cyanide.--The effect of other com- 
pounds as catalysts in this reaction was tried in 10 cc. of the 5:l petroleum ether- 
alcohol mixture. About 5 cc. of benzaldehyde and 1 g. of the cyanide compound were 
used in each experiment. No effect was observed with mercuric, cuprous, thallous, 
triphenylmethyl, and tertiary butyl cyanides. Barium cyanide had a slight effect. 
Because sodium cyanide is more soluble1 than potassium cyanide, it was thought that 
lithium cyanide would be even more soluble in an organic solvent and therefore a better 
catalyst. The single attempt to prepare lithium cyanide failed. 

Mechanism of the Reaction.-Since the reaction goes in an anhydrous 
non-ionizing medium it is absolutely impossible to apply the ordinary 
interpretation to our experiments. I t  is necessary to consider instead 
the role of the non-ionized portion. This may be done in two ways. 
(1) Sodium cyanide may add across the double bond of the carbonyl 
group. The equations for this would be 

. , 

C6H6CH (ONa) @k-r-G/ (ONa) (CN) CC6Hs 
I-,,,,- 

CeH6C(II)ONa 
+ 1 + HCN 

CGH6C(H)OH + NaCN -+- CeH6C-(ONa) CN 

CeHaC=O 

5 Zincke and v. Hagen, Ber., 17, 1814 (1884). 
6 Cinnamic aldehyde, ethyl acetate, ethyl benzoate and benzamide may not undergo 

the benzoin condensation because they contain other polar groups in the molecule 
which combine with the cyanide salt and therefore hinder the reaction in the same 
manner that ethers, chlorides, alcohols or esters used as solvents block the catalytic 
influence of the condensing agent. One exception to this is here noted. Smith, Proc. 
Chem. Soc., 29, 266 (1913), has reported that benzoyl chloride condenses with o-nitro- 
benzaldehyde in the same manner that benzaldehyde condenses with itself. The 
product is benzoyl-a-nitromandelonitrile, the chlorine atom being replaced by the 
cyano group. 

7 Tripropylamine cyanide should be a very good catalyst since its organic nature 
would make it soluble in petroleum ether and Lapworth, J. Chem. Soc., 83, 1004 (1903), 
has shown that tripropylamine, mandelonitrile and benzaldehyde form benzoin when 
allowed to stand together. 
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This is the nearest approach possible to the common interpretation of 
the reaction. Its weakness lies in the fact that free hydrogen cyanide 
instead of a salt must split out to cause the condensation. (2) A molecu- 
lar addition compound may form which then adds to another molecule 
of the same kind. The reaction is completed by the wandering of a hy- 
drogen atom in the complex. In  the formation of the first intermediate 
compound the sodium cyanide absorbs some of the valence energy of the 
oxygen atom in the benzaldehyde. This will cause a certain amount of 
energy to become available on the carbon atom of the benzaldehyde, 
i. e. ,  i t  will possess a certain amount of unsaturation. When two of these 
addition compounds come close to each other, a valence is realized be- 
tween the unsaturated carbon atoms with the simultaneous wandering 
of a hydrogen atom. The steps are graphically represented in the equa- 
tions 

H -- 
C6H6CH0 + NaCN C~HSC-0. . . NaCN 

H 

This formulations of the role of an addition compound as an intermediate 
has been developed by Pfeiffer,s who states that the catalytic action of 
metal salts and acids, which in many cases is dependent upon the forma- 
tion of addition  compound^,^^ can be ascribed to the formation of a single 
unsaturated active carbon atom. He gives as examples of this the catalytic 
saponification of esters by hydrochloric acid, the formation of ketones in 
the Priedel-Crafts reaction, and the polymerization of unsaturated com- 
pounds by means of sulfuric acid. This picture gives us a very simple 
explanation for the occurrence of a side reaction, namely, the forma- 
tion of benzyl benzoate. If instead of the reaction above pictured the 
single unsaturated carbon atom in the molecular addition compound 
should unite with the oxygen of another molecule of benzaldehyde, the 
product upon the wandering of a hydrogen atom will be benzyl benzoate. 
The possibilities in the reaction of benzaldehyde with itself in the presence 

* The sodium cyanide might be attached through its unsaturated carbon atom 
to the benzaldehyde. On this point we have no evidence. We have preferred the 
formula as above written because metallic sodium alone will cause the condensation 
and because certain analogies might be drawn with alkaline condensing agents in 
general and with pinacone formation. 

Pfeiffer, Ann., 383, 93 (1911). 
lo Sammlung Chemischer und chemisch-technischer Vortrage, 30, 136 (1928). Muller 

expresses Pfeiffer's views by saying that the positive metal ion strongly pulls the elec- 
tron of the carbon atom. The bonding electrons between the carbon and oxygen 
atoms then move far toward the oxygen side. The carbon atom which now possesses 
only a small part of the binding electron will then possess a sccondary valence. 
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of a catalyst such as sodium cyanide are illustrated in the following dia- 
gram. 

H H H 
C6H&=O. . . NaCN CoH6C-0. . . NaCN CsH&!--;O 

1 
H 

-1 
H 

C6H6C=0 . . NaCN C6HbC=O. . . NaCN 
H 

C6H5CH0 . . NaCN -+ CsH5C--OH CsH5C;O +-- CEH,C=O 
I 1 H 

CsHsC=O C~HSCO 
Hz 

I,achmanll has shown that benzyl benzoate is formed to some extent in 
the synthesis of benzoin. In the case of alkali hydroxide or alcoholate 
addition compounds the formation of benzyl benzoate may be assumed to  
predominate to the entire exclusion of the formation of benzoin. 

This conception12 also eliminates the peculiar role of the cyanide salts 
as the only catalysts which can bring about the reaction. Lachman13 
mentions that benzoin is sometimes formed by metallic sodium and Blicke14 
in the same year published a study of the action of sodium on benzalde- 
hyde in which he discovered benzoin among the products. 

Summary 

A preliminary study of the effect of various solvents upon the benzoin 
condensation has been made. The reaction has been found to proceed 
in the absence of water and in a non-ionizing medium. 

An addition compound has been isolated which consists of one mole- 
cule of benzaldehyde and of sodium cyanide. This solid addition com- 
pound changes to benzoin upon standing. 

Previous mechanisms which involve ionized or hydrolyzed sodium cya- 
nide are not applicable to our work. Two mechanisms have been suggested 
which accord with the facts observed. One of these mechanisms is based 
upon Pfeiffer's view of the role of addition compounds as catalysts. 

If. Lachman, THIS JOURNAL, 46, 712 (1924). 
l2 A similar mechanism might possibly apply to other reactions catalyzed by sodium 

cyanide. Thus Chalanay and Knoevenagel [Ber., 25,291 (1892)l found that the ben- 
zoin condensation took place in the case of certain chlorides and nitriles. Smith [Ber., 
26, 60 (1893) ] condensed benzaldehyde with acetophenone, benzoin with acetophenone, 
and benzoin with mesityl oxide in the presence of potassium cyanide. Strain has shown 
that benzylidene-aniline and benzylidene-p-toluidine [THIS JOURNAL, 50, 2219 (1928)] 
undergo the benzoin condensation. In case the mechanism is applicable in ionizing 
solvents, it  might be possible to interpret the action of alkalies in certain condensations 
such as the Schotten-Baumann reaction on this same basis. 

l3  Ref. 10, p. 716. 
l4 Blicke, TITIS JOURNAL, 46, 2560 (1924). 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY] 

ISOXAZOLINE OXIDES. IX. THE REACTION BETWEEN 
TRIPHENYL ISOXAZOLINE OXIDE AND ORGANIC MAGNESIUM 

COMPOUNDS 

Inasmuch as the mode of addition of organic magnesium compounds 
to cyclic nitrones has been definitely e~tablished,~ it is possible, now, to 
interpret with more confidence the results of an investigation of the re- 
action between organic magnesium compounds and isoxazoline oxides 
that was completed several years ago. The investigation is one of a series 
that deals with the mode of addition to substances containing the unsatu- 

I 
rated system $=NO. Triphenyl isoxazoline oxide was one of the com- 
pounds selected for study because it contains a highly phenylated ring 
and therefore might be expected to offer but one point of attack to the 
reagent. The reaction was tried with methyl, ethyl, benzyl and phenyl 
magnesium halides, but the outcome was not so favorable as had been 
anticipated because it was rarely possible to arrest the action at  the first 
stage. 

Of all the reagents tried, phenyl magnesium bromide alone gave a prod- 
uct that was formed by the addition of but one molecule of reagent to one 
of the oxide. The mode of addition appears to be the same as that to 
the cyclic nitrone, but the product is extremely unstable, decomposing 
spontaneously both in solution and in solid form. In glacial acetic acid 
i t  loses both nitrogen and oxygen and passes into one of the few known 
derivatives of propylene oxide 

CP,H~CH-CHC~,HS C~HKCH-CHC6H6 CaH6CH-CHCsH6 
I >o + I >o + 

CaH&=NO (CBHK)~C-NOH 
I I 

(C6Hs)zC-0 
I I1 I11 

In  the reaction with methyl magnesium iodide gas was evolved in the 
cold. A quantitative determination showed that one molecule of the 
oxide reacts with three molecules of the reagent and liberates one mole- 
cule of methane. The composition of the product confirms this relation, 
the reaction being represented by the equation 

The product of the reaction is a base. I t  reacts with methyl magnesium 
iodide, liberating two molecules of methane and forming a magnesium 
derivative from which it is regenerated by acids; and when it is acetylated 
i t  forms, in succession, a mono- and a diacetyl derivative. I t ,  there- 

Kohler and Addinall, THIS JOURNAL, 52, 1590 (1930). 
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fore, contains two active hydrogen atoms and its two oxygen atoms are 
presumably present as hydroxyl. In acetone the Grignard product re- 
duces permanganate in the cold, being oxidized to water, nitric acid, 
acetophenone, and methyl stilbene-all primary oxidation products be- 
cause permanganate does not oxidize methyl stilbene under these con- 
ditions. By combining these facts with the formula of the oxide, we 
arrive a t  formula IV for the product, the oxidation proceeding in accordance 
with the scheme 

GHsCHC(0H) (cH~)csH6 CsHeCH CHaCOCeH6 
I +30--+ 1 f + aNO3 

CsHaC(CH3)NHOH CeHsCCIIa +- Hz0 
IV 

The formation of the hydroxylamine derivative is most easily accounted 
for by assuming that, in this case also, the reaction begins with addition 
to the unsaturated system, .and that the primary product-an isoxazoli- 
dine derivative-immediately undergoes a well-known rearrangement 

CeHr,CH-CHCeH5 CsH&!H-CHCe.H5 CsHsCHCOCsHs 
l > O  I >o --+ 

CsH6C==NO C6H5C(CH3)-NOMgX C.H.L(CHJ)NHOM~X 

The resulting open-chained compound then reacts with two more mole- 
cules of the reagent 
CeHeCHCOCe,Ha CsH5CHC(CH3) (CsH5)OMgX CsHsCHC(CH3) (C6He)OH 

I I + I 
CeH6C(CH3)NHOMgX C~H~,C(CHI)N(M~X)OM~X CeHaC(CH3)NHOH 

In  the case of ethyl magnesium bromide the quantitative picture2 is 
far less definite. At the ordinary temperature the reaction consumes 
2.8 moles of reagent and liberates 0.6 mole of gas. The gas is not homo- 
geneous, being composed of ethane and ethylene in the proportion of fom 
to one. The formation of ethane implies a reaction similar to that  with 
methyl magnesium iodide, and the formation of ethylene indicates reduction. 
No substance corresponding to that obtained with methyl magnesium iodide 
was isolated. A very small quantity of a substance that appears to  be 
an addition product was obtained, but most of the solid material was a 
reduction product that is formed in accordance with the equation 

CsH5CH-CHOCsHr 
1 >o + C Z ~ H I ~ O ~ N  

CsHeC=NO + 2H 

This same reduction product had been obtained previouslyS by reducing 
the oxide with zinc and acetic acid, and two formulas for i t  were considered 
a t  the time 

C~H~CHCHOHCQH~ CsHeCH-CHC~HI CsHeCH-CHCsHr 
I t-- I >O + I >o 

C8HaC=NOH CsH6C-NO CoHeCH--NOH 
V I B 

Kohler and Barrett, THIS JOURNAL, 46, 2112 (1924). 
3 Ref. 2, p. 2110. 
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The cyclic formula B was preferred to the open-chained formula V 
largely because the substance is capable of forming a copper derivative. 
We have now succeeded in getting this copper derivative in a crystalline 
form, and we have found that i t  contains one atom of copper to the mole- 
cule. It therefore cannot be a derivative of the cyclic form. Moreover, 
we have found that when the substance is acetyJated exhaustively, i t  
forms not only the mono-acetate previously described, but also a di-acetate 
which on partial hydrolysis passes into a mono-acetate that is isomeric 
with that obtained by partial acetylation. These facts cannot be recon- 
ciled with the cyclic formula. They show that the Grignard product 
must be the open-chained oxime and that P- as well as a-hydroxy oximes4 

can form copper derivatives when their ethereal solutions are shaken with 
copper acetate 
CeH5CHCHOHC6H6 C~H~CHCHOHC~HS 

I - I + 
CeH6C=NOH Ce.H6C=NOCOCH3 

v VI 
e CE.H~CHCH(C~H~)OCOCH~ C~HSCHCH(C~H~)OCOCH~ 

I 
CsH6C=NOCOCH3 

- I 
CsH5C=NOH 

VII VZII 

The behavior of the reduction product on oxidation and on further 
reduction likewise shows that i t  must be the open-chained oxime. It 
does not reduce permanganate but it is easily oxidized by chromic acid. 
The product is triphenyl isoxazole, which, as is known, is readily formed 
from the monoxime of phenyl dibenzoyl methane5 

CsH5CHCHOHCbHs CBHSCHCOC~H~ C6II5C-CC6H5 
1 - [c6Hsk=NOH ] -+ I >o 

C6H5C=NOH C@H,C=N 
IX  

On further reduction, which can be accomplished by prolonged heating 
with zinc and acetic acid, both the Grignard product and the parent 
isoxazoline oxide are converted into the corresponding amine-a strong 
base which forms a hydrochloride that is not hydrolyzed by water. Like 
the oxime, the amine liberates two molecules of methane from methyl 
magnesium iodide and forms a magnesium derivative from which i t  is 
regenerated by acids. When it is heated it decomposes into ammonia, 
benzaldehyde and stilbene. Its behavior toward nitrous acid is surpris- 
ing; instead of forming the corresponding di-hydroxyl compound i t  re- 
verts to the isoxazoline oxide 
CtjH6CH-cHCaH6 H C~H~CHCHOHC~HS CeH5CH 

I >o f--L I + 11 C6HaCHO + NHB 
CsHsC=NO HNOz C6H6CHNH2 CeHhCH 

X 

Feigl, Sicher and Singer, Ber., 58, 2294 (1925). 
Marshall, J. Chem. Soc., 107, 521 (1915). 
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The reaction between the oxide and benzyl magnesium chloride is rela- 
tively free from complications. Reduction predominates and the princi- 
pal products are dibenzyl arid the same open-chained oxime that  is formed, 
in small quantities, in the reaction with ethyl magnesium bromide 

Experimental Part 
Preparation of Triphenyl Isoxazoline Oxide, I.-Since the oxide prepared accord- 

ing to  previous directions' often contained triphenyl isoxazole, from which it could not 
be completely freed by crystallization, it was found necessary to  modify the  procedure so 
that  no isoxazole would be formed. The operations are as follows: t o  9 g. of nitro 
stilbene and 6 g. of phenyl nitromethane in 100 cc. of gently boiling dry methyl alcohol 
is added a solution of 0.9 g. of sodium in 50 cc of dry methyl alcohol in the  course of 
three minutes; the solution is allowed to boil for one minute more, then cooled for two 
minutes by shaking i t  in a freezing mixture; the mixture of oxide and nitrite is filtered by 
suction, washed three times with water, then three times with 15-cc. portions of methyl 
alcohol. The yield is 8.5 g. of oxide melting a t  156-159'. Once recrystallized from 
acetone it  melts a t  160-162 O .  

Reaction with Phenylmagnesium Bromide 
A Grignard reagent made from 7.5 g. of magnesium and 52 g. of bromobenzene in 

ether is chilled in ice; to  it  is added 15.7 g. of solid oxide in the course of two minutes. 
The mixture is stirred for fifteen minutes, then removed from the ice-bath and stirred 
for fifteen minutes more. Prolonged stirring is disadvantageous and may result in 
failure to  isolate any solid product. 

Decomposition of the reaction mixture is effected by pouring i t  on ice; crystals 
appear in the ether layer when the sides are rubbed with a glass rod. A 1 :I mixture of 
ice and concentrated hydrochloric acid is added to dissolve the basic magnesium salts 
and then petroleum ether to  decrease the solubility of the crystalline product. The 
mixture is kept cold and stirred for fifteen minutes before filtering. The solid is washed 
on the filter with water, a little ether, and then thoroughly with petroleum ether. 

The Grignard product crystallizes in small colorless needles melting a t  about 105O, 
with decomposition. The low melting point implies solvent of crystallization and the 
analytical results indicate that the crystal solvent is benzene, but since the substance 
cannot be recrystallized, the significance of the result is doubtful. The substance can- 
not be benzoylated by the Schotten-Baumann method and a n  attempt t o  benzoylate 
i t  in pyridine gave but a very small quantity of solid. 

2,2,3,4-Tetraphenyl Trimethylene Oxide, 111.-When the Grignard product is shaken 
for an hour with enough glacial acid to  cover it, i t  disappears and the solution gradually 
deposits the oxide. After washing with ether, the oxide was recrystallized from acetone 
and methyl alcohol. It separated in diamond-shaped plates melting a t  1 6 2 O .  

Anal. Calcd. for C27H220: C, 89..5; H, 6.1; mol. wt., 362. Found: C, 89.1; 
H, 6.0; mol. wt., 340. 

Structure and Cleavage.-The structural formula assigned to the oxide is based 
upon its behavior toward methyl magnesium iodide and upon its cleavage. When i t  
was treated with methyl magnesium iodide in an apparatus with which i t  is possible t o  
determine both the amount of reagent consumed and the volume of the gas evolved, 

6 Ref. 2, p. 2109. 
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i t  was found that it consumed one mole of reagent and evolved only a negligible volume 
of gas. The oxide underwent no change when heated to 220" in a vacuum but it was 
readily cleaved in the following manner. 

A solution of one g. of the oxide in 40 cc. of absolute methyl alcohol containing 5 
drops of acetyl chloride was heated on a steam-bath for twenty-five minutes. The al- 
cohol was evaporated nearly to dryness, cooled and inoculated; it deposited 0.56 g. of 
very purc triphenyl ethylene. The filtrate from the unsaturated hydrocarbon was 
diluted with water and then shaken with ether. From the ethereal solution sodium 
bisulfite extracted benzaldehyde, which was liberated with sodium carbonate and turned 
into its phenyl hydrazone for comparison with a known sample. 

Dibenzophenone Peroxide, (C6H6)zCO~OzC(C8H5)2.-Beforc triphenyl ethylene 
was available for comparison, a sample of the cleavage product was ozonized in the fol- 
lowing manner. A current of ozonized oxygen containing about 5% of ozone was 
passed through a solution of 4 g. of the hydrocarbon in 30 cc. of dry chloroform. At 
first, feathery needles appeared on the surface of the vessel; this was, doubtless, the 
ozonide because it became pasty when rubbed on a drying plate. Later, sharply de- 
fined crystals appeared in the liquid. These were separated by evaporating the solvent 
under diminished pressure, diluting the viscous residue with a little ether and filtering. 
The crude peroxide was recrystallized from ether. 

Anal. Calcd. for CzeHzo04: C, 78.8; H, 5.0; mol. wt., 396. Found: C, 78.6; 
H, 5.1 ; mol. wt. (in freezing naphthalene), 350. 

The peroxide dissolves slowly in most organic solvents. I t  crystallizes from ether 
in flattened prisms and melts between 200-220Q, depending upon the rate a t  which the 
temperature is raised. When it is heated with phosphorus pentachloride it liberates 
chlorine and when it is heated by itself it passes quantitatively into benzophenone and 
free oxygen.7 

Reaction between the Oxide and Methyl Magnesium Iodide 
The reaction between the oxide and methyl magnesium iodide, when carried out 

itl the "machineJ'* was found to consume 2.92 moles of reagent and liberate 1.11 moles of 
gas. The evolved gas was collected and analyzed; it was pure methane. For the 
purpose of isolating the product the oxide was added to a large excess (6 moles) of methyl 
magnesium iodide at the ordinary temperature. The mixture was left to itself overnight, 
then decomposed with ice and cautiously treated with acid. At times this treatment 
left a sparingly soluble iodide, which separated in colorless needles melting a t  about 
100°, and from which the product was liberated with sodium carbonate. Generally 
the product remained in solution, from which it was isolated by evaporation. 

a,y-Dimethyl-a,@,y-triphenyl-y-hydroxy Propylhydroxylamine, IV.-The hydroxy- 
amine was purified by recrystallization from ether-petroleum ether or from dilute al- 
cohol from which it separated in stout needles melting a t  18CL195 ", depending upon the 
rate of heating. 

Anal. Calcd. for C2aH2eOzN: C, 79.5; H, 7.2. Found : C, 79.1 ; H, 7.3. 

CsHaCHC(CH3) (CeHrj) OH 

The Monoacetate, C~HK&(CHJNHOCOC& .-The oaime disrolver in cold acetic 

By the action of ozone on a tetraphenyl butene, Lebedev, Andreevski, and 
Matiushkina [Ber., 56, 2349 (1923)l obtained a benzophenone peroxide which began to 

/O melt a t  170" and which they represent as the monomolecular peroxide (CeH6)zC . \A 
Kohler, Stone and Fuson, THIS JOURNAL, 49, 3181 (1927). 
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anhydride to form the monoacetate, which was isolated by decomposing the excess of 
reagent with water and extracting with ether. The substance crystallizes from a mix- 
ture of ether and petroleum ether in small prisms; it melts to a colorless liquid which 
turns yellow and then red between 135-155 ". 

Ana2. Calcd. for CnsHarOsN : C, 77.1 ; H, 6.9. Found : C, 77.7; H, 7.1. 
C6Ff6CHC(CHa) (CaHa)OCOCHs 

I 

The Diacetate, C~H~&(CH~)NHOCOCH~ .--The diacetate was obtained by 
warming a solution of the oxime in acetic anhydride for an hour on the steam-bath and 
then allowing it to evaporate slowly over solid potassium hydroxide in a vacuum desicca- 
tor. I t  was purified by recrystallization from a mixture of ether and petroleum ether; 
it separated in small needles that melt with decomposition at about 172'. In  the ma- 
chine it liberated only a negligible volunle of gas. 

Anal. Calcd. for C Z ~ H ~ ~ O ~ N :  C, 75.2; H, 6.7. Found: C, 75.0; H, 6.8. 
Oxidation.-The hydroxylamine derivative instantly decolorizes a cold solution of 

permanganate in acetone. A solution of 3.6 g. of the compound (1 mole) reduced 3.2 g. 
of permanganate instead of 3.4 g. (2 moles) calculated. The manganese was removed 
by filtration and the filtrate evaporated to small volume; it deposited potassium ni- 
trate. The acetone solufion was then diluted with water and extracted with ether. 
The ethereal solution on evaporation left an oil. This oily residue was distilled with 
steam. The first 500 cc. of distillate contained acetophenone, which was recognized 
by its odor and completely identified by condensing it with meta nitro benzaldehyde. 

The remainder of the steam distillate yielded a light-colored oil that  solidified 
when rubbed. This was identified as methyl stilbene by comparison with a sample 
made by Ley's modification9 of the method devised by Klages.lo Methyl stilbene did 
not reduce permanganate in acetone a t  the ordinary temperature. 

Reaction with Benzyl Magnesium Chloride 
To a chilled Grignard reagent made from 7.2 g. of magnesium and 42 g .  of benzyl 

chloride was added 18.9 g. of the oxide. The mixture was left to itself overnight, then 
decomposed with ice and hydrochloric acid. The ethereal solution yielded 12.3 g. of 
solid product (V) and the residue that was left after the solid had been removed, on dis- 
tillation gave 9.7 g. of dibenzyl. The solid crystallized from ether in needles melting 
between 180-200°, depending on the rate of heating. A comparison of the substance 
itself and of its monobenzoate with two substances described by Kohler and Barretts 
proved their identity. In the machine one mole of the substance liberated 2.06 
moles of methane and formed a magnesium derivative from which it was regenerated by 
acids. I t  therefore cannot have the formula previously ascribed to it. 

The Copper Derivative.-An ethereal solution of the hydroxy oxime when shaken 
with aqueous copper acetate precipitates a very finely divided copper derivative that  
coagulates as the ether evaporates during persistent filtration under suction. Thus 
obtained, the copper compound is a dull greenish-brown powder that can be purified 
by extraction with alcohol and with boiling ether. Upon treatment with 1:1 hydro- 
chloric acid it regenerates the hydroxy oxime. 

Anal. Calcd. for C21H1102NC~: C, 66.6; H, 4.5; Cu, 16.8. Found: C, 65.9; 
H, 4.8; Cu, 16 5. 

The Mono-acetate, V1.-The monoacetate was made by Kohler and Barrett and 
described as the acetate of the hydroxy isoxazolidine B. I t  crystallizes with water and 
melts with decomposition a t  100-1 10'. 

Ley, Ber., 50, 249 (1917). 
lo Klages, ibid., 35, 2648 (1902). 
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The Di-acetate, VI1.-The di-acetate was obtained by heatilig the liydroxy oxime 
wlth acetic anhydride on a steam-bath for thirty minutes and then allowing the excess 
of anhydride to evaporate slowly over solid potassium hydroxide it1 a vacuum desiccator. 
The thick oil that remained crystallized readily when moistened with methyl alcohol. 
The solid crystallized from a mixture of ether and petroleum ether in clusters of large 
needles melting a t  131-132 ". 

Anal. Calcd.forCz5H2804N: (2,743; H,5.7. Found: C,74.8; H, 5.8. 

The Isomeric Mono-acetate, VII1.-A second mono-acetate was obtained by shak- 
ing a n  ethereal solution of the di-acetate for twenty hours with a concentrated solution 
of ammonia. The ethereal layer deposited small prisms which after recrystallization 
from a mixture of ether and petroleum ether melted, with decomposition, a t  170-176 ". 

Anal. Calcd. for C ~ Z H ~ I O ~ N :  C, 76.9; H,  5.8. Found: C, 76.9; H, 5.9. 

Oxidation with Chromic Acid.-A solution of the hydroxy oxime in glacial acetic 
acid was warmed for five minutes on a steam-bath with an excess of chromic acid. The 
solution was poured into a large volume of water, and the suspeiision extracted with 
ether. The ethereal solution was freed from acetic acid, dried and evaporated. It de- 
posited fine needles of the triphenyl isoxazole (1X)-identified by comparison with a 
sample on hand. 

A small quantity of the oxime of phenyl dibenzoyl methane,j which is, doubtless, 
the intermediate in this reaction, was dissolved in hot glacial acetic acid. The solution 
began to deposit the isoxazole derivative within thirty seconds. 

Reduction of Hydroxy Oxime. a-Hydroxy- 7-amino-a,@,?-triphenyl Propane, 
X-Two g. of zinc dust was added to a solution of the hydroxy oxime in gIacial acetic 
arid d i l u t ~ d  with of water. The suspension was warmed on a steam-bath for an 
hour, then greatly diluted with water and extracted with ether, which removed a small 
quantity of unchanged oxime. The acid solution, upon neutralization with ammonia, 
precipitated a white solid which was extracted with ether. The ethereal solution, 
dried and concentrated, deposited the amine in a yield of 70Y0. 

The same amine was obtained directly from triphenyl isoxazoline oxide by boiling 
the oxide for six hours with zinc and acetic acid. The yield was 30% 

The amine crystallizes from a mixture of ether and petroleum ether in two forms: 
long glistening needles melting a t  123 O, and shorter, stouter prisms melting a t  128-129 ". 
The melting point of a mixture of the two forms shows no depression, and if the lower 
melting amine is kept a t  120' for ten minutes its melting point becomes 128-129'. 
Either the needles or the prisms can be obtained a t  will from a n  ether-petroleum ether 
solution by inoculation with the desired form. 

Anal. Calcd. for C ~ I H ~ ~ O N :  C, 83 2; H, 6.9. Found: (123 ") C, 83.2; H, 7.1; 
(128") C, 82.6; H, 7.0. 

The Hydrochloride.-A benzeiie solution of the amine was saturated with dry 
hydrogen chloride and set aside overnight. Since no solid separated from the solution, 
i t  was evaporated. The residue was an oil which solidified when ether was added. 
The solid melted a t  232", dissolved in water without undergoing hydrolysis and regen- 
erated the amine when it was treated with ammonia. 

C G H ~ C H O H C ~ H ~  

The Acetyl Deriv~tive, C~H~CHNHCOCH~.-~0th forms of the amines are readily 
acetylated by cold acetic anhydride and they give the same mono-acetyl derivative. 
This mono-acctyl derivative was also obtained when a solution of the amine in acetic 
anhydride was warmed for half an hour on a steam-bath, and then allowed to evaporate 
slowly over potassium hydroxide in a vacuum desiccator. From a mixture of ether and 
petroleum ether the acetyl derivative crystallized in flattened needles which apparently 
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contain ether of crystallization, hecause when they are heated rapidly in a capillary 
tube (plunge rziethod) immediately after cry&allization they melt with decomposition 
a t  about 135", while they melt a t  142" when heated slowly. After drying overnight 
a t  105 ", the melting point is 142" regardless of the rate of heating. 

Anal. Calcd. for Cg3H2302N: C, 80.0; H, 6.7. Found: C, 79.6; H, 6.8. 

I n  the machine the acetyl derivative consumed 1.9 moles of reagent and liberated 
1.9 moles of gas, and it  was regenerated when the resulting magnesium compound was 
treated with acid. It was slowly hydrolyzed to the amine and acetic acid when it was 
boiled with hydrochloric acid; but i t  was recovered unchanged after treatment with 
sodium nitrite in glacial acetic acid. It is, therefore, not the isomeric amino acetate 
which would hc obtainecl by replacing the hydrogen of the hydroxyl group with a n  acetyl 
group. 

ChHsCHCIIOHChHs 
I 

The $-Toluene Sulfonamide, C~H~~HNHSOLC~II~.--A solution of 0.6 g. of the 
amine and 4 g. of $-toluene sulfone chloride in 10 g. of pyridine was heated for ten 
minutes, then poured on ice. The resulting suspension was extracted with ether, freed 
from pyridine, dried and evaporated. It left 0.65 g. of the sulfonamide which, by  re- 
crystallizatio~i irom ether-petroleum ether, was obtained in small prisms melting a t  
146-148 ". I t  is insoluble in aqueous alkalies and it is precipitated from its solution in 
methyl alcoholic potash by addition of water. 

Anal. Calcd. for C28H~r03NS: C, 73 5; H, 5.9. Pound: C, '73.4; H, 6.2. 

Action of Nitrous Acid on the Amine.-To a solution of 1 g. of the amine in glacial 
acetic acid was added 0.7 g. of solid sodium nitrite When the formation of gas bubbles 
had ceased, the solution was poured into water and extracted with ether. The ethereal 
solution was freed from acetic acid, dried over calcium chloride and evaporated. Addi- 
tion of petroleum ether to  the coticentrated solution resulted in the separation of 0.4 g. 
of triphenyl isoxazoline oxide melting a t  155-157'. After one recrystallization from 
dilute acetone, i t  melted a t  159-161 O,  and the addition of pure oxide produced no de- 
pression in the melting point. A small portion was converted into triphenyl isoxazole 
to  complete the identification. 

Thermal Decomposition.-The amine was heated in a small distilling flask until 
the temperature of the metal-bath reached 330'. Ammonia and henzaldehyde were 
recognized by their odors and the residue in the flask-which solidified on cooling- 
was identified as stilbene by comparison with a sample on hand. 

Reaction between the Oxide and Ethyl Magnesium Bromide 
The reaction with ethyl magnesium bromide has been briefly described by  Kohler 

and Barrett,= who obtained a moderate yield of the same reduction product t h a t  is 
formed in the reaction with benzyl magnesium chloride. Since the mechanism b y  which 
the oxide is reduced must be very different in the two cases, we have repeated the ex- 
periments mainly for the purpose of determining the quantitative relationships. T o  this 
end we prepared a solution of ethyl magnesium bromide in iso-amyl ether and with this 
solution determined the amount of reagent consumed, the volume of the gas evolved 
and the composition of the gas. We found that 2.8 moles of reagent disappears and tha t  
0.6 mole of gas was liberated. By a suitable contrivance a quantity of the gas was col- 
lected over mercury and analyzed. It contained only ethane and ethylene and these 
were present in the ratio of four to  one. 

We also repeated the experiment with a reagent made in ethyl ether, but  added the  
oxide t o  the chilled reagent and decomposed the product an hour later. Under these 
conditions the amount of reduction produced was much less than that  reported by  
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Kohler and Barrett and in addition to the reduction produced we isolated a small 
quantity cf anether sdid product. By r e ~ r - - - ~ - ~ ~  ,,LaLdfiati~xi -- f r o ~ ~  56y0 methyl alcohol this 
new product was obtained in colorless plates melting a t  126 ". 

Anal. Calcd. for C23H2302N: C, 80.0; H, 6.7. Found: C, 80.0; H, 6.6. 
The composition indicates the addition of C ~ H G  to the oxide, but the substance was 

obtained in an amount too small for further investigation. 

Summary 
There are two types of reaction between isoxazoline oxides and organic 

magnesium compounds. 
I n  one type of reaction the organic magnesium combines a t  the ends 

of the unsaturated system C=NO. The extremely unstable products 
of this system usually undergo rearrangement to open-chained compounds 
which react with two more molecules of the reagent. 

In  another type of reaction the magnesium compounds act as reducing 
agents. The product of this reaction is an open-chained hydroxy oxime 
formed by adding two atoms of hydrogen to the oxide. 

[CONTRIBUTION PROM THE PEARSON MEMORIAL LABORATORY OF TUFTS COLLEGE] 

STUDIES IN THE DIPHENYL SERIES. 11. SOME ANTIMONY 
DERIVATIVES OF DIPHENYL 

The physiological activity of certain organo-metallic compounds has 
revived interest and attention to this great class of compounds in the 
past two or three decades. This has been particularly true of arsenic 
and in a previous communication1 some arsenic derivatives of diphenyl 
were described. While the antimonials have not been as thoroughly 
studied, i t  has been found that in certain diseases of protozoan origin 
they are even more efficacious than arsenicals, a fact that naturally has 
stimulated work in this field. No work, however, has been done previously 
in the diphenyl series; tKerefore some of the more accessible antimonials 
containing diphenyl have been prepared in this Laboratory and their prop- 
erties studied. 

Tri-biphenylstibine was obtained, using the method of Michaelis and 
R e e ~ e , ~  by the action of an excess of sodium on 4-chlorodiphenyl and anti- 

3Cs116CGH&!1 + SbC13 + 6Na = ( C S H ~ C G H ~ ) ~ S ~  + 6NaC1 

mony chloride dissolved in benzene. The yield was excellent. As in simi- 
lar condensations with arsenic chloride, diphenyl was formed as a by-prod- 

1 Worrall, THIS JOURNAL, 52, 664 (1930). 
Michaelis and Reese, Ber., 15, 2877 (1882). 
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uct. Tri-biphenylstibine instantly decolorized bromine or permanga- 
nate solutions because of the ease with which it formed pentavalent 
antimony derivatives. It did not react with methyl iodide, in this re- 
spect differing from tri-biphenylarsine. The halogen addition products, tri- 
biphenylarsine dichloride, for example, were found to be less sensitive to  
water than the corresponding arsenic derivatives. In other respects the 
two series of compounds have similar properties, separating from chloro- 
form solution with a molecule of chloroform, decomposing a t  the melting 
point, etc. 

The mono- and diarylated derivatives were obtained together by long 
heating of antimony chloride with tri-biphenylstibine. According to  
Morgan and Micklethwait3 two reactions take place with triphenylstibine, 
the second of which is reversible. The changes would be represented as 
follows with tri-biphenylstibine 

2(CsHsCsHr)aSb + SbCla = 3(CaHsCsH4)2SbCI 
( C G H ~ C G H ~ ) ~ S ~ C ~  + SbCla F-='- 2CsHsCsH4SbC12 

A fairly good yield of the mixture was obtained, but in the separation by 
fractional crystallization much material was lost and the amounts of 
pure substances obtained were much less than the theoretical. Vacuum 
distillation could not be used, as the substances decomposed. The 
amount of di-biphenylstibine chloride isolated was about one-fourth of 
that of mono-diphenylstibine chloride. A certain amount of hydrolysis of 
tri-biphenylstibine, apparently due to wet material, took place when i t  was 
heated with antimony chloride for antimonous oxide and diphenyl were 
isolated from the products of the reaction and identified. 

2(CsH~C6H4)3Sb f 3Hn0 = BC~H&!~HB + Sb203 

The low yield of the di-phenylstibine chloride led to a study of the 
effect of heat on tri-biphenylstibine dichloride in the hope that  i t  might 
give the desired substance by the reaction 

( C ~ ~ H B C ~ H ~ ) ~ S ~ C I ~  = (C~HsceH4)~sbCl f C G H B C ~ H ~ C ~  

Such a decomposition actually took place but additional changes followed, 
for the quantity of desired product isolated was negligible. Considerable 
chlorodiphenyl was isolated. 

Both mono-diphenylstibine dichloride and di-biphenylstibine chloride 
when hot gave off irritating vapors, but decomposed when the boiling 
point was attained. They are readily hydrolyzed and can be changed 
to stibinic acids by treating with chlorine before hydrolysis. 

C ~ H ~ C ~ H ~ S ~ C I Z  + CIS + 3H20 = (C6HsC6H4)Sb03H2 4 4HC1 

The intermediate tetrachloride may be isolated if desired by working with 
dry reagents. The stibine acids were air dried at 100' before analysis. 

8 ~ o r ~ a n a n d  Micklethwait, J. Chem. Soc., 99,2286 (1911). 
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Most of these diphenyl antimony derivatives, as was true of the corre- 
sponding arsenicals, deco~npose when heated; consequently, the melting 
points vary if the rate of heating changes and are not always easy to repro- 
duce. 

Experimental 
Tri-bipheny1stibine.-To a solution of 100 g. of 4-chlorodiphenyl and 40 g. of 

freshly distilled antimony chloride in 500 cc. of dry benzene was added an excess (50 g.) 
of granulated sodium. The mixture was heated under a reflux condenser until 
boiling started. The reaction subsequently became so vigorous that i t  was moderated 
b y  immersion of the container in ice water. This spontaneous action slackened in about 
half a n  hour and heat was again applied for several hours. The product was filtered 
while hot, the black residue twice extracted with 250 cc. of hot benzene and the combined 
filtrates concentrated to approximately 250 cc. On addition of an equal volume of 
warm alcohol the entire mass quickly became semi-solid due to the separation of a bulky 
crystalline precipitate. It was filtered with difficulty by suction, washed thoroughly 
with cold alcohol and dried a t  100"; yield, 89 g. 

Anal. Calcd. for CztHnSb: Sb, 21.0. Found: Sb, 21.2. 

The last filtrate was evaporated to  dryness and steam distilled. The distillate 
contaiped diphenyl, identified by its odor and properties, contaminated with some 4- 
chlorodiphenyl. The residue was not further examined. 

Tri-biphenylstibine is easily dissolvcd by chloroform, methyl iodide or benzene, 
separating from the latter in microscopic hair-like crystals. It melts a t  176.5-177.5" 
with preliminary softening. Decomposition takes place a t  the boiling point with the 
formation of diphenyl and antimony among other things. 

Tri-biphenylstibine dichloride, dibromide and di-iodide were obtained by dissolving 
5 g. of tri-biphenylstibine in 20 cc. of pure dry chloroform, adding slightly less than the 
thcoretical amount of the corresponding halogen in chloroform and filtering the resulting 
precipitate. This procedure gave a pure white product, not otherwise obtained With 
the  chloride this precaution was not necessary. The halogen in all cases was instantly 
absorbed plus considerable heat evolution. The products contained chloroform of 
crystallization and melted with preliminary softening and decomposition. 

Crystal form M. p., ''2. Yield. g.  Analysis,& 9% Calcd. Found 

Dichloride Small prisms 273-274 5 . 4  e l ,  9 . 0  8 . 9  
Dibromide Narrow plates 259-260 5 .6  Br, 18.6 38.4 
Di-iodide Small plates 176-178 6.0 1, 26.6 26.8 

Tri-biphenylstibine Hydroxide.-The above halogen derivatives did not react 
with water, hot or cold, and only slowly with warm 95% ethyl alcohol. Boiling for a n  
hour with alcohol containing ammonia, however, converted them qt~antitatively into 
tri-biphenylstibine hydroxide. 

Anal. Calcd. for C36Hz?Sb(OH)z: Sb, 19.8. Found: Sb, 19.6 

I t  is sparingly soluble in hot alcohol, crystallizing out in  small flat needles. It 
begins t o  sinter a t  205" and melts with foaming a t  210-211 ". The substance is almost 
insoluble in  benzene. 

A weighed amount of the substance after heating for an hour with alcoholic 
ammonia was evaporated to dryness, extracted with water, and the filtered solution 
treated in the usual way with silver nitrate. The chloroform 01 crystallization escaped 
intact into the air. 
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Tri-biphenylstibine sulfide.5-Microscopic needles from the action of hydrogen 
sulfide on am alcohol solution of the hydroxide. 

Anal. Calcd. for CjcHs7SbS: S, 5.2. pound: S, 5.3. 

It softens above 1B8", meltiilg with foamingat 173". 
Action of Antimony Trich1oride.-A mixture of 10 g. of tri-biphenylstibine and 

8 g. of antimony in 25 cc. of xylene was heated to 220-240 in a sealed tube for100 hours. 
The paste-like product was filtered by suction and washed with cold benzene; yield, 
9.6 g. The black filtrate on examination was found to contain a n  appreciable amount of 
diphenyl. 

The solid product proved to he a mixture of two substances difficult to  separate and 
purify. It was dissolved in hot benzene and the resulting cloudy discolored solution 
filtered while warm. The filtrate on standing deposited crystals which were removed 
and the new filtrate further concentrated until a new crop of crystals formed. Each 
lot was dissolved in warm benzene and the process repeated a number of times. Even- 
tually the mixture was separated into two portions, the less solulsle consisting of needle- 
like crystals and the main part of lustrous plates. Slightly more than half a gram of di- 
biphenylstibine chloride together with two grams of biphenylstibine dichloride was iso- 
lated. The final substances probably contained traces of impurities due t o  hydrolysis, 
as a slightly cloudy solution formed when benzene was used as a solvent. This cloudi- 
ness could be cleared up with hydrogen chloride gas, in harmony with the fact tha t  the 
chlorides are much more soluble in benzene than the corresponding oxygen derivatives. 

Mono-biphenyIstibine Dich1oride.-Lustrous white plates from benzene melting 
with preliminary softening a t  132-133 ". 

Anal. Calcd. for C~zHgSbClz: C1, 20.5. Found: C1, 20.4. 

The vapors from the hot substance are irritating to  thc throat, while the skin of the 
face is slightly sensitive to  the solid itself. 

Mono-biphenylstibine Oxide.-Obtained as a white powder from the dichloride 
by the action of alcoholic ammonia. It softens above 155", melting slowly a t  159-160'. 

Anal. Calcd. for ClzHeSbO: Sb, 41.9. Found: Sb, 42.2. 
Mono-biphenylstibinic Acid.-Biphenylstibine tetrachloride was prepared from 

the dichloride as a thick sirup which partially crystallized on rubbing with a glass rod, 
by the action of chlorine in chloroform solution and subsequent evaporation of the sol- 
vent. It was converted directly by stirring with water into the stibinic acid, a white 
powder decomposing above 300 O. 

Anal. Calcd. for ClsH11SbOs: Sb, 37.5. Found: Sb, 37.9. 

Di-biphenylstibine Chloride.-Obtained by the action of antimony chloride on 
tri-biphenylstibine. 

Anal. Calcd. for CzdHlSbCl: C1, 7.6. Found: C1,7.8. 

It is less soluble than phenylstibine dichloride, separating from benzene in aggre- 
gates of small needles. I t  softens gradually above 150°, melting a t  187-188O. . 

This substance was also obtained by heating tri-biphenylstibine dichloride above its 
melting point. Foaming occurred and a perceptible odor of chloroform became evi- 
dent. On further heating the vapors contained chlorodiphetlyl and a substance very 
irritating to the nose. A good yield of 4-chlorodiphenyl was obtained, but the first- 
formed di-biphenylstibine chloride obviously underwent decomposition, as only traces of 
it  were isolated. 

Sulfur was determined by the method of Carius. The organic matter was not 
completely destroyed, but the residue after dilution with water was removed and found 
t o  be sulfur free. 
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Di-biphenylstibinic Oxide.-Crystalline powder, melting a t  120-121" with pre- 
liminary softening, obtained from the preceding cE,!oride by- the action of a!cohdic 
ammonia. 

Anal. Calcd. for C48I-1&b20: Sb, 27.9. Found: Sb, 28.1. 
Di-biphenylstibinic Trich1oride.-Pale yellow flat needles from the action of 

chlorine on di-biphenylstibine chloride dissolved in chloroform. I t  softens above 200°, 
melting a t  210'. 

Anal. Calcd. for C24HlsSbC13: C1, 19.9. Found: C1, 20.0. 
Di-biphenylstibinic Acid.-White amorphous powder from the trichloride and 

alcoholic ammonia. I t  softens above 201 " and melts with decomposition a t  204-205'. 

Anal. Calcd. for CzrH~sSbOz: Sb, 26.5. Found: Sb, 26.5. 

Summary 
Tri-biphenylstibine has been obtained by the interaction in benzene 

solution of chlorodiphenyl, antimony chloride and sodium. 
It is converted into a mixture of mono- and di-biphenylstibine chloride 

by long heating with antimony chloride. Various tri- and pentavalent 
antimony derivatives of these substances have been prepared. 

TUPTS COLLEGE, MASSACHUSETTS 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, DUKE UNIVERSITY] 

RESEARCHES ON CKLORIMINES. I. ORTHO- 
CHLOROBENZALCHLORIMINE AND ANISALCHLORIMINE 

There is evidence1 that benzalchlorimine has been prepared, but due 
to  its instability it has not been isolated and analyzed. I,uxmoore2 ap- 
parently obtained benzalchlorimine from benz-anti-aldoxime and phos- 
phorus trichloride but the compound decomposed into hydrogen chloride 
and benzonitrile even below 0'. Later workers3 apparently obtained 
impure benzalchlorimine from monochloramine and benzaldehyde but the 
chlorimine could not be purified as i t  readily decomposed into hydrogen 
chloride and benzonitrile. 

The decomposition of benzalchlorimine may be represented by the 
equation, CeH&H=NCl -+ C6H5CN + HC1. It seemed possible 
that by substituting electronegative groups in the phenyl radical a more 
stable chlorimine might result. As a first step in testing this idea, o- 
chlorobenzalchlorimine and anisalchlorimine have been prepared from 
the corresponding aldehyde and monochlorimine in alkaline solution. 
Both of these chlorimines are apparently more stable than benzalchlo- 

* For evidence see Hauser, THIS JOURNAL, 52, 1108 (1930). 
Luxmoore, J. Chem. Soc., 69, 191 (1896). 

a Forster, ibid., 107, 265 (1915); Raschig, "Schwefel und Stickstoffstudien," 
1924, p. 78. 
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rimine. Furthermore, o-chlorobenzalchlorimine is much more stable than 
anisalchloriminc. This might be explained by assuming an anti configura- 
tion4 for the former chlorimine and a syn configuration for the latter. 
However, there seems to be evidence that they are both anti compounds. 
The analogous oximes have anti configurations5 when prepared from the 
corresponding aldehydes and hydroxylamine in alkaline solution, and as 
the chlorimines were prepared by a similar method, possibly they also 
have anti configurations. Luxmoore's work2 indicates that syn-benzal- 
chlorimine is so unstable as to be incapable of existence. He found that 
benz-anti-aldoxime with phosphorus trichloride presumably yielded the 
anti chlorimine, while benz-syn-aldoxime was instantly converted by the 
same reagent into benzonitrile, which is the decomposition product of 
the chlorimine. Of course there is a possibility that the latter reaction 
was simply a dehydration. It would be interesting to  repeat Luxmoore's 
work with syn and anti aldoximes having electronegative groups in the 
benzene ring. 

o-Chlorobenzchlorimine and anisalchlorimine liberate hydrogen chloride 
slowly a t  room temperature and more rapidly as the temperature is raised. 
If anti configurations for these chlorimines are assumed, then either the 
elements of hydrogen chloride split off directly from the anti compounds 
or the anti modifications are first transformed into the syn isomers, which 
then decompose. A trace of hydrogen chloride might favor such a trans- 
fo rmat i~n .~  The isolation of a second isomer should help to  decide this. 

Since o-chlorobenzalchlorimine is more stable than anisalchlorimine, 
chlorine in the ortho position appears to have a greater influence on the 
stability of the chlorimine than has the methoxy group in the para po- 
sition. A further study of the stabilizing influences of these and other 
substituent groups is now in progress. 

Experimental 
o-Chlorobenzalchlorimine7 and anisalchlorimine, prepared by the condensation of 

the corresponding aldehyde with monochloramit~e~ in cold aqueous solution, were fil- 
tered and washed with cold water. Since crude o-chlorobenzalchlorimine melts around 
20°, it is best to use a cooled funnel if the temperature of the room is above 20 O. How- 

By analogy with oximes and similar compounds stereoisomeric ald-chlorimines 
are possiblL For stereoisomeric keto-chlorirnines, see, Stieglitz and Peterson, Ber., 
43, 782 (1910). 

In this discussion the generally accepted ideas of syn and anti representation 
are used. Brady and Bishop, however, have presented some evidence that these should 
be reversed. Brady and Bishop, J. Chem. Soc., 127, 1357 (1925). 

6 I t  is interesting to note that although keto-chlorimines could not be induced 
to change from one isomer to the other by artificial means, the change was effected 
once when one isomer was allowed to stand for some time. Peterson, Am. Chem. J., 
46, 325 (1911). 

7 This chlorimine was previously obtained in an impure condition (see ref. 1). 
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ever, this precaution is unnecessary in the case of anisalchlorimine as its melting point 
is higher. A yield of zpproximate!y S5y0 of crude diiorimine was obtained in each case. 
The chlorimines were recrystallized by dissolving them in 95% alcohol a t  room tempera- 
ture, adding just enough water so that the precipitate which formed redissolved on 
shaking and allowing the solution to stand in an ice-bath or cool place. Since the 
chlorimines slowly decompose in alcohol as described below, the crystals were filtered 
shortly after they were formed, pressed on a porous plate until dry and analyzed. Ni- 
trogen was determined by the Kjeldahl method. Active chlorine was determined by 
treating an alcoholic solution of the chlorimine with potassium iodide solution and con- 
centrated hydrochloric acid and immediately titrating with sodium thiosulfate. 

Anal. Calcd. for ClCsHaCH=NCl: N, 8.05; C1, 20.38. Found: N, 8.0'7, 8.13; 
C1, 20.33, 20.26. 

Anal. Calcd. for CH~OCGH~CI~==NCI: N, 8.20; C1, 20.132. Found: N, 8.19, 
8.42; C1, 20.73,20.84. 

Slightly low results for nitrogen were obtained when anisalchlorimine, either free 
or in alcoholic solution, was allowed to stand for some time in concentrated hydrochloric 
acid and then neutralized and distilled into standard acid. Results are liable to be low for 
active chlorine unless the determination is carried out rapidly using well cooled solutions. 

o-Chlorobenzalchlorimine, ClCaHaCH=NCl.-This substance was obtained as 
small white crystals and melted a t  27-29', By recrystallizing very slowly, small 
needles were obtained which melted a t  2&29 ". When the chlorimine was heated above 
its melting point, a temperature was reached a t  which it suddenly decomposed rather 
violently. This decomposition temperature ranged from 120-160°, depending upon 
the rate of elevation of temperature and possibly upon other factors. About 0.5 g. of 
one preparation m a small test-tube was immersed in a bath a t  146' and the tempera- 
ture gradually raised to 155O, when the chlorimine suddenly decomposed rather vio- 
lently, evolving fumes of hydrogen chloride and leaving a residue from which o-chloro- 
benzonitrile was isolated. The nitrile was identified by the mixed melting point method 
and by hydrolysis to the corresponding acid. 

a-Chlorohenzalchlorimlne kept in a desiccator over solid sodium hydroxide for 
several hours a t  room temperature was shown by analysis for active chlorine to be prac- 
tically unchanged. Even after five days an analysis showed that about 90% of the 
chlorimine remained unchanged. 

The chlorimine is also quite stable in benzene solution. A benzene solution of the 
chlorimine was allowed to stand a t  room temperatures (18-24") for fifteen days. When 
the benzene was allowed to evaporate, an oil was obtained which was identified as slightly 
impure o-chlorobenzalchlorimine. Recrystallization from alcohol yielded the pure 
chlorimine. 

The chlorimine slowly decomposed in alcoholic solution yiel

di

ng principally o- 
chlorobenzaldehyde. The phenylhydrazone of this aldehyde was prepared and identified 
by the mixed melting point method. Since alcohol was used as the crystallizing sol- 
vent, the following preliminary experiment was performed in order to determine whether 
the rate of decomposition of the chlorimine in alcoholic solution was appreciable. The 
decomposition of the chlorimine in 95% alcohol solution (approx. 0.2 M) a t  12-18' was 
followed by titrating a 10-cc. portion of the solution with sodium thiosulfate immediately 
after the solution was prepared and then every twenty-four hours until the decomposition 
was complete. At the end of the first twenty-four hours the amount of thiosulfate re- 
quired was practically the same as the amount required for the initial titration. At the 
end of forty-eight hours a slightly smaller amount of thiosulfate was required. The 
decomposition then proceeded more rapidly until it  was practically complete after five 
or six days. The acidity of the solution increased as the decomposition proceeded. The 
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increased acidity, due perhaps to the decomposition of some chlorimine or possibly some 
ethyl hypochlorite, apparently accelerated the rate of hydrolysis of the chlorine. A more 
detailed study of this will be made. 

Anisalchlorimine, CH3OCrH*CH=NCl.-This substance, obtained as well-formed 
white crystals from alcohol, melted a t  43-44" when it was immersed in a bath a t  40° 
and then heated gradually. Due perhaps to slight decomposition the chlorimine began 
to soften a t  a lower temperature when the melting point was determined in the usual 
way. Similarly to o-chlorobenzalchlorimine, when antsalchlorimine was heated above 
its melting point, a temperature was reached a t  which the substance decomposed rather 
violently into hydrogen chloride and the nitrile. This decomposition temperature varied 
from 60 to 85 ". Doubtless some decomposition occurred at lower temperatures but due 
to the greatly increased rate of decomposition a t  higher temperatures the chlorimine 
appeared to decompose all a t  once. Sometimes this reaction was almost explosive in 
nature. When the chlorimine in a melting point tube was immersed in a bath a t  69-70 " 
over two minutes elapsed before sudden decomposition occurred. However, a t  81-82" 
violent decomposition took place after several seconds. When a small amount of one 
prepaiation was kept a t  65" for several minutes the inside of the tube became coated with 
a white solid. However, when a larger quantity, about 0.5 g., was immersed in a bath 
a t  65" for several seconds, it decomposed violently, evolving hydrogen chloride and 
leaving a residue from which the nitrile and imine hydrochloride were isolated. Evi- 
dently the heat of decomposition of some of the chlorimine raised the temperature of the 
rest so that the decomposition became violent. The nitrile was identified by the mixed 
melting point method and by hydrolysis to the corresponding acid. The imine hydro- 
chloride was hydrolyzed to anisaldehyde, which was identified by the preparation of the 
phenylhydrazone. 

Anisalchlorimine decomposes a t  room temperature more rapidly than o-chloro- 
benzalchlorimine. After standing in a desiccator over solid sodium hydroxide for 
twenty-four hours, an analysis for active chlorine indicated that only 8% of the chlo- 
rimine remained unchanged. After five days the material had a mouldy appearance and 
an analysis showed that only a trace of active chlorine was left. When 0 573 g. of this 
material was warmed with several small portions of anhydrous ether and filtered, 0.346 g. 
remained as the insoluble portion; calculated by difference, 0.527 g. of the material 
was dissolved by the ether. When the ether was evaporated about 0.4 g. of residue was 
obtained, which after recrystallizing from ligroin was identified as anisic nitrile by  the 
mixed melting point method and by hydrolysis to the corresponding acid. The fraction 
of material insoluble in ether was shown to consist almost entirely of the imine hydro- 
chloride The latter compound was hydrolyzed to ammonium chloride and anisalde- 
hyde and the phenylhydrazone of the aldehyde was prepared. The decomposition of the 
chlorimine may therefore be represented by the equations 

2CH30CsH4CII=NCl--t ~ C H ~ O C E H ~ C N  + 2HC1 
CH~OCGH~CH=NC~ + 2HCl--+ CH,OC6H4CH=NH.HCl+ C1, 

A crude portion of the chlorimine after standing for several hours in a desiccator 
spontaneously decomposed rather violently, evolving fumes of hydrogen chloride and 
leaving a brown residue from which the nitrile was isolated. 

Apparently anisalchlorimine also decomposed in benzene solution according t o  the 
above equations. After a benzene solution had stood at room temperatures (18-24O) 
for several days, chlorine was detected above the solution by means of starch-potassium 
iodide paper. After fifteen days the benzene was allowed to evaporate, and the residue 
obtained was shown to consist principally of the imine hydrochloride and the nitrile. 

%nee anisalchlorimine in alcoholic solution yielded principally anisaldehyde, 
apparently an hydrolysis similar to that described for o-chlorobenzalchlorimine occurred. 
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Reduction of Anisalchlorimine to o-Methoxybenzy1amine.-Two grams of the 
chlorimine in alcohoiic soiution was reduced with sodium amalgam a t  about 30' by 
the method described in a recent paper.' A 64y0 yield of white crystals of amine hydro- 
chloride was obtained. 

Anal. Calcd. for C~HI~ON.HC~:  N, 8.05. Found: N, 8.04. 

Summary 
o-Chlorobenzalchlorimine and anisalchlorimine were prepared from 

the corresponding aldehyde and monochloramine. Since the former 
chlorimine is more stable than the latter, chlorine in the ortho position 
apparently has a greater influence on the stability of the chlorimine than 
has the methoxy group in the para position. 

The chlorimines decompose slowly a t  room temperatures and more 
rapidly as the temperature is raised into hydrogen chloride and the corre- 
spon

di

ng nitrile. 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY O P  THE UNIVERSITY OP ILLINOIS] 

STEREOCHEMISTRY OF DIPHENYL COMPOUNDS. V. 
PREPARATION AND RESOLUTION OF 2,4,6,2',Cf,6'-HEXANITRO- 

3,3'-DICARBOXYDIPHENYL1 

BY L. H. BOCK,". W. MOYER~ AND ROGER ADAMS 

RECEIVED JANUARY 20, 1930 PVBLI~HED MAY 8, 1930 

The resolution of 2,4,6,2',4',6'-hexamethyl-3,3'-diaminodiphenyl ( l ) l b  

(diaminodimesityl) demonstrated that the groups in the 2,6,2/,6'-positions 
in diphenyl could all be methyl and still render the molecule capable of 
existing in optically active forms. The conclusion from this research 
was that  probably any group in place of the methyl would be equally 
satisfactory for producing similar results providing it is sufficiently large. 

In this investigation the preparation of a compound containing four 
nitro groups in the 2,2',6,6'-positions was undertaken and the specific 
compound studied was 2,4,6,2 ',4',6'-hexanitro-3,3 '-dicarboxydiphenyl (11). 

NH2 CHa CH3 NHz COzH NO2 NO2 COzH 
/-- CH~, )-/--\CH~ \-/ NO,<I\-/--\NO, / \---/ 

CHs CHa NOz NO2 
I I1 

This substance is of particular interest as compared to diaminodimesityl 
because of the entirely different electrochemical character of the nitro 

1 Previous papers in this field are: (a) Hyde and Adams, THIS JOURNAL, 50, 2499 
(1928); (b) Moyer and Adams, ibid., 51, 630 (1929); (c) Stanley and Adams, Rec. 
trav. chim., 48, 1035 (1929); (d) THIS JOURNAL, 52, 1200 (1930). 

This communication is an abstract of portions of theses submitted by W. W. 
Moyer and L. H. Bock in partial fulfilment of the requirements for the Degree of Doctor 
of Philosophy in Chemistry a t  the University of Illinois. 



May, 1930 STI$REOCHEMTSTRY OF DIPHENYL COMPOUNDS. V 2055 

and methyl groups, due chiefly to the extra unshared electrons in the 
former. It was found that this compound could be readily resolved 
through the strychnine salt. 

The optically active isomers were resistant to racemization. Ten hours 
of refluxing in glacial acetic acid or twelve hours of heating a t  90-95O 
in ammonium carbonate solution resulted in essentially no change in 
rotation. A cold 5% solution of sodium bicarbonate had no effect and 
heating in the same solution for one and one-half hours a t  100° changed 
the rotation only about 4Yo. Since this latter treatment caused a coloring 
of the solution, it is likely that decomposition may have accounted for the 
slight change. The x-ray data presented in the previous paper would 
lead to  the expectation that the optically active 2,2',6,6'-tetranitro-3,3'- 
dicarboxydiphenyl would have no tendency to racemize. 

The 2,4,6,2 ',4',6'-hexanitro-3,3'-dicarboxydphenyl was prepared by 
nitration of 3-bromotoluene to the trisubstituted derivative (111), con- 
densation of this to 2,4,6,2',4',6'-hexanitro-3,3'-dimethyldipheyl (IV) 
and oxidation of the methyl groups to the dibasic acid (11). 

The condensation of trinitrobromotoluene to the diphenyl derivative by 
means of copper was accomplished only after very carefully regulated con- 
ditions were discovered. Successful results were obtained with nitro- 
benzene as a solvent and a temperature about 10" below the point where 
trinitrobromotoluene and copper give a vigorous exothermic reaction. 
The oxidation of the condensation product took place readily with a mix- 
ture of sodium dichromate, sulfuric acid and fuming nitric acid. The 
final acid showed no signs of resolution with brucine or quinine but readily 
separated into two salts with strychnine. Hexanitrodicarboxydiphenyl 
did not lose carbon dioxide readily, as after heating in various solvents 
there were no signs of decomposition. 

A few words concerning the unsuccessful experiments t o  obtain 
2,4,6,2',4',6'-hexanitro-3,3'-dimethyldiphenyl and other compounds with 
the 2,6,2',6'-position filled with nitro groups should be included. (1) 
3,3'-Dimethyldiphenyl, which was rcadily prepared by the action of 3- 
tolylmagnesium bromide with cupric chloride could, in spite of many 
experiments, be nitrated only to the tetranitro compound with only two 
of the nitro groups undoubtedly in the desired positions. (2) From 
tolidine by tetrazotization and treatment with cuprous cyanide, 3,3'- 
dimethyl-4,4'-dicyanodiphenyl was obtained which was then hydrolyzed 
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to  3,3'-dimethyl-4,4'-dicarboxydiphenyl. Nitration gave what a t  first 
appeared to be the desired 2,6,2',B1-tetranitro compound. A few attempts 
a t  resolution failed but no exhaustive study was made owing to  the un- 
certainty of the constitution of the product. (3) Through the 4-chloro 
derivative of o-acetoluidide by hydrolysis, diazotization, introduction of 
the cyano group and hydrolysis, 4-chloro-2-methylbenzoic acid was ob- 
tained. Contrary to the reports in the literature, no dinitro compound 
could be obtained which it was hoped might be esterified and condensed 
with copper to the diphenyl derivative, 2,6,2',B1-tetranitro-4,4'-dicarboxy- 
3,3'-dimethyldiphenyl. 

Experimental 
2,4,6-Trinitro-3-bromoto1uene.-The preparation was carried out it1 two steps 

Dinitro-3-bromotoluene was prepared first as suggested by Grete3 by the nitration of 3- 
bromotoluene and then further nitrated to  the trinitro compound by the method of 
Bentley and Warren.4 

2,4,6,2',4',6'-Hexanitro-3,3'-dmethyldiphenyl.-In a 500-cc. three-necked flask 
fitted with a thermometer and a mechanical stirrer was placed a solution of 110 g, of 
trinitrobromotoluene in 320 cc. of nitrobenzene. The flask was heated on an oil-bath 
t o  16Q0, a t  which point about 5 g. of copper powder (Kahlbaum's Naturkupfer C) was 
added and the temperature slowly raised to  175" with constant stirring. At this tem- 
perature the reaction begins to  take place as  evidenced by the loss of metallic luster of 
the copper and a rise in temperature. The flame under the oil-bath was turned low 
and the temperature was maintained a t  175-183" by adding copper powder slowly until 
110 g. in all had been used. A higher temperature than 183 must be avoided since this 
results in a tarry product difficuit to purify. The mixture was stirred for one-half 
hour a t  175-180' after all the copper powder was added. The flask was then allowed to 
cool and the copper residue was filtered off and washed with acetone. The filtrate and 
washings were combined and subjected to  steam distillation to  remove all the nitro- 
benzene. The product was filtered from the water in the flask, dissolved in about one 
liter of acetone and refluxed for an hour with 25 g. of norite. The norite was filtered off 
and the acetone was removed by distillation until the volume was about 100 cc. When 
allowed t o  stand for several hours the hexanitromethyldiphenyl crystallized in yellow 
granular crystals. The product was recrystallized from glacial acetic acid. Fifty- 
seven grams (70%) of a light yellow product melting a t  240-241' was obtained. Hexa- 
nitrodimethyl diphenyl is practically insoluble in alcohol and ether but very soluble in  
acetone. It dissolves in warm benzene, toluene and acetic acid. 

Anal. Calcd. for C I ~ H ~ O I ~ N ~ :  H,  1.78; C, 37.16. Found: H, 1.87, 1.90; C, 
36.72, 37.1. 

2,4,6,2',4',6'-Hexanitro-3,3'-dicarboxydiphenyl.-A solution was made of 33 g. 
of hesanitrodimethyldipheliyl in a mixture of 330 cc. of fuming nitric acid (1.52 sp. 
gr.; moreover, the acid must be of superior grade to  give good results) and 115 cc. of 
20% fuming sulfuric acid. The solution was placed in a one-liter three-necked flask 
equipped with a thermometer and a mechanical stirrer. The mixture was cooled t o  
20 O with stirring and 120 g. of sodium dichromate was added slowly over a period of one- 
half hour. The temperature was maintained below 30". The temperature rises very 
slowly and the reaction requires attention for two hours or more in order t o  maintain the 

Grete, Ann., 177, 258 (1875). 
* Bentley and Warren, Am. Chem. J., 12, 4 (1800). 
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proper temperature. The mixture was stirred for twenty hours a t  room temperature 
and poured into one kilo of cracked ice. A white powdery precipitate was formed which 
was filtered off and washed with 2O0jo hydrochloric acid. The solid was dissolved in 
250 cc. of cold alcohol and filtered to  remove any insoluble unreacted material. The 
filtrate was treat,ed with concentrated hydrocllloric acid to reprecipitate the hexanitro- 
dicarboxydiphenyl. This was filtered and recrystallized from one liter of benzene. A 
yield of 27 g. (72%) of pure acid was obtained, melting at 292-293'. Hexanitrodi- 
carboxydiphenyl is colorless when pure but rapidly turns yellow when allowed to stand it1 
the air. For this reason it  was always dried in a vacuum desiccator. It is very soluble 
in acetone, alcohol and ether, and warm water. I t  dissolves slowly in boiling benzene 
and separates as long colorless needles on cooling. 

Anal. Calcd. for ClaHeOlsN~: N, 16 41, Found: N, 16 14, 16.57. 

Resolution of 2,4,6,2',4',6'-Hexanitro-3,3'-dicarboxydiphenyl.-A solution of 10 g. 
of hexanitrodicarboxydiphenyl was dissolved in 500 cc. of methyl alcohol and added t o  
13.5 g. of strychnine dissolved in 3 liters of methyl alcohol. The solution was allowed to 
stand for several hours and the salt was filtered off. Concentrat;on of the mother 
liquor showed that practically all of the salt had separated. The salt was dissolved in a 
mixture of one-third pyridine and two-thirds water by volume and crystallized slowly. 
The first fractions were recrystallized three times from the same solvent t o  obtain the 
maximum levo rotation. The soluble fraction separated as a gum on concentrating the 
mother liquors. By adding acetone to these mother liquors, the gum crystallized. 
Two recrystallizations yielded a salt of constant dextro rotation. The yields obtained 
were about 6 g. of 1-salt and 4 g. of d-salt. 

I-Salt. 0.1080 made up to 15 cc. with pyridine at 20' gave a, - 0.54; 1 = 1, 
[a]'," -74.7O. 

d-Salt. 0.1171 made up to 15 cc. with pyridine a t  20' gave a, 0.47, 1 = 1, [a12  
+60.0°. 

No sharp melting point could be obtained for either salt as they decomposed above 
250°, the 1-salt decomposing a t  a slightly higher temperature. 

Anal. Calcd. for CheHasOaoNla: H, 4.1, C, 56.93. Found: I-salt-H, 4.0; C, 
57.4. d-salt-H, 4.2; C, 58.04. 

It was found impossible to resolve this compound either by means of brucine or 
quinine. Attempts to resolve by adding portions of strychnine to  the acid and frac- 
tionally precipitqting salt in this way gave variable results due, probably, t o  the separa- 
tion of both normal and acid salt in the fractions. 

d- and 1-2,4,6,2',4',6'-Hexanitro-3,3'-dicarboxydiphenyls.-The active acids were 
liberated from the active salts by treating with hydrochloric acid in alcohol. T o  a 
mixture of 150 cc. of 95y0 alcohol and 40 cc. of concentrated hydrochloric acid was 
added 4.5 g. of 1-salt. The mixture was placed in a 500-cc. round-bottomed flask and 
stirred a t  60" for two hours. The mixture was then cooled and 50 cc. of conccntrated 
hydrochloric acid was added to insure the complete precipitation of the free acid. The 
mixture was then cooled to 0' and filtered. The solid obtained was redissolved in 95% 
alcohol, filtered to remove any undecomposed salt and again precipitated with hydro- 
chloric acid. A yield of 2 g. of acid was obtained. The acid was recrystallized by dis- 
solving in acetone and concentrating until crystals started to separate. An equal 
volume of benzene was then added and the solution allowed to stand until the acid 
had all crystallized. A pure acid was then readily obtained but the recovery was very 
poor. The product melts with decomposition a t  about 230-240 ". 

1-acid: 0.1143 g. made up to 15 cc. with acetone a t  20" gave a, -0.17O, 1 = 1, 
[a]': -21.84'. 0.2230 g. made up to 25 cc. with acetic acid a t  20" gave a, --0.24', 

I = 1, [a]': -27.22'. 0.1034 g. made up to 15 cc. with 5% NaHC03 solution a t  20" 
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gave a, -0.55', 1 = 1, [a]? -80.5". 0.1377 g. made up to 25 cc. with 5% (NH&COs 
solution a t  20ngave  or^ -0.37", i = i, [a]? -66.74". 

The d-acid was obtained from the d-salt by similar treatment. To a mixture of 
15  cc. of 95% alcohol and 5 cc. of concentrated hydrochloric acid was added 0.6 g. of 
d-salt, On stirring, the salt completely dissolved, showing that i t  decomposed readily 
in the cold. An additional 5 cc. of concentrated hydrochloric acid was added to pre- 
cipitate the free acid, and it was purified by the same method as used with the I-acid. 
About 0.2 g. of d-acid was obtained. 

d-Acid. 0.0555 g. made up to 15 cc. with 5% NaHC03 solution a t  20" gave a, 
+0.2Q0, 1 -- 1, [a]$@ +79.67'. 

Racemization Experiments on Active Acids 
1. A solution of 0.223 g. of 1-acid in 25 cc. of glacial acetic acid was prepared and 

the initial specific rotation was [or]? -27.22'. The solution was heated for four hours 
a t  100" in a flask connected with a reflux condenser by a ground-glass connection. The 
solution showed no change in rotation. The solution was then refluxed for ten hours, 
when it showed a slightly increased rotation which was probably caused by the concen- 
tration of the acetic acid through loss from the top of the condenser. The acid was pre- 
cipitated by adding an equal volume of concentrated hydrochloric acid. The acid so 
precipitated was filtered and dried in a vacuum desiccator and the rotation determined. 

0.0528 g. made up to 15 cc. with 5% NaHC03 solution a t  20' gave a~ - 0.2€i0, 1 = 
1, [a]? -73.89". 

2. A 5% sodium bicarbonate solution was made and rotations were read a t  intervals 
for three days during which time the solution was stored in a dark place a t  room tem- 
perature. 

Initial Rotation.-0.1034 g. made up to 15 cc. with 5% NaHC03 solution a t  20' 
gave a, -0.55', 1 = 1, [a]? -80.5'. Rotation after eighty hours.-or,, -0.53", 1 = 

1. rai% -76.50. . 4 -  

3. A sodium bicarbonate solution was heated on a steam-bath for one and one-half 
hotirs. At the end of this time it was becoming colored so the heating was not continued. 
The solution was not made up to standard volume but the rotation changed from an 
initial reading of a c ~  -0.28" to a final reading of r u ~  -0.26". The changing of color 
may have affected the rotation here as in the experiment described above. Sodium 
carbonate solution could not be used as i t  became deep red on short stagding. 

4. A sample of 1-acid was heated in a 5y0 ammonium carbonate solution for twelve 
hours on a water-bath a t  85-95' The solution did not become colored. 

Initial rotation.-0.1377 g. made up to  25 cc. with 5% (NHd2C08 solution a t  25" 
gave a~ -0.37', 1 = 1, [a]? -66.74O. Rotation after twelve hours of heating.-a, 
-0.35"; 1 -- 1, [a]? -62.96". 

3,3'-Dimethyldipheny1.-A Grignard solution was prepared from 342 g. of pure 3- 
bromotoluene and 49 g. of magnesium turnings in 750 cc. of dry ether and a few crystals 
of iodine. A suspension of 300 g. of finely powdered anhydrous cupric chloride in 600 g. 
of ether was added with stirring while the flask was cooled with ice. The mixture was 
refluxed overnight. Decomposition by pouring on ice and hydrochloric acid yielded 3,3'- 
dimethyldiphenyl, which distilled a t  138-139" a t  5 mm. The yield was 118 g. (64%). 

Tetranitro-3,3'-dimethyldipheny1.-To 50 g. of fuming nitric acid cooled to -5' 
was added slowly, with vigorous stirring, 10 g. of 3,3'-dimethyldiphenyl. The tempera- 
ture was not allowed to rise above O 0  during the whole addition. Then, with stirring, 
50 g. of concentrated sulfuric acid was added and the temperature allowed to go up 
to 60-70". The mixture was stirred for two hours and then poured on cracked ice. 
The white product was filtered, washed, dried and recrystallized from 250 cc, of glacial 
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acetic acid until pure. Nine g. of light-yellow crystals of a constant melting point a t  
234" (cow.) was obtained. 

A d .  Calcd.forCj4H1008N4: C,46.40; H,2.78. Found: C,46.78; H,2.87. 
The acetic acid filtrate from the first recrystallization, upon dilution with water, 

gave a gummy material, which was recrystallized many times from alcohol. Finally, a 
substance melting over the range 102-110' was obtained which was not identified. 

All attempts a t  further nitration by heating with fuming nitric and fuming sulfuric 
acids under varying conditions were unsuccessful. 

3,3'-Dimethyl-4,4'-dicarboxydipheny1.-A solution of 210 g. of concentrated 
sulfuric acid and I40 g. of water was heated to 160' in a 2-liter, three-necked flask fitted 
with stirrer, thermometer and reflux condenser. 3,3'-Dimethyl-4,4'-dicyanodipheny15 
was added, with vigorous stirring, in small amouuts to the hot acid solution. A deep 
purple color a t  first appeared, but faded with the separation of a grayish solid. Hy- 
drolysis was continued for five hours a t  150-160°, with constant stirring. The reaction 
mixture was poured into ice water and filtered. The acidic product was dissolved in 
dilute alkali solution and decolorized with norite. By the addition of hydrochloric acid, 
the product came down as a gelatinous mass that could not be filtered dry by suction. 
The wet acid was dried in a vacuum oven a t  120'. The weight of crude acid was 71 g., 
the extra weight over the calcd. 64 g. being due to the inorganic salt occluded in the 
gelatinous mass. The compound was not further purified, but pulverized, and used in 
the nitration as such. 

Nitration of 3,3'-Dimethyl-4,4'-dicarboxydipheny1.-In a I-liter, three-necked 
flask fitted with a thermometer and mechanical stirrer, was placed 300 g. of fuming 
nitric acid. The flask was surrounded by an ice-salt freezing mixture and the nitric 
acid cooled to -5'. Then, with stirring, the 71 g. of crude 3,3'-dimethyl-4,4'-dicar- 
boxydiphenyl described in the last preparation was added in small amounts, while 
the temperature was kept a t  0' or below. Then, through a separatory funnel was 
added 700 g. of 15% fuming sulfuric acid. The temperature rose to 65", a t  which point 
a solid began to separate from the solution, with foaming. The mixture was stirred for 
an hour a t  65' and then heated to 90' for one-half hour. The cool nitration mixture 
was poured on cracked ice and the product filtered. The crude product was dissolved 
in dilute ammonium hydroxide solution and reprecipitated with hydrochloric acid. 
After filtering and washing the weight was 78 g. 

The nitro compound was then decolorized by boiling with norite in 600 cc. of alco- 
hol. The alcohol a t r a t e  from the norite was heated to boiling and hot water was 
added until turbidity was noticed. On cooling, 40 g. of yellowish-white crystals, pow- 
der-like in fineness, wcre obtained. The melting point was 320-350' with decomposition. 

Anal. Neut. equiv. Subs., 0.2070 g. required 12.0 cc. of 0.0733 N alkali. Calcd. 
mol. wt.: 225. Found: 235. 

After four crystallizations from dilute alcohol, a product with a neutral equivalent 
of 227 was obtained. The melting point range was 330-350° due to  decomposition 
dependent upon the rate of heating. 

Anal. Calcd. for CIBHloOl2Nc: C, 42.66; H, 2.24. Found : C, 42.66; H, 2.29 

Summary 
1. 2,4,6,2f,4f,6f-Hexanitro-3,3f-dicarboxydiphenyl has been prepared 

by condensing 2,4,6-trinitro-3-bromotoluene with copper and oxidizing 
the resulting 2,4,6,2',4',6'-hexanitro-3,3'-dimethyldiphenyl with a mixture 
of fuming nitric acid, sulfuric acid and sodium dichromate. 

6 Lowenherz, Ber., 25,1036 (1892). 
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2 .  The conipound was readily resolved through the strychnine salt. 
3 .  The active forms did not racemize under the ordinary conditions 

which might be expected to effect racemization. 
URBANA, ILLINOIS 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY O F  THE UNIVERSITY OP ILLINOIS] 

T H E  PREPARATION AND PROPERTIES OF CERTAIN 
SULFOXIDES AND SULFONES 

Although the enolization of a methylene group adjacent to a carbonyl 
group has been thoroughly studied, not much information is available 
on the behavior of compounds containing other linkages adjacent to a 
methylene group. The purpose of the present investigation was to study 
the influence exerted on a methylene group by the sulfoxide and sulfone 
linkages. 

Using the customary notation, a comparison of the following formulas 
would indicate a similarity in chemical behavior; i. e., under the proper 
conditions the sulfoxide might be expected to tautomerize in the same 
manner as the ketone 

H H 

However, it has been known for some time that the chemical behavior 
of the sulfoxide linkage does not parallel that of the carbonyl.' More- 
over, the electronic structures of sulfur-oxygen compounds, as formu- 
lated on the Lewis-Langmuir octet theory of valence, do not parallel 
exactly the eledronic structure for carbon-~xygen.~ The recent work 
of Sugden, who has found a considerable difference in the parachors of 
the carbonyl and the sulfoxide3 groups, and the resolution by Phillips4 of 
the sulfinic esters and sulfoxides, have furnished good evidence of the dis- 

For example, the Grignard reagent does not add to the sulfoxide linkage as it 
does to the carbonyl linkage. Courtot, "Le Magnesium en Chimie organique," Rigot 
and Co., 1926, pp. 125,225, ff. 

Lewis, "Valence and the Structure of Atoms and Molecules," The Chemical 
Catalog Co., New York, 1923, pp. 95,100. 

Sugden, J. Chem. Soc., 125, 1177 (1924); 127, 1525, 1888 (1925). 
Phillips, ibid., 127, 2552 (1925); 129, 2079 (1926). 
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similarity between these two groupings. The behavior of compounds 
containing the sulfone group adjacent to a methylene group has been 
studied in two instances. Michael and Comey5 arid Triiger and LuxG 
have prepared and studied benzene sulfonyl acetic ester, and Schroeder 
and Herzberg7 have alkylated the esters of methionic acid. Although 
many of the simple sulfones of the type RSOzR are described in the litera- 
ture, practically no data are available on their properties and especially 
on the behavior of sulfones with different radicals. 

Accordingly, a series of sulfoxides and sulfones was prepared, and their 
behavior toward reagents which would indicate the influence exerted by 
these groupings on the adjacent methylene groups studied. The com- 
pounds prepared are listed in Table I. They were made by modification~ 
of general methods given in the literature which resulted in increased 
yields, and hence made larger quantities available for their study. The 
details of their preparation are given in the experimental part. Table 
I also lists the effect of various reagents on these sulfoxides and sulfones 
and summarizes the data obtained. 

Salt 
Re- formation 

Solubility in Color action with Alkylation 
Compound 10% 10yo with metallic sodium with Me1 
Sulfoxides NaOI-I Na2C03 FeCL Na ethylate and  NaOEt 

(1) CsH5SOCsH5 Insol. Insol. - - - Not alkylated 

(2) C&I5SOCH2C6H6 Insol. Insol. - - - Not alkylated 
(3) CsH5CH2SOCH2C6H5 Insol. Insol. - - - Not alkylated 
(4) CeH6SOCH2SOC6H5 Insol. Insol. - - - Not alkylated 

Sulfones 

(5 )  C&S02CHnC6H6 Insol. Insol. - + + Not alkylated 
(6) C6H5CH2S02CHzC6Hs Sl. sol. Insol. - f f Not alkylated 
(7) C6H5SO~CHzS02CsH~ Sol. Insol. - + + Gives mono and 

dimethyl alky- 
lations 

Theoretical Discussion 

The Su1foxides.-It will be noted that none of the methylene hydro- 
gens in any of the sulfoxides (2,3,4)  was activated. Diphenyl sulfoxide 
(1) was prepared and used as a control in order to guard against addi- 
tion compounds. In each case the result was negative, even compound 
(4), which possessed a methylene group between two sulfoxide linkages, 
showed no tendency to alkylate and was recovered unchanged from the 
attempted alkylations. All of these compounds were insoluble in aqueous 
sodium and potassium hydroxides, and their benzene solutions did not 

Michael and Comey, Am. Chevn. J., 5,  116 (1883). 
6,Troger and Lux, Arch. Pharm., 247, 618 (1909). 

Schroeder and Herzberg, Ber., 38,3391 (1905). 
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react with metallic sodium. Alcoholic solutions of these sulfoxides did 
not give any color with ferric chloride. The behavior of these sulfoxides 
is in sharp contrast to that of the corresponding ketones. 

These results furnish further evidence that the nature of the sulfoxide 
linkage differs from that of the carbonyl. It is of interest in this connec- 
tion to consider the following electronic formulas 

H H H 
R : C : C : R  R : C : S : R  R : C : S + : R  H : O : S : O : H  

H : ~ :  H :  0-: .. .. .. 
H . O .  . . . . : 0 : 

I I1 I11 IV 

Formulas I1 and 111 are the only ones possible which are consistent 
with the postulates of the octet theory2 and PhillipsJ4 resolution of the 
sulfoxides. Formula I1 is analogous to that given to sulfurous acid (IV) 
by Latimer and RodebushS and used by them to explain the weakly acidic 
nature of sulfurous acid. Formula 111 is given by S ~ g d e n , ~  in which the 
sulfur-oxygen linkage is classed as a semi-polar linkage, i. e., a pair of elec- 
trons and an electrostatic ~ h a r g e . ~  Formulas I1 and 111 are essentially 
the same, the chief difference being one of notation. Latimer and Rode- 
bush consider that the disproportionation of the electrostatic charges 
(caused by the fact that the oxygen is held to the sulfur atom by sharing 
only one pair of electrons, neither of which came from the oxygen atom) 
is understood as the natural result of writing Formula 11. Sugden indi- 
cates this electrostatic effect a t  the sulfur-oxygen linkage in giving For- 
mulalo 111. 

In  either case both Formulas 11 and 111 indicate a different condition 
of the oxygen atom from (I). It seems probable that i t  is the unshared 
pair of electrons on the sulfur atom which prevents the hydrogen atoms 
from ionizing. Latimer and Rodebushs explain the weakly acidic proper- 
ties of sulfurous acid (IV) as due to the presence of an unshared pair of 
electrons on the sulfur atom. This mobile pair of electrons prevents the 
pulling in of the electrons shared between the oxygen and hydrogen in 

Latimer and Rodebush, THIS JOURNAI,, 42,1425 (1920). 
The disproportionation of the electrostatic charges can be shown by making 

use of the formula for the calculation of residual atomic charge. [See Langmuir, 
Science, 54, 59 (1921); Carothers, THIS JOURNAL, 46, 2228 (1924)l. Residual charge 
= e - (S - Vc) where e is electrons in shell of the atom in free state; S is electrons in shell 
of the atom in the compound and V, is valence. For the sulfur in a sulfoxide we obtain: 
Res. charge = 6 - (8 - 3) = +I. For the oxygen, Res. charge = 6 - (8 - 1) = - 1. 
This, of course, is the fundamental basis for Sugden's formula. 

It is to be emphasized that Sugden's method of indicating the semi-polar double 
bond is a separate and distinct notation. The presence of the plus and minus signs does 
not indicate unit charges as in the case with H +, C1- where there is the complete trans- 
ference of an electron. I t  also has nothing in common with the use of plus and minus 
signs used by Fry, Lowry, Ingold and others to denote an alternating polarity. 
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the case of sulfurous acid and it seems probable that the same explanation 
will hold for the sulfoxide (I1 or 111) where the unshared pair prevents 
the pulling in of the electrons between carbon and hydrogen. 

Further support for this explanation may be obtained by considering 
the process of enolization of a ketone. In terms of the electron theory 
enolization may be regarded as a change from the non-polar form of (I) 
to the polar forms of (V, VI, VII, VIII), this transformation being due to 
the pull exerted by the oxygen atom on the electrons. These stages in 
the enolization of a carbonyl compound may be indicated as follows 

H H H 

.. .. 
H . 0 .  . . 

I v VI VII 

VI I I  

All four of the above polar forms are undoubtedly in equilibrium with 
each other and the electrostatic charges change from carbon to oxygen 
according to solvents and reagerzts. 

Now it is well known that only one of the hydrogens is tautomeric a t  a 
time; i. e., only one can be replaced by sodium and the second one does 
not ionize off or does so only to a very, very slight extent. The anions 
(V, VI, VII and VIII) would have to dissociate again and they exhibit 
no. such tendency. Now these anions resemble, in one respect a t  least, 
the normal structure for the sulfoxides; i. e., there is present in (V, VI 
and VIII) an unshared pair of mobile electrons which act to prevent any 
further ionization of the second hydrogen atom of the adjacent carbon. 
Hence, in the sulfoxides which also possess an unshared pair of electrons 
(Formulas 11, 111), the ionizing tendency should resemble the secondary 
ionization of (V, VI, VII, VIII); i. e., they should not undergo enoliza- 
tion. This is in agreement with the experimental data. It also receives 
confirmation from the data obtained on the corresponding sulfones. 

The Su1fones.-By reference to Table I it will be noted that  the 
methylene hydrogens of the sulfones were activated in each case, the 
greatest activity being exhibited by Compound 7, which was readily soluble 
in sodium hydroxide and easily alkylated. The behavior of the sulfones 
is in sharp contrast to the behavior of the sulfoxides, which exhibited no 
such tendency. Dibenzoylmethane, which is the carbonyl compound 
analogous to methylene diphenyldisulfone, undergoes enolizationl1 and 
may be alkylated but i t  is not soluble in aqueous alkalies. This behavior 

" Claisen, Ann., 277, 184 (1893); 291,25 (1896). 
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constitutes still further evidence of the differcncc between the carbon-- 
oxygen ltnkage and the sulfur--oxygen linkage. I t  is of interest to com- 
pare in this connection the electronic formulas for the sulfoxides, sulfones 
and carbonyl compounds 

I* :-0 : H : 0-: H 

IX X XI 

The first two formulas make use of the semi-polar linkage developed 
by Sugden as the result of the calculation of the parachors for sulfoxides 
and sulfones.Vt has already been pointed out that the failure of the 
hydrogen of the methylene group in the sulfoxide (IX) to ionize was proba- 
bly due to the presence of the unshared pair of electrons on the sulfur 
atom. The sulfone (X) contains no unshared pairs of electrons on its 
sulfur atoms. Each sulfur atom in the above sulfone has two semi-polar 
linkages, which results in the sulfur being doubly posit ive. 'This resultant 
residual positive charge on the sulfur atom causes a distortion or pull 
on the electrons in the octet about the carbon of the methylene group 
which pulls in one pair of electrons and thus renders one of the hydrogens 
active. Since (X) has two sulfone groups, one on each side of the methyl- 
ene group, the hydrogens in the latter group should be activated very 
readily. Compound 5 having only one sulfone group and a phenyl group 
about the methylene group should give rise to active hydrogens less readily 
and in dibenzyl sulfone (6) the distorting effect caused by the sulfonyl 
group is distributed among two methylene groups and hence this com- 
pound is the least active of the three. 

The diketone (XI) contains a non-polar double bond on each of the 
carbons of the carbonyl group. The enolization of this substance is due 
to its transformation under the influence of reagents into one of the active 
forms of the double bond between carbon and oxygen.13 If we suppose 
this conversion to result in the momentary production of the form shown, 

H then it is evident that one carbonyl carbon carries a residual 

R :,c : : c : R atomic charge of plus one and hence exerts a pull on the 
: - : . electrons of the octet about the methylene carbon atom 

. . with resultant activation of the hydrogen. Since the carbon 
in the above diketone carries a residual charge of only plus one, while the 
sulfur atoms in the disulfone (X) have a residual charge of plus two, it is 
now clear that the methylene hydrogens in (X) should be more active 
than those in (XI). This is in agreement with the experimental facts. 

l2  Cf. Ref 9. The approximate residual charge calculated from the formula 
e - (S  - V,), for the sulfur atom is 6 - (8 - 4) = +2. This does not mean that there 
are two unit charges on the sulfur atom. See Ref. 10. 

l3  Carothers, THIS JOURNAL, 46,2229 (1924). 
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The conversion of the sulfone (X) into a salt under the influence of alka- 
lies is of considerable theoretical interest since it is the first case in which 
the position of one of the residual negative charges is unquestionably 
on the methylene carbon atom. 

It is obviously impossible to write any other electronic formula without 
violating the postulates of the octet theory. This, of course, does not 
mean that the sodium is attached to the carbon atom. This compound 
is an excellent example of the redistribution of electrostatic charges about 
the molecule in accordance with the reagents acting upon it. The second 
point of theoretical interest is that in the case of this sulfone the sodium 
salt is not  formed as the result of a primary transformation to a true en01 
form,14 with ionization of the enolic form, and finally combination of the 
hydrogen ion with the hydroxyl ion. 

Since no true en01 form exists, the formation of the sodium salt probably 
takes place by a combination of the sulfone with hydroxyl ion by means 
of a "bivalent" hydrogenl5 of the nlethylene group and subsequent elimi- 
nation of a molecule of water. The following equation represents this 
type of transformation 

: j$ : 0-: 

Experimental 
Preparation of Diphenyl Su1foxide.-One hundred grams of benzene and 33 g .  

(0.28 mole) of thionyl chloride were placed in a 500-cc. round-bottomed flask. The 

l4 The possibility of an en01 form of either of the following forms is extremely 
improbable 

. . . . 
: -0:H:O-:  :-0 : H : 0-: 

R : + ~ : C : S ~ : R  R : + S : : ~ :  S+:R 
: 6 : .' : 0-: ,ij, : o-: 
H H 

A B 
Form (A) leaves an unshared pair of electrons on the central carbon and (B) puts ten 
electrons in the valence shell of sulfur. 

l5 Lewis, "Valence arid the Structure of Atoms and Molecules," The Chemical 
Catalog Company, New York, 1923, p. 109. 



2066 R .  L. SHRINSR, H. C .  STRUCK AND w. J. JORISON Vol. 52 

mixture was immersed in an ice-salt bath and 60 g. of anhydrous aluminum chloride 
added in 0.5-g. portions over a period of two hours. Then 40 g. of benzene was added 
and the solution refluxed on a steam cone until no further hydrochloric acid gas was 
evolved. 

After about one hour the contents were poured slowly on 600 g. of cracked ice which 
had been slightly acidified with dilute hydrochloric acid. A vigorous reaction took place 
and the yellow oil which separated was removed and washed four times with 50-cc. por- 
tions of distilled water. The excess benzene was driven off by distillation and the red- 
dish-brown oil that remained solidified upon cooling. The diphenyl sulfoxide was ex- 
tracted with (70-90") petroleum ether. Ten to fifteen extractions were necessary to 
completely remove the sulfoxide. I t  was a white crystalline substance, m. p. 70-71 ", 
which agreed with the value given by previous investigators;16 yield, 28.9 g. or 51%. 

Anal. (Pam Bomb) Subs., 0.5158: BaS04,0.5912. Calcd. for ClzH1&O: S, 15.84. 
Found: S, 15.72. 

Preparation of Dibenzyl Sulfide.17-One hundred and sixteen g. (0.56 mole) of 
benzyl chloride was dissolved in 300 cc. of 95y0 alcohol. The solution was then heated 
on the steam cone and 35 g. of sodium sulfide, which had been dissolved in 100 to 125 
cc. of distilled water, was added. The mixture was stirred continuously and heated on 
the steam-bath for three days. The greater portion of the alcohol was distilled and the 
contents were then poured on 700 g. of cracked ice. The yellowish-brown oil which 
separated was removed and vacuum distilled to remove water and excess benzyl chloride. 
The distillation was accomplished by heating until the temperature of the vapors 
reached 134 ", or until the distillate in the receiving flask began to solidify. The residual 
oil was then placed in the ice box until it  solidified and was recrystallized from 70% 
alcohol; m. p. 49 "; yield, 48 g. or 83%. 

Preparation of Dibenzyl Su1foxide.-Thirty grams of dibenzyl sulfide was dissolved 
in 250 cc. of acetone. The solution was filtered to remove undissolved substances. 
Then 15 g. of 30% hydrogen peroxide was added, the solution thoroughly shaken and 
allowed to stand at room temperature for forty-eight hours. The acetone was distilled 
and the oily residue cooled. It solidified to a white crystalline solid which was purified 
by recrystallization from petroleum ether;lS m. p. 132-133 "; yield, 22 g. or 75%. 

Anal. Subs., 0.5463: BaS04, 0.5519. Calcd. for C14H14SO: S, 13.91. Found: 
S, 13.93. 

Preparation of Benzyl Phenyl Sulfide.-Twelve grams (0.52 mole) of metallic 
sodium was dissolved in 300 cc. of absolute alcohol in a 1-liter three-necked flask fitted 
with a reflux condenser and a mechanical stirrer. Then 57 g. of thiophenol was added in 
a slow but steady stream. Next 68.8 g. of benzyl chloride was added drop by drop 
over a period of one and one-half hours and the mixture refluxed on a steam-bath for 
two hours. The alcohol was practically all distilled and while the solution was still 
hot it was poured on 400 g. of cracked ice. The impure sulfide was filtered and washed 
twice with 50-cc. portions of distilled water to remove any traces of sodium chloride. 
The sulfide was a white, crystalline cornpo~nd;~@ m. p. 40-41 "; yield, 61 g. or 60%. 

Preparation of Benzyl Phenyl Su1fodde.-Fifty-two grams of the sulfide was 
dissolved in 250 cc. of acetone. The solution was filtered to remove any  ind dissolved 
substances. Then 40 g. of 30% hydrogen peroxide was added, the mixture thoroughly 

16 Hinsberg, Ber., 43, 289 (1910) ; Colby and McLaughlin, ibid., 20, 19.5 (1887) ; 
Krafft and Lyons, ibid., 29,441 (1896); Rosenheim and Singer, ibid., 37,2154 (1904). 

l7 Mscker, Ann., 136, 90 (1865). 
l8 Fromm aud Flaschen, ibid., 394,310 (1912). 
19 Carlson, Ber., 40, 4194 (1907); Fromm, ibid., 41, 3403 (1908). 
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shaken and allowed to stand a t  room temperature for seventy-two hours. The acetone 
was evaporated and the oil which remained solidified immediately upon slight cooling. 
The sulfoxide was recrystallized from 60% alcohol; m. p, 122-123 O ;  yield, 40 g. 

Anal. Subs., 0.4709: BaS04, 0.5105. Calcd. for ClpHleSO: S, 14.81. Pound: 
S, 14.86. 

Preparation of Methylene Diphenyl Disulfide.--This intermediate was prepared 
by modifyingmethods previously given by Otto and Tr~ger,~o BaumannZ1 and Fromm.22 
Twenty-three grams (1 mole) of metallic sodium was dissolved in 400 cc. of absolute 
alcohol. The mechanical stirrer was started and 110 g. (1 mole) of thiophenol was added 
in a slow but steady stream. Then 86.9 g. (0.5 mole) of methylene bromide was rcm 
in drop by drop. The addition of the methylene bromide took one hour. The mix- 
ture was refluxed, with stirring, on a steam-bath for two and one-half hours. The 
hot contents were immediately poured on 1000 g. of cracked ice. The solid product 
'which separated was filtered and recrystallized from 95% alcohol. I t  was a white, 
crystalline powder; m. p. 35-36"; yield, 112 g. or 96.5%, 

Anal. Subs., 0.3144: BaSOr, 0.6294. Calcd. for CI~H~ZSZ: S, 27.54. Found: 
S, 27.48. 

Preparation of Methylene Diphenyl Disulfoxide.-Fifty grams of methylene 
diphenyl disulfide was dissolved in 400 cc. of acetone and filtered to remove any un- 
dissolved substances. Then 58 g. of 30% hydrogen peroxide was added. The mixture 
was allowed to stand a t  room temperature for forty-eight hours and heated for six hours 
a t  37.5'. The acetone was distilled and the oil which remained behind was placed in 
the ice box overnight. The water was decanted and the solid disulfoxide was recrys- 
tallized five times from alcohol; m. p. 188-189'; yield, 30 g. or 52%. 

Anal. Subs., 0.5004: BaSOs, 0.8836. Calcd. for CI~HIZSZOZ: S, 24.25. Found: 
S, 24.21. 

Preparation of Phenyl Benzyl Sulfone.-Phenyl benzyl sulfone was prepared by 
the method given by Otto.23 A mixture of 178 g. (1 mole) of sodium benzene sulfinate 
and 127 g. (1 mole) of benzyl chloride in 500 cc. of absolute alcohol was refluxed for 
seven to eight hours. The sulfinate did not dissoIve completely, but this did not in- 
terfere with the reaction. The hot reaction mixture was poured into 1000 cc. of ice 
water. The crude product was filtered and dried. I t  was recrystallized from alcohol; 
m. p. 146-146.5'; yield, 120 g. (52y0). 

Anal. Subs., 0.5330: BaSO4, 0.5363. Calcd. lor CiaHlzOzS: S, 13.78. Found: 
S, 13.80. 

Preparation sf Dibenzyl Su1fone.-Twenty-five grams (0.11 mole) of dibenzyl 
sulfide was dissolved in 130 cc. of glacial acetic acid, and 32 g. of CrOl added over the 
period of an hour. The reaction was started by the application of heat, but, once 
started, it proceeded smoothly. After the CrO3 was added, the mixture was refluxed 
gently for fifteen minutes. The hot solution was poured directly on 500 g. of crushed 
ice. The precipitate was filtered and washed with ice water. Recrystallization three 
times from 95% alcohol gave white needles; m. p. 149.5-150". This melting point 
agrees with that of Vogt and Henniger,Z4 who prepared it by the action of benzyl chloride 
on potassium sulfite; yield, 7 g. or 23.7%. 

20 Otto and Troger, Ber., 25, 3429 (1892). 
Baumann, ibid., 19,2806 (1886). 

22 Fromm, Ann., 253, 161 (1889). 
z3 Otto, Ber., 21, 1696 (1888). 
24 Vogt and Henniger, Ann., 165,375 (1873). 
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Anal. Subs., 0.5255: BaS04, 0.4979. Calcd. for CI4H1402S: S, 13.00. Found: 
3, 13.00. 

Preparation of Methylene Diphenyl Disu1fone.-A modification of the methods of 
Otto and Trciger20 and Fromm22 was used; 18 g. (0.077 mole) of crude methylene di- 
phenyl disulfide was dissolved in 80-100 cc. of glacial acetic acid and 42 g. of CrOI 
was added slowly over a period of one and one-half hours. The flask was warmed a t  
first, bu t  later the reaction proceeded smoothly without further heating. After the 
reaction had stopped, the hot mixture was poured on 1000 g. of crushed ice. The crude 
methylene diphenyl disulfone was filtered by suction and washed with ice water. Re- 
crystallization twice from water gave white needles; yield, 4.2 g. (18% of the theoreti- 
cal); m. p. 118-119'. 

Anal. Subs., 0.4888: BaS04, 0.7640. Calcd. for CltH1204S2: S, 21.62. Found: 
S. 21.48. 

Properties of Sulfoxides 
I. Solubility in Alkali.-The solubilities of the above four sulfoxides in 5 and 

10 yo sodium and potassium hydroxides were tested. None of the compounds dissolved. 
11. Metallic Sodium.-A solution of 0.5 g. of each of the above sulfoxides in dry 

benzene was treated with 0.1 g. of sliced sodium. No reaction took place in the cold. 
111. Ferric Chloride.-Addition of ferric chloride to  alcohol solutions of these sulf ox- 

ides caused no deepening of the yellow color as  compared with a blank alcohol solution. 
N. Attempted Alky1ations.-All three of the above sulfoxides were treated with 

sodium ethylate in absolute alcohol and methyl iodide added. A typical experiment is as 
follows. 

Attempt to Alkylate Methylene Diphenyl Disu1foxide.-Eighty-seven hundredths 
gram of metallic sodium was dissolved in 100 cc. of absolute alcohol and 10 g. of methyl- 
ene diphenyl disulfoxide was added. The solution was heated to  dissolve the disulfox- 
ide and 17 g. of methyl iodide was added slowly over a period of fifteen minutes with 
vigorous shaking. The mixture was then refluxed on a steam-bath for three hours and 
the  hot contents poured on 200 g. of cracked ice. The reddish-brown solid upon re- 
crystallization was found to be the original compound; m. p. 188-189 ". 

Properties of Sulfones 
I. Solubility in Dilute Alkalies.-The solubilities of the three sulfones in 10% 

sodium and potassium hydroxides were tested. It was found that methylene diphenyl 
disulfone dissolved readily, phenyl benzyl sulfone only partially and dibenzyl sulfone 
not a t  all. All of the sulfones were completely insoluble in 6 N hydrochloric acid and 
this reagent was used to precipitate the first two compounds above from their alkaline 
solutions. All of the sulfones wcre insoluble in 5 and 10% sodium carbonate solution. 

11. Metallic Sodium.-A solution of 0.5 g. of each of the above sulfones in dry 
benzene was treated with 0.1 g. of sliced sodium. Hydrogen was liberated very slowly 
and the sodium became coated with the salt after about half a n  hour. 

111. Ferric Chloride.-Addition of dilute ferric chloride to  alcohol solutions of 
these sulfones caused no deepening of the yellow color as compared with a blank alcohol 
solution. 

N. Alky1ations.-The alkylation of phenyl benzyl sulfone and dibenzyl sulfone 
was attempted using the same procedure outlined above. Both compounds failed to 
alkylate and were recovered almost quantitatively from the reaction mixture unchanged. 

Alkylation of Methylene Diphenyl Disulfone 
(a) With One Equivalent of Methyl Iodide.-To a solution of 0.23 g. (0.01 mole) 

of sodium in 300 cc. of absolute alcohol was added 3 g. (0.01 mole) of methylene di- 
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phenyl disulfone. Next, 1 cc. (slight excess) of metl~yl iodide was added and the mix- 
ture refluxed for two and one-half hours; 160-200 cc. of alcohol was distilled from the 
mixture and the residue poured on crushed ice. The precipitate was filtered by suction 
and washed with ice water. Four recrystallizations from alcohol gave white needles: 
yield, 1 g. (47.6%) ; m. p. 100-101"; mixed melting point with original disulfone (m. p. 
11&119°), 80-86"; mixed melting point with disubstitution product (m. p. 181-182'). 
94-98 O. 

Anal Subs., 0.2821 : BaSOa, 0.4151. Calcd. for C14Hj404S2: S, 20.64. Found: 
S, 20.22. 

(b) With Two Equivalents of Methyl Iodide.-% a solution of 0.46 g. (0.02 mole) 
of sodium in 300 cc. of absolute alcohol was added 3 g. (0.01 mole) of methylene di- 
phenyl disulfone. Next, 2.5 cc. (slight excess) of methyl iodide was added and the mix- 
ture refluxed for two and one-quarter hours; 150 cc. of alcohol was distilled from the 
flask and the residue poured on crushed ice. The product was filtered bv suction and 
washed with ice water. Three recrystallizations from alcohol gave white needles: 
m. p. 181-182 "; mixed melting point with original disulfone (m. p. 118-1 19 "), 101-105 O. 

Anal. Subs., 0.4672: BaS04. 0.6723. Calcd for ClsHleOaSz: S, 19.75. Found: 
S, 19.76. 

Summary 

1. The preparation and enolization tendency of certain sulfoxides 
have been studied. It was found that the sulfoxides do not tautomerize 
into enolic forms under the conditions used. 

2. Phenyl benzyl sulfone, dibenzyl sulfone and methylene diphenyl 
disulfone were prepared and their properties studied. 

3. The hydrogen of the methylene group in methylene diphenyl disul- 
fone was most active and the hydrogen in dibenzyl sulfone least active. 

4. In each case the sulfone group activated the hydrogens to  a much 
greater extent than the sulfoxide group. 

5. Some of the theoretical aspects of the behavior of these compounds 
are discussed. 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF-THE UNIVERSITY OP ILLINOIS] 

STEREOCHEMISTRY OF DIPHENYL COMPOUNDS. VI. 
PREPARATION AND RESOLUTION OF 2,4,6,2',4'-PENTANITRO-3- 

CARBOXYDIPHENYL1 

BY H. A. STEARNS* AND ROGER ADAMS 

RBCEIVED JANUARY 21, 1930 PUBLISHED MAY 8, 1930 

Only two 2,2',6-trisubstituted derivatives of diphenyl have as yet been 
prepared and resolved. Both of these compounds were readily racemized 
in alkaline solution. Pertinent information concerning the phenomenon 
of optical activity in the diphenyl series should be obtained more readily 
by a study of 2,2',6-trisubstituted compounds than from the 2,2',6,6'-tetra- 
substituted compounds. 

I n  this communication is given the description of 2,4,6,2*,4'-pentanitro- 
3-carboxydiphenyl (I), the first trisubstituted derivative prepared with 
the 2,2',6-positions filled with the same groups and with each of the 
rings unsymmetrical in itself. As might be anticipated after the prepara- 
.tion and resolution of 2,2',6,6'-tetramethyl-3,3'-diaminodiphenyl (11) and 
2,4,6,2',4',6'-hexanitro-3,3'-dicarboxydiphenyl (111), this trisubstituted 
compound was readily resolved. Further evidence is thus submitted that 
the mechanical interference of the groups is preventing free rotation of the 
rings. - 

NO2 NOz COzH NHz CHa CH3 NH2 
/ /---\NOz - 7  /---\CH3 

C H 3 \ \ _ - - / ~ - - /  

NO2 CH3 CH3 
I I1 

COzH NO2 N0z C02H 
NO~/---)--/~-\NO~ \___ \---/ 

NOz N 4  
I11 

The active forms of 2,4,6,2',4'-pentanitro-3-carboxydiphenyl are stable to 
racemization. Eight hours of boiling in ammonium carbonate solution 
or six hours of boiling in glacial acetic acid, or several days' standing in 
cold sodium carbonate solution failed to change the rotation, and eight 
hours of boiling in 95% acetic acid saturated with hydrogen chloride failed 
to  change the rotation more than slightly. Hot sodium carbonate solu- 
tion caused a deep reddening of the solution so that possible racemization 
could not be determined. 

1 For previous papers in this field see (a) Hyde and Adams, THIS JOURNAL, 50, 
2499 (1928); (b) Moyer and Adams, ibid., 51, 630 (1929); (c) Stanley and Adams, 
Rec. trav. chim., 48, 1035 (1929); (d) This JOURNAL, 52, 1200 (1930); (e) Bock, Moyer 
and Adams, ibid., 52, 2054 (1930). 

2 This communication is a portion of an abstract of a thesis submitted by H. A. 
Stearns in partial fulfilment of the requirement for the degree of Doctor of Philosophy in 
Chemistry a t  the University of Illinoii. 
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The probable effects within these trisubstituted molecules should be 
considered. If it is assumed that the two rings remain symmetrically 
placed toward each other when they arrive in or approach the same plane, 
then all that should be required for a substance to be capable of resolution 
is to have in the general formula (IV), group C large enough to interfere 
materially with B and with A. 

If the interference a t  either or both points is small, the compound should 
racemize more or less readily. If, however, the two rings may be assumed 
to bend toward each other when the same plane for both rings is approached 
closely (in the manner represented in V), it  is conceivable that non- 
resolution of certain compounds which should otherwise be capable of 
resolution might be expected. Though during the process of resolution 
much distortion of this kind seems unlikely, it might well occur under the 
conditions used in racemization experiments and consequently racemiza- 
tion of certain compounds might readily take place. 

A 2,2',6-trinitro compound from this standpoint would give the following 
results. Using the valuesld C-N02, 1.92 A; C-H, 0.92 A. ; C-C (2,2'), 
2.90 A, the interference of two nitro groups will be as follows: 1.92 A. + 
1.92 k. = 3.84 A. - 2.90 k. -+ + 0.94 k., a large difference compared to 
what was found necessary for interference in the tetrasubstituted com- 
pounds. At the same time on the other side of the molecule the nitro and the 
hydrogen would not collide a t  all; 1.92 A. + 0.92 A. = 2.84 A. - 2.90 A. 
* -0.06 A. If the molecules were distorted so that the nitro and the 
hydrogen pulled toward each other more than 0.06 A., collisions would occur 
on both sides of the molecule simultaneously, without reducing to any 
great extent the interference between the two nitro groups. In such a 
molecule racemization would not be expected and does not occur. 

On the other hand, such a compound as 2,6-diamino-2'-methyldiphenyl 
presents other possibilities. Using the values, C-NH2, 1.56 k . ;  C-CHa, 
1.73 k . ;  C-H, 0.92 k. ,  on the side of the molecule holding the amino and 
methyl groups the interference would be as follows: 1.73 A. + 1.56 A. 
= 3.29 A. - 2.90 A. -t +0.39 A. On the other side of the molecule 
1.56A.+0.92k.=2.48A. - 2.90A.--+ -0.42A. Upontheassump- 
tion of a symmetrical position for .the two rings a t  all times, resolution 
of the compound should take place readily and the active compounds 
should not racemize a t  all or a t  least not readily. On the other hand, 
if the amino and the hydrogen are pulled toward each other to the extent 
of 0.39 A., then the groups could pass by each other without collisions 
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on either side of the molecule. Although i t  is improbable that such a 
distorted position would exist so as to prevent resolution, it is likely that 
under certain conditions it might be approached to an extent which would 
allow easy racemization of the active compounds. The extent to which 
the possible distortion might occur in various molecules will, of course, 
depend upon the character of the groups present. It is of little value 
to  speculate further with the x-ray data until more facts are available. 

In  connection with the assumptions just made, it is necessary to con- 
sider the 2,4'-dinitro-6,6'-dicarboxydipheny13 and the 2,4,4'-trinitro-6,6'- 
di~arboxydiphenyl,~ both of which have two carboxyls and one nitro 
group in the critical positions. Using the values given previously and 
in addition C-COOH, 1.56 A., the side with two carboxyls would give the 
following results: 1.56 A. + 1.56 A. = 3.12 A. - 2.90 A. -+ $0.22 A. 
On the other side, 1.92 A. + 0.92 A. = 2.84 A. - 2.90 A. --+ -0.06 A. 
It is obvious, then, that not much distortion would be necessary in such 
a molecule to reduce the interference to the point where racemization 
would take place. These substances do racemize slowly by heating a t  
100° with sulfuric acid. On the other hand, if the size of the carboxyl 
groups is decreased, as happens when ionized, racemization should be com- 
paratively rapid. Results have shown these compounds to  racemize 
readily in alkaline solution. 

The 2,4,6,2',4'-pentanitro-3-carboxydiphenyl was prepared by con- 
densing, under carefully specified conditions, 2,4,6-trinitro-3-bromo- 
toluene and 2,4-dinitrochlorobenzene by means of copper. The resulting 
compound, 2,4,6,2',4'-pentanitro-3-methyldiphenyl was oxidized with a 
mixture of fuming nitric acid, fuming sulfuric acid and sodium dichromate 
to  the corresponding carboxylic acid. This latter compound was resolved 
readily through the strychnine salt. 

Experimental 
2,4,6,Zf,4'-Pentanitro-3-methyIdipheny1.-In a 1-liter flask equipped with a 

mechanical stirrer were placed 133 g. of 2,4-dinitrochlorobenzene, 100 g. of 2,4,6-tri- 
nitro-3-bromotoluene,5 240 cc. of nitrobenzene and 3 g. of copper bronze. The mix- 
ture was stirred and heated on an oil-bath until the contents of the flask had reached a 
temperature of 160°, a t  which temperature brown copper halides began t o  form. The 
oil-bath was then removed, and 230 g. of copper bronze was added a t  such a rate that  the 
reaction mixture remained a t  a temperature of 160-165" during the addition. Exterior 
heating was then continued so that the mixture remained within this temperature range 
for a total period of one hour. 

The hot reaction mixture was filtered, the copper residues extracted with acetone 
and the extract added to the filtrate. Acetone and nitrobenzene were then removed 
from the products by means of a steam distillation. The product was next washed with 

Christie and Kenner, J. Chem. Soc., 121, 614 (1922); 470, 671 (1926). 
Kuhn and Albrecht, Ann., 455,272 (1927); 458,221 (1927). 
Bentley and Warren, Am. Chem. J., 12,4 (1890). 
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alcohol to remove traces of nitrobenzene, dissolved in acetone and this solution refluxed 
with norite for one-half hour. After filtration, the acetone was evaporated off and the 
residue washed twice with alcohol, then recrystallized from glacial acetic acid until a 
melting point of 200-201 was reached. Finally, the product was dissolved in a mini- 
mum of boiling acetone, and thrown out of solution as a fine, white, granular powder 
by the addition of a largc excess of alcohol; melting point, 200-201 '. The ~ i e l d  was 
about 52 g. (40y0). 

Anal. Calcd. for C I ~ H ~ O ~ ~ N S :  C, 39.69; H, 1.80. Found: C, 39.74; H, 2.08. 
2,4,6,2',4'-Pentanitro-3-carboxydiphenyl-In a I-liter flask provided with a 

mechanical stirrer and cooled by means of a salt-ice-bath was placed 20 g. of pure 2,4,- 
6,2',4'-pentanitro-3-methyldiphenyl dissolved in 220 cc. of fuming nitric acid6 (sp. gr. 
1.52). Eighty cubic centimeters of fuming sulfuric acid (20%) was added to the stirred 
mixture a t  such a rate that the temperature did not rise above 20" during the addition. 
To the stirred and cooled solution, 40.4 g. of powdered potassium dichromate was added 
a t  such a rate that the temperature of the solution did not rise above 10" during the 
addition (about three-quarters of an hour). Stirring was continued for twenty-four 
hours, and the bath was permitted to rise slowly to room temperature during this period. 
The reaction mixture was then poured into a large excess of ice and the free acid obtained 
by filtration. The acid was purified by rccrystallization from benzene and formed a 
fine, white, crystalline powder of m. p. 205-206'. The yield was 7 g. (32.5y0). 

The yield from this reaction varied from 30 to 50% for successive runs, apparently 
because of a difference in purity of the crude acid obtained. The crude acid varies con- 
siderably in purity depending upon conditions which have not been defined. If, upon 
one crystallization from benzene, the melting point of the crude acid rises, further re- 
crystallization will readily purify it; on the other hand, if the melting point lowers or 
if, for any other reason, the acid acts peculiarly, it is advisable to purify through the 
pyridine salt. This was precipitated from a saturated alcoholic solution of the acid by 
the slow addition of its chemical equivalent of pyridine. The salt was extracted twice 
with small amounts of boiling benzene, then dissolved in a minimum of acetone, and the 
free acid obtained by the addition of excess concentrated hydrochloric acid to this solu- 
tion. The acetone solution was cooled and stirred during the hydrochloric acid addition, . 
and the acid so obtained was recrystallized from benzene. 

Anal. Calcd. for ClsHSOl~N~: C, 36.88; H, 1.19; N, 16.55. Found: C, 36.98; 
H, 1.83; N, 16.88. 

Resolution of 2,4,6,2',4'-Pentanitro-3-carboxydipheny1.-To a solution of 10.2 p. of 
2,4,6,2',4'-pentanitro-3-carboxydiphenyl in 700 cc. of methyl alcohol was added slowly 
and with stirring 800 cc. of a solution of 8.08 g. of strychnine in 2 liters of methyl alcohol. 
The solution was cooled to 0" and allowed to stand for one hour. A crop (7.5 g.) of 
pale yellow, needle-like crystals (A) was obtained. To the mother liquor from (A) was 
added an additional 300-cc. portion of the strychnine-methyl alcohol solution. The 
resulting mixture was evaporated to about 700 cc. under diminished pressure and a 
second crop (3 g.) of .yellow crystals (B) was filtered off. To the mother liqnor from (B) 
was added the remainder of the strychnine solution. This mixture was evaporated to a 
volume of about 300 cc., cooled overnight a t  0°, and a third crop (7.8 g.) of orange- 
colored, granular crystals (C) obtained. 

Crystals (A) were purified by dissolving them in a minimum of warm acetone and 
adding to this stirred solution petroleum ether until the solution was slightly opaque. 
Upon standing overnight a t  Oo, the salt separated as fine, pale yellow needles. The 

6 A good grade of fuming nitric acid is important. Inferior grades give much 
poorer results. 
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purified salt turns red a t  265' and melts with decomposition a t  some point between 
270 and 280 ". Two successive recrystallizations of salt (A) sufficed to bring the salt to  
a constant rotation. 

Rotation. 0.1373 g. of salt made up to 15 cc. with pyridine a t  20" gave om -1.13"; 
1 = 1, [or]% ~ 1 2 3 . 5 ~ .  

Anal. Calcd. for C34H2,014N,: C, 53.88; H, 3.59. Found: C, 53.75; H, 4.06. 
Strychnine salt (C) was purified by dissolving it in boiling alcohol, evaporating this 

solution down to such a volume that crystals started to appear in the hot solution, then 
allowing the solution to stand a t  0 overnight. Crystsls of (C) were obtained as a light 
orange colored powder. This material turns red a t  203-205' and apparently melts a t  
222-226 '. Two successive recrystallizations brought the rotation to a constant value. 

Rotation. 0.1319 g. made up to 15 cc. in pyridine a t  20" gave a~ SO.74". I = 1, 
[a]-$ +S4.4O. 

Anal. Calcd. for C3dH2?Ol4N,: C, 53.88; H, 3.59. Found: C, 53.52; H, 4.35. 

1-2,4,6,2',4'-Pentanitro-3-carboxydipheny1.-To 2.19 g. of the pure strychnine 
salt (A) was added 20 cc. of acetone. Solution was not complete. The beaker was 
cooled with an ice-bath, and 50 cc. of concentrated hydrochloric acid added with stirring, 
a t  such a rate that the temperature of the mixture was always kept below 20". The 
cooled mixture was permitted to stand for fifteen minutes so as to assure complete crys- 
tallizationaf the free acid, then filtered. The acid was completely redissolved in 10 cc. 
of acetone and again thrown out of solution by the addition of 50 cc. of concentrated 
hydrochloric aeid in the manner just described. The acid was dried irc vacuo at  room 
temperature and then purified further by recrystallizing twice from benzene to a con- 
stant rotation and melting point. The pure acid was obtained as white, granular 
crystals of melting point 233". The yield was 0.87 g. (71.3%). 

Rotation. 0.1165 g. of acid made up to 15 cc. in acetone a t  20' gave Q -0.82", 1 = 

1, [a]': -105.3'. 
d-2,4,6,Z1,4'-Pentanitro-3-carboxydipheny1.-To 1.19 g. of the strychnine salt (C) 

dissolved in 5 cc. of acetone and cooled with an ice-bath, slowly and with stirring was 
added 50 cc. of concentrated hydrochloric acid. The cooled mixture was permitted to 
stand for one-half hour so as to assure complete crystallization of the liberated aeid, then 
filtered. The acid was redissolved in 9 cc. of acetone and reprecipitated by the addition 
of another 50-cc. portion of concentrated hydrochloric acid in the manner just de- 
scribed. I t  was recrystallized twice from benzene and formed a white, granular powder 
of melting point 229-231 ". I t  gave a negative strychnine test when dissolved in sulfuric 
acid and treated with manganese dioxide. The yield of recrystallized acid was 0.4 g. 

Rotation. 0.1116 g. of acid made up to 15 cc. in acetone a t  20°gave +0.73,1 = 1, 
[CU] ' ,~  t-98.8". 

Racemization Experiments 
(a) A 0.1357-g. sample of d-2,4,6,2',4'-pentanitro-3-carboxydiphenyl was made 

up to 25 cc. in glacial acetic acid a t  20' and the following rotation found for the solution: 
arr, +0.53, 1 = 1, [a]: +98.3'. The entire solution was transferred to a 50-cc. flask 
equipped with a glass-fitted reflux condenser and refluxed for one and one-half hours. 
The solution was then evaporated to a volume of about 10 cc., transferred to a volu- 
metric flask, and its volume again made up to  25 cc. with glacial acetic acid a t  20". 
The rotation of the solution was then ao f 0.53 O ;  1 = 1, [a]: f 98.3'. The solution 
was refluxed for an additional two and one-half hours and its rotation again taken: 
CUD +0.52", 1 = 1, [ a ] ~  +95.8". 

(b) A 0.1268-g. sample of I-2,4,6,2',4'-pentanitro-3-carboxydipheny [a]: 
- 105.3" in acetone, was refluxed with 20 cc. of 5% ammonium carbonate solution for a 
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period of eight hours. The solution was then cooled with an ice-bath and 30 cc. of con- 
centrated hydrochloric acid added slowly and with stirring. The precipitated acid was 
filtered from this mixture, dried in vacuo at  room temperature, and its rotation taken as 
follows: 0.1073 g. of acid made up to 15 cc. in acetone a t  20' gave an -0.76', 1 = 1, 
[a]': -105.8'. 

(c) A 0.1236-g. sample of the l-acid, [a]? - 105.3' in acetone, was dissolved in 
20 cc. of a solution that had been prepared by saturating an acetic acid solution, which 
contained 5y0 of water, with hydrogen chloride. The resulting solution was refluxed 
for eight hours, then cooled in an ice-bath and 50 cc. of concentrated hydrochloric acid 
added. After pernlltting the cooled mixture to stand for one-half hour. the precipi- 
tated acid was filtered from it, dried in vacuo at  room temperature, and its rotation 
taken as follows: 0.0967 g. of acid made up to 15 cc. in acetone a t  20' gave oto -O.Mo, 
2 = I, [a]: -83.4'. 

(d) A 0.1535-g. sample of the 1-acid was made up to 15 cc. in a 5% sodium car- 
bonate solution a t  20' and its rotation taken: c r ~  -2.13 ", 1 = 1, [a]? -208.0 ". This 
pale yellow solution was permitted to stand in a sealed tube a t  room temperature for 
seven days, during which period it developed an amber color. I ts  rotation was then 
taken and found to be: an -2.11°, 1 = 1, [a]: -206.3'. 

An attempt was made to heat the solution in a sealed tube to  a temperature of 
50-60°, but after eight hours of this treatment the solution had developed such a deep 
red color that its rotation could not be taken. 

Summary 
1. 'l'he compound 2,4,6,2',4'-pentanitro-3-carboxydipheny has been 

prepared and resolved. This is the first diphenyl derivative with three 
of the same groups in the 2,2',6-positions which has been resol--ed. 

2. The active forms could not be racemized in acid, neutral or alkaline 
solution. 

3. Discussion is given of what properties may be anticipated of various 
2,2',6-trisubstituted diphenyls. 

[CONTRIBUTION FROM THE CHEMISTRY DEPARTMENT AT OHIO STATE UNIVERSITY] 

NATURAL AND SYNTHETIC RUBBER. IV. 4-METHYL-4- 
OCTENE BY ISOPRENE ETHYLATION 

In preceding papers1 it has been shown that when isoprene accepts 
hydrogen, or when two molecules of isoprene link together, the reaction 
affects only the 1- and 4-positions. This behavior has been regarded as a 
general property, and it has been used to explain the polymerization of 
isoprene to synthetic rubber. 

The present paper offers one more evidence of the 1,4-addition. Two 
ethyl groups have been attached to an isoprene molecule 

1 Midgley and Henne, THIS JOURNAL, 51,1215, 1293,1294 (1929). 
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The experimental conditions were precisely those which are required for 
the formation of synthetic rubber: the reaction took place a t  room tem- 
perature in the presence of an alkaline metal and, in each case, a certain 
amount of synthetic rubber was formed. This favors the view that the 
ethylation of isoprene is a process very analogous to its polymerization. 

As; was expected, the ethyl groups linked exclusively to the first and the 
fourth carbon atoms; a hydrocarbon was thus obtained which on exami- 
nation proved to be 4-methyl-4-octene. The criteria used for its identifi- 
cation were a combustion, a molecular weight determination by freezing 
point depression in benzene, a double bond determination by hydrogena- 
tion and by bromination, a computation of the molecular refraction and 
finally an oxidation with ozone. 

Since the experimental results support the postulation that isoprene 
accepts radicals exclusively on its 1- and 4-carbon atoms (under the con- 
ditions required for synthetic rubber formation), they also fortify the 
hypothesis that the chain formula of natural rubber proposed by Staud- 
inger2 and his associates is much more acceptable than any formula involv- 
ing the formation of a ring. 

Experimental 
Two-gram molecules of metallic potassium are covered with one gram molecule of 

isoprene, which has been sufficiently purified t o  be capable of rapid polymerization. 
Two-gram molecules of ethyl bromide (or one gram molecule of ethyl sulfate) is dis- 
solved in a like volume of dry ether, and added gradually to  the isoprene. A gentle 
shaking is maintained, and heat is applied sufficiently to  maintain a moderate ebullition. 
Much gas is evolved; the decomposition of the ethylation agent is the predominant 
reaction. After twenty-four hours, the residual metal is eliminated by the cautious 
addition of alcohol, and the ethylate is then decomposed with water. The mixture is 
washed with dilute hydrochloric acid and water, decanted, dried and fractionated. 
About 4% of the theoretical amount of C D H I ~  is obtained. This compound shows the 
following physical constants: b. p. 136-144' (chiefly 13g0), dig 0.7495, n2i 1.4225, A = 
1.0 per C9Hls. The molecular weight determined by freezing point depression in ben- 
zene was found to be 122: theory requires 126, but  the discrepancy is within the per- 
missible experimental error of 3%. A combustion checked the formula already evident. 
The  molecular refraction computed from the density and the refractive index by means 
of the Lorentz-Lorenz formula was found to be 42.8. This value compares favorably 
with the theoretical value 43.3. 

To  prove that isoprene had accepted the ethyl groups exclusively on the 1- and 4- 
carbon atoms, it was necessary t o  locate the double bond in the resulting nonene, and 
this was done by ozone oxidation in a glacial acetic acid solution. The ozonization 
procedure has been previously rec~rnmended.~ After decomposition of the ozonide 
with a dilute potassium dichromate solution, two compounds were isolated and char- 
acterized: methyl butyl ketone, and buityric acid. No trace of any other compound 
was detected. The results of the ozonization were in complete agreement with the 
formula postulated for the nonene. 

Staudinger and co-workers, Helv. Chim. Acta, 5,785 (1922), and later papers. 
Henne, THIS JOURNAL, 51, 2676 (1929). 
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Summary 
Isoprene has been ethylated; 4-methyl-4-octene was formed exclusively. 

The structure of this nonene is in agreement with the usual behavior of 
a conjugated double bond system. 'l'his type of addition is further evi- 
dence in favor of the hypothesis which regards the polymerization of iso- 
prene to synthetic rubber as the formation of long chains of isoprene units 
linked together by ordinary valences in the 1,4-position. 

COLUMBUS, OHIO 

[CONTRIBUTION PROM THE CHEMISTRY DEPARTMENT AT 01-110 STATE ~'NIVERSITY] 

NATURAL AND SYNTHETIC RUBBER. V. 
TETRAMETHYLOCTADIENE 

BY THOMAS MIDGLEY, JR., AND ALBERT I,. HENNE 

REC~IVED JANUAKY 22, 1930 PUBLISHED MAY 8, 1930 

The third paper of this series1 has shown how the polymerization of iso- 
prene to synthetic rubber could be stopped a t  the dimeric stage by addi- 
tion of an atom of hydrogen to each terminal carbon of the transitory 
dimer. 

A similar experiment can be carried out with dimethylbutadiene substi- 
tuted for isoprene. Although details differ, the general trend of the re- 
action remains the same, the reaction products are comparable and the 
conclusions are similar. 

If the views presented before are correct, the linkage of two molecules 
of dimethylbutadiene, during polymerization to methyl-rubber, should 
form the transitory compound 

--HzCC(CH,)=C(CHa)CH2CH2C(CH3)=C(CH3)CH~- 

Should polymerization be allowed to proceed further, the unstable mole- 
cules would link together by their terminal free valences and form a long 
chain; methyl-rubber would be the final product. This agrees with 
Kondakow's ideas2 On the other hand, should polymerization be stopped 
by addition of an atom of hydrogen on each end of the unstable dimeric 
derivative, a duodecadienic hydrocarbon should result. This hydro- 
carbon has been isolated and analyzed. As expected, it was 2,3,6,7- 
tetramethyl-2,6-octadiene. 

The polymerization of dimethylbutadiene can never be entirely stopped 
a t  the dimeric stage; an appreciable amount of a rubber-like material is 
always formed. The amount of this compound varies with the experi- 
mental conditions. This can be used as an evidence that the formation 
of tetramethyloctadiene and that of methyl-rubber are simultaneous and 

Midgley and Henne, THIS JOURNAL, 51, 1294 (1929). 
I. I,. Kondakow, "Scientific Memoirs of the Imperial Yuriev University for the 

year 1901." 
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analogous processes. Consequently, the structure of the tetramethyl- 
octadiene will have a very close relation to the structure of methyl-rubber. 
Moreover, since isoprene and dimethylbutadiene behave in a similar way, 
the structure of ordinary synthetic rubber may be postulated by analogy 
with that of methyl-rubber. 

Experimental 
The apparatus, procedure and proportions of reagents have been described pre- 

viously. Runs were made a t  0,25 and 70". In each case, 200 g. of dirnethylbutadiene 
has been used. The best yield was obtained by running a t  70"; 65 g. of C12H22 was col- 
lected and 45 g. of CeHlo recovered, the balance being polymerized to methyl-rubber 
(15 g.) or carried out with the escaping hydrogen. The tetramethyloctadiene, purified 
by fractionation under reduced pressure, exhibited the following constants: b. p. (18 
mm.) 87.5-88.5", d i5  0.7971, n2,6 1.45963. Molecular refraction found, 57.0; calcd., 
56.7. The 'determination of the number of double bonds was made by brornination 
with a KBr-KBrOa mixture, and by hydrogenation in the presence of platinum oxide; 
in each case 4 atoms were accepted per molecule of hydrocarbon. To complete the 
analysis, a combustion, a molecular weight determination by freezing point lowering in 
benzene and an oxidation with ozone were performed. The ozonization was carried out 
in glacial acetic acid, as reported previo~sly.~ Two compounds were obtained and 
characterized: acetone and acetonylacetone. Not a trace of any other derivative could 
be detected. The result of the examination thus proves that the formula of the tetra- 
methyloctadiene is (CH8)2C==C(CH~)CH2CH2(CH3)=C(CH3)2. 

The physical constants of the compound obtained by hydrogenation have been 
measured. They are: b. p. (20-22 mm.) 92", d i 5  0.7593, n? 1.42527; rnol. refr, found, 
57.2; calcd., 57.6. A combustion and a molecular weight determination agree with the 
expected values. From its method of formation this compound should be 2,3,6,7-tetra- 
methyloctane. 

It is to be noted that when the polymerization is carried out at a low temperature 
the sample of tetramethyloctadiene obtained is considerably less pure; its boiling point 
is not constant, it can be fractioned into portions whose densities and refractive indexes 
vary between d i 5  0.7980 and 0.8003 and na,6 1.45952 and 1.46111. The odor of the com- 
pound strongly resembles that of turpentine. Particularly, the addition of bromine 
or hydrogen to the double bonds is strongly hampered. This gave the impression that 
only one double bond was present and led to the erroneous belief that a ring compound 
had been formed. A better interpretation would be to consider that tetramethylocta- 
diene formed a t  low temperature is contaminated by a small quantity of cyclic or even 
dicyclic compound, which would account for the odor, the higher density and the high 
refractive index. 

Summary 

Dimethylbutadiene treated with potassium and alcohol gives 2,3,6,7- 
tetramethyl-2,6-octadiene and methyl-rubber. The structure of the first 
hydrocarbon has been established, and is used as an evidence that the 
methyl-rubber formula must be a long, open chain. This is also regarded 
as an evidence in favor of the chain formula of natural rubber. 

a Midgley and Henne, THIS JOURNAL, 51,2676 (1929). 
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[CONTRIBUTION PROM THE LABORATORY OF ORGANIC CHEMISTRY, UNIV~RSITY OF 

WISCONSIN ] 

THE PREPARATION AND PROPERTIES OF SOME NEW FURAN 
DERIVATIVES1 

Forty-six years ago Pawlinoff and Wagner2 prepared ethyl furyl carbinol, 
the first known alkyl furyl carbinol, from fa~fural and zinc diethyl. In  
1901, Grignard3 obtained iso-amyl furyl carbinol by the use of furfural and 
iso-amylmagnesium halide. During the same year Hale, McNally and 
Pater4 reported negative results in their attempt to obtain phenyl furyl 
carbinol from the reaction between furfural and phenylmagnesium halide 
and a similar failure has been reported by Mahood and J ~ r d a n . ~  While 
the manuscript from which this paper is abstracted was being prepared, 
Pierce and Adams6 reported the preparation of crude phenyl furyl carbinol 
and of n-butyl furyl carbinol and ethyl furyl carbinol, the latter compound 
having previously been prepared by D o ~ r i s . ~  Jolkver8 and Jaworsky

g 

prepared n-propyl and ally1 furyl carbinol, respectively. 
This paper describes the preparation and properties of several heretofore 

unreported alkyl furyl carbinols, impure phenyl furyl carbinol, several 
esters of these substances and a few unidentified oxidation and chlorination 
products. 

The organomagnesium furyl complexes obtained in the preparation of 
these carbinols by the Grignard reaction are pale to orange-yellow in color 
and, with one exception, insoluble in ether. The exception is the n-butyl 
derivative, which in this respect is similar to titanium n-butoxide, which is 
also an ether-soluble substance, while the lower aliphatic titanium alk- 
oxides are ether insoluble. lsobutylfurylmagnesium bromide was obtained 
more nearly white than any of the other insoluble magnesium fury1 com- 
plexes. 

All of the carbinols are colorless liquids when pure. They are slightly 
soluble in water, the solubility and density decreasing with increasing 
molecular weight. They are all completely miscible with alcohol, nitro- 

1 This paper is part of a dissertation presented in 1925 by Fredus N. Peters, Jr., 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy a t  the 
University of Wisconsin. 

Vawlinoff and Wagner, Ber., 17, 1967 (1884). 
Grignard, Ann. chim. phys., [ 7 ]  24, 468 (1901). 
Hale, McNally and Pater, Am. Chem. J., 35,68 (1901). 
Mahood and Jordan, Science, 60,453 (1924). 
Pierce and Adams, THIS JOURNAL, 47, 1098 (1925). 
Douris, Compt. rend., 157, 722 (1923). 

8 Jolkver, Rec. trav. chim., 28,439 (1909). 
Jaworsky, Ber., 42,435 (1909). 
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benzene, benzene, chloroform and ether. Phosphorus pentachloride, 
acetyl chloride, benzoyl chloride and concentrated hydrochloric acid 
resinify the carbinols, the first two reagents acting with almost explosive 
violence. Light and air change the carbinols more or less rapidly to red- 
dish brown, yiscous liquids which solidify upon standing for some time. 
Treatment with metallic sodium liberates hydrogen and produces a dark 
brown mass, soluble in alcohol or ether. The methyl and phenyl furyl 
carbinols are the most unstable toward acids, whereas the isopropyl furyl 
carbinol is practically unchanged within two hours by 10yo hydrochloric 
acid and when the pure substance is sealed in a glass tube i t  remains color- 
less for several months. Methyl furyl carbinol in a sealed tube in an at- 
mosphere of hydrogen was only slightly colored within one year and after 
four years i t  has changed very little more. The other alcohols which were 
less carefully protected became dark brown liquids in this time. The 
alkyl furyl carbinols have very little odor and none that can be ascribed as 
distinctly due to the furan nucleus, the odor being dependent more on the 
nature of the radical attached to the secondary carbon atom. . 

The preparation of the esters was not attempted in every case but where 
tried the only successful method was the treatment of an ethereal solution 
of the carbinol with acetic anhydride using anhydrous sodium acetate as a 
catalyst. 'lihis method did not give results with the methyl and phenyl 
derivatives, these being resinified by even small quantities of acetic acid. 
Treatment of the magnesium complex of furfural and ethyl bromide with 
acetyl chloride or with benzoyl chloride resulted in resinification of the 
substance within one hour. The magnesium complex was also treated 
with ethyl acetate according to the method of Stadnikoff.lo However, 
nothing but ethyl acetate and the unchanged carbinol were isolated a t  the 
close of the experiment. The use of pyridine according to the method of 
Einhorn also failed to produce an ester of methyl furyl carbinol. Attempts 
to prepare an ester of ethyl furyl carbinol by the Schotten-Baumann or 
Einhorn methods failed. Pawlinoff reported failure in attempts to prepare 
this ester. 

Molecular refractions were calculated using the values for atomic re- 
fractions given by Roth and Eisenlohrl' and in every case checked very 
well with the values obtained from the 1,orentz-Lorenz formula. Molec- 
ular weights were determined cryoscopically using benzene as a solvent. 

It was impossible to prepare phenyl furyl carbinol in a pure state, the 
product always being contaminated with diphenyl and some unidentified 
products. Attempts to oxidize n-butyl furyl carbinol with potassium per- 
manganate in acid solution gave a colorless liquid, b. p. 90-95" (3 mm.), 

lo Stadnikoff, Ber., 57, 1 (1924). 
l1 Roth and Eisenlohr, "Refraktometrisches Hilfsbuch," Veit and Co., Leipzig, 

1911, p. 128. 
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insoluble in 10% hydrochloric acid or sodium hydroxide. This product 
was slightly acidic and slowly decolorized bromine water; i t  gave no phenyl 
hydrazone, semicarbazide or sodium bisulfite addition products. This 
material resinified to a yellow, viscous gel within one week. 

Treatment of ethyl furyl carbinol with diethyl sulfate and potassium 
hydroxide gave no appreciable yield of the expected ether. The product 
obtained by treating ethyl furyl carbinol with metallic sodium was refluxed 
with ethyl bromide and a small quantity of material of aromatic odor was 
isolated but the amount was too small for characterization. Dry hydro- 
chloric acid gas diluted with carbon dioxide was passed through an ethereal 
solution of n-butyl furyl carbinol. A liquid, b. p. 90-95' (5 mm.), contain- 
ing chlorine was isolated. This chloride upon refluxing with sodium 
ethoxide precipitated sodium chloride and a small quantity of liquid with 
a pronounced terpene-like odor was obtained. 

Experimental 
Reagents.-The furfural used in this work was obtained through the courtesy of 

The Miner Laboratories of Chicago, to whom the authors are deeply grateful. The 
magnesium employed was in the form of turnings furnished for this purpose. The ether 
and organic halides were dried and purified by conventional methods. 

R 

Methyl 
Ethyl 

Isopropyl 
n-Butyl 
Isobutyl 
Phenyl 

TABLE I 

SECONDARY ALCOHOLS, C4HaOCH(OH)R -_--- n26 ------- 
Yield, Boiling points, 25 

% O C .  D C F 
67 76-77 (23 mm.) 1.0771 1 4785 1.4751 1.4874 
82 57-8(6mm.),89-90(23 10474* 1.4759* 1.4724* 1.4877* 

mm.), 106-107 (55 mm.), * Temperature, 20° 
113 (71 mm.), 120 
(95 mm.) 

55 76-77 (5 mm ), 84-5 
(9 mm.), 91-2 (12 mm.) 1 0179 1 4768 1.4727 1.4862 

75 99-100 (38 mm.) 1.0111 1.4715 1.4680 14800 
72 94-6 (2 mm.) 0 9931 1 4710 1 4675 1 4788 
40 102-3 (10 mm.) 0.9904 1 4687 1 4646 1 4762 
26 122-5 (2 mm.), 138-42 

(10 mm.), 170-180 (39 
mm.) decompn. 1 1423 1 5522 . . . . . . . .  

Carbon, % Hydrogen, % Rm 
R Formula Calcd. Found Calcd. Found Calcd. Found 

Methyl CsHsOz 64.26 64.51 64.55 7.21 7.05 7.01 29.94 29.48 
Ethyl C~HIOOZ 66.62 66.36 66.37 7.99 7.71 7.71 34.56 34.00 
n-Propyl" CsHlzOz 68.53 68.96 68.64 8.63 8.66 39.18 38.88 
Isopropyl C8H1202 68.53 68.63 68.34 8.63 8.50 8.43 39.18 38.77 
n-Butyl CgH1402 70.09 70.12 9.15 9.11 43.80 43.37 
Isobutyl CgH1402 70.09 70.13 9.15 8.94 8.99 43.80 43.32 
phenylh CnHloOz 75.83 76.59 76.69 5.79 6.14 6.08 49.43 48.71 

" Mol. wt., calcd., 140; found, 146. Mol. wt., calcd., 174; found, 191, 189. 
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_-_- n=5L-- 
Yield, Boiling points, 25 17 

R % "C. D C F 

Ethyl  40 98 (37 mm.), 102-3 (40 mm.) 1.0427" 1.4589 1.4552 1.4662 
Isopropyl 67 99-100 (35 mm.) 1.0162 1.4641 1.4606 1.4712 
Isobutyl 35 119-20 (30 mm.) 1.0004 1.4600 1.4556 1.4664 

" Temperature, 26 ". 
Carbon, % Hydrogen, % Rm 

R Formula Calcd. Found Calcd. Found Calcd. Found 

Ethyl  CgHi203 64.24 64.41 64.23 7.20 7.00 6.98 43.81 44.29 
I soprop~l  Clo&nO3 65.90 65.72 65.86 7.75 8.20 8.02 48.43 49.46 
Isobutyl CllH1603 67.29 67.44 67.55 8 22 8.08 8.15 53.04 53.70 

Procedure.-In the early work a special apparatus was used in which the organo- 
magnesium halide was formed in a dry, carbon dioxide-oxygen-free atmosphere and 
then was forced through a glass wool filter into the furfural. The majority of experi- 
ments, however, were carried out by forming the Grignard reagent in the usual manner 
and adding the furfural to  the cool and well-stirred solution. Approximately one gram 
mole of the Grignard reagent was used in each run. Hydrolysis was carried out by 
pouring the mixture over ice and this was followed by steam distillation without the use 
of ammonium chloride or other reagent generally added t o  aid hydrolysis. The dis- 
tillate was treated with solid potassium carbonate and the organic layer was shaken with 
freshly prepared bisulfite solution to remove any unreacted furfural. This was followed 
by  treatment with sodium carbonate to  neutralize any free acid and then by vacuum 
distillation. 

Tables I and I1 give the compounds isolated and some of their physical 
constants. 

Summary 

1. Methyl, ethyl, propyl, isopropyl, butyl, isobutyl and phenyl furyl 
carbinols have been described and some of their physical and chemical 
properties reported. 

2. The acetic acid esters of ethyl furyl, isopropyl fury1 and isobutyl furyl 
carbinols have been prepared and some of their physical properties de- 
termined. 

3. A chloride, which is probably a-n-butyl furfuryl chloride and two 
substances which are very likely the ethyl ethers of ethyl and n-butyl furyl 
carbinols, respectively, were isolated. 

4. An unidentified product was isolated from the acid permanganate 
oxidation of n-butyl furyl carbinol. 

MADISON, WISCONSIN 
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[CONTRIBUTION PROM THE DEPARTMENT Ol? CHEMISTRY OP THE UNIVERSITY OF ILLINOIS 

AND THE B A ~ R  LABORATORY OE* CHEMISTRY AT CORNELL UNIVERSITY] 

THE SIMPLE HALOGEN DERIVATIVES OF FURAN 

Syntheses in the furan series are limited by the lack of direct methods 
for introducing organic radicals into the furan ring. For this reason the 
furan derivatives which have been most widely studied are largely those 
with substituent organic groups in the 2-position, for which furfural serves 
as a suitable starting material. A certain number of furan derivatives 
with organic substituents in the 2- and 5-positions are available from 5- 
methylfurfural and its derivatives,' and a few others may be obtained 
through various types of ring formation that lead to  furan  derivative^.^ 

3-Methylfuran3 and 3-furoic acid4 have been obtained from natural 
sources but the structure of these compounds has not been confirmed by 
synthesis. In fact, a review of the literature showed that no furan deriva- 
tive with a single organic substituent in the 3-position has ever been synthe- 
sized. Although halogen, nitro and sulfonic acid groups may be intro- 
duced directly into the furan ring, the resulting compounds have not 
been studied further with the idea of introducing organic substituents 
by indirect methods. With the object of extending the methods of synthe- 
sis in the furan series through the use of these groups, a series of investi- 
gations was undertaken. The present paper deals with the preparation 
and properties of the simpler halogen derivatives of furan. 

Although a number of halogenated furans containing two or more halogen 
atoms are known,5 only one of the monohalogenated furans, 3-brom0furan,~ 

1 The synthesis of furan derivatives with a methyl group in the 5-position and 
substituent groups in the 2-position has been facilitated by the recent observation that 
certain replacement reactions of a-furfuryl chloride involve rearrangement of the a- 
furfuryl group into the 5-methyl-2-fury1 group [Runde, Scott and Johnson, THIS JOUR- 
NAL, 52, 1284 (1930); Reichstein, Ber., 63, 749 (1930)l. 

a An excellent review of this subject is given by Marquis, Ann. ckim. pkyS., [8] 4, 
200-208 (1905) ; see also Benary, Ber., 44, 493 (1911). 

a Asahina and Tanaka [Acta Phytochim., 2, 1 (1924); C. A., 19, 1139 (1925)] 
prepared 3-methylfuran by decarboxylation of 3-methyl-2-furoic acid, which had been 
obtained from the naturally occurring ketone, elscholtzione. 

Rogerson, J. Chem. Soc., 101, 1044 (1912); Power and Salway, Phrm.  J., 90, 
550 (1913); C. A., 7, 2659 (1913). 

6 These include 2,5- and 3,4-dibromofuran, 2,5-di-iodofuran, 2,3,4-tribromofuran, 
2,3,4-tribromo-5-chlorofuran, tetrabromofuran and tetra-iodofuran. 

6 Canzoneri and Oliveri, Gazz. ckim. ital , 17, 43 (1887). These authors obtained 
a small amount of 3-bromofuran in an attempt to prepare 3-hydroxyfuran or 3-hydroxy- 
furoic acid by heating 3-bromofuroic acid with excess calcium hydroxide. Although they 
stated an intention of preparing an hydroxyfuran from this compound and of preparing 
the isomeric 2-bromofuran, we were unable to find any further published results on 
this subject. 
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has been obtained in a state of purity. Several investigators have noted 
the formation of these compounds in small amounts but have not purified 
or characterized them.7 

For the purpose of preparing the simple halogenated furans it appeared 
that  the corresponding furoic acids would be the most satisfactory mate- 
rials. Various chlorofuroic and bromofuroic acids have been prepared 
in a pure state by Hill and his  collaborator^,^ and the positions of the 
halogens have been established with reasonable certainty. By decarboxyla- 
tion of these acids, the corresponding halogenated furans of known con- 
stitution could be obtained. After a preliminary study it was found 
that this method was quite satisfactory and the chlorofurans and bromo- 
furans could be obtained in excellent yields. 

Decarboxylation of 3-broniofuroic acid, 5-bromofuroic acid, 3,4-dichloro- 
furoic acid and 3,4,5-trichlorofuroic acid was effected simply by heating 
the substances a t  temperatures between 210 and 300'. 3-Chlorofuroic 
acid and 5-chlorofuroic acid proved to be more stable and could not be 
decarboxylated in this way. It was found that copper bronze or finely 
divided nickel, prepared by reducing the oxide a t  300-400°, effectively 
catalyzed the decarboxylationQnd in the presence of these catalysts 3- 
chlorofuroic acid and 5-chlorofuroic acid could be decarboxylated. The 
results of typical decarboxylation experiments are given in Table I. 

It seemed likely that the pyrolysis of the halogenated furoic acids under 
the above conditions gave rise through secondary reactions to the forma- 
tion of some free halogen acid, toward which the simpler furan derivatives 
are relatively sensitive. In order to avoid deconlposition of the resulting 
halogenated furans, it appeared advisable to effect the decarboxylation 
in the presence of a base, which would combine with any free halogen 
acid formed during the pyrolysis. Quinoline was selected as a suitable 
base and proved to be quite satisfactory. The addition of quinoline made 
possible the isolation of 2-bromofuran, which we had not been able to 
accomplish in earlier experiments, and effected a marked improvement 
in the yields in other cases. The results of a series of semi-quantitative 

(a) Henninger [Ann. chim. phys., [6] 7 ,  222 (1886)l states that the bromination 
of furan leads t o  a monobromofuran and a dibromofuran, but describes only the latter. 
(b) Hill and Jackson [Proc. Am. Acad. Arts Sci., 24, 320 (1888)l state that  a small 
amount of a colorless liquid separated upon adding water to the first portions of the 
distillate obtained upon distilling the alcoholic alkali used in saponifying ethyl 5- 
chlorofuroate. This liquid, which they did not investigate lurther, may have been a 
monochlorofuran or a dichlorofuran. 

(a) Hill and Sanger, zbid., 21, 135 (1885); (b) Hill and Hartshorn, Ber., 18, 
448 (1885); (c) Hill and Palmer, Proc. Am. Acad. Arts Sci., 23, 188 (1887); (d) Hill 
and Jackson, ibid., 24,320 (1888); ( e )  Hill and Hendrixon, ibid., 25, 283 (1889); (f) Hill 
and Wheeler, Am. Chem. J., 25, 463 (1901). 

Sabatier, "Catalysis in Organic Chemistry," translated by E. Emmet Reid, 
D. Van Nostrand and Co., New York, 1922, par. 831-839. 
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1)ecornpn. 
Substituted temp. Substituted 
furoic acld (approx ), "C. Sample, g f uran Product, g Yield, c/, 

3-Chloro- 260" 20 3-Chloro- 4 .2  30 

" One gram of copper bronze (Kahlbaum's "Naturkupfer C") was added in these 
experiments, since these acids did not decompose appreciably below 300" in the absence 
of catalysts. 

5-Bromofuroic acid was readily decarboxylated but the resulting 2-bromofuran 
was converted into a black resin in the reaction tube. The resinification of the product 
was circumvented in later experiments (see Table 11) and yields of 2-bromofuran as high 
as goy0 of the theoretical were obtained. 

experiments, in which the evolved carbon dioxide was measured, are shown 
in Table 11. 

TABLE I1 

PYROLYSIS OF HALOGENATED FUROIC ACIDS I N  THE PRESENCE OF COPPER BRONZE AND 

QUINOLINE 

Carbon dioxide 
Substituted  tern^.,^ Percentage Substituted Percentage 
furoic acid OC. Sample, g .  Pound Calcd. of calcd. furan of theoryb 

3-Chloro- 250 5.00 1.45 1.50 96 3-Chloro- 79 
5-Chloro- 240 10.00 3 19 3 .O1 106 2-Chloro- 9 1 
3,4-Dichloro- 220 10 00 2.46 2 43 101 3,4-Dichloro- 97 
5-Bromo- 220 15 00 3 38 3 45 98 2-Bromo- 75 

" This column indicates the minimum temperature of the bath which was necessary 
to obtain vigorous decomposition. The acids decomposed slowly a t  somewhat lower 
temperatures. 

The yields given here are based upon the weights of the products after purification 
by two steam distillations. 

The monohalogen derivatives of furan are colorless liquids with a pleas- 
ant sweet odor closely resembling that of chloroform and bromoform. 
With strong aqueous hydrochloric acid they produce a t  first a green colora- 
tion, and on longer standing change to resins. 3,4-Dichlorofuran does not 
give this coloration with hydrochloric acid, but forms a resin on standing - 
in contact with this reagent. The halogen atoms in these compounds 
are surprisingly unreactive; all attempts to carry out metathetical reac- 
tions were entirely unsuccessful. Such reagents as aqueous sodium hy- 
droxide and sodium cyanide solutions, metallic sodium, mercury dimethyl 
and zinc dimethyl were without action.1° In one case, however, i t  was 
possible to obtain a Grignard reagent. 2-Bromofuran in ethereal solu- 

lo Several of the experiments mentioned here were carried out by Mr. E. B. Rein- 
bold, who also found that the bromine atom of ethyl 5-bromofuroate was extremely 
unreactive. 



2086 A. P. SHEPARD, N. R. WINSLOW AND J..R. JOHNSON Vol. 52 

tion, on treatment with a highly activated magnesium-copper alloy," 
gave 2-furylmagnesium bromide. The latter was characterized by the 
formation of 2-furoic acid by the action of carbon dioxide, and of 2-furoic 
anilide by the action of phenyl isocyanate. The use of this Grignard 
reagent in synthesis should render available a number of furan derivatives 
that  cannot be prepared by the usual methods, such as difurylcarbinol, 
trifurylcarbinol, and others. 

Experimental Part 

Preparation of Halogenated Furoic Acids.-The methods used for 
the preparation of the various halogenated acids were essentially those 
of Hill and his  collaborator^,^ with slight modifications in a few details. 
The acids used in this work were free from isomeric acids according to 
the criteria of Hill, and their purity was checked by halogen determinations. 

Substituted 
furoic acid 

3-Chloro- 
5-Chloro- 
3,4-Dichloro- 
3,4,5-Trichloro- 
3-Bromo-" 
5-Bromo- 

M .  p., O C .  
(corr.) 

148.5-149.5 
179-180 
169.5-170.5 
174.5-175.5 
127-129 
184-186 

Percentage of halogena 
Calcd. Found 

C1, 24.20 24.04 23.99 
C1, 24.20 24.29 23.90 
C1, 39.19 39.00 38.33 
C1, 49.39 48.97 48.73 
Br, 41.85 C . . . . . .  
Br, 41.85 40.87' 

" Halogen determinations by the Parr peroxide bomb method. 
5-Bromofuroic acid was purified conveniently as the ethyl ester, which was readily 

prepared through the acid chloride. The latter method was more satisfactory than 
direct esterification with ethyl alcohol and sulfuric acid. Forty-eight grams (0.25 
mole) of 5-bromofuroic acid was heated for one and one-half hours with 57 g. (0.275 
mole) of phosphorus pentachloride, and part of the resulting oxychloride was removed 
by distillation from an oil-bath a t  125-130'. The residue was treated cautiously with 
100 cc. of absolute alcohol and warmed for three or four hours. The crude ester was 
washed with a large volume of water, then sodium bicarbonate solution, dried and dis- 
tilled. There was obtained 48 g. (87% yield) of ethyl 5-bromofuroate, b. p. 134-136O 
a t  34 mm. (Br analysis, calcd., Br, 36.51. Found: Br, 36.62, 36.85). Similarly, 3,4- 
dichlorofuroic acid gave ethyl 3,4-dichlorofuroate in 90% yield. 

For our first experiments on the preparation of 3-bromofuran we used pure 3- 
bromofuroic acid, m. p. 127-12g0, which was obtained according to Hill's procedure 
by the reduction of 3,5-dibromofuroic acid, prepared by the bromination of furoic acid. 
I n  later experiments in an attempt to improve the preparation of 3,5-dibromofuroic 
acid, we brominated furoyl chloride and obtained a dibromofuroic acid which was ap- 
parently not pure 3,5-dibromofuroic acid. The dibromofuroic acid from furoyl 
chloride gave on reduction a monobromofuroic acid or , a  mixture of mono- 
bromofuroic acids which melted indefinitely a t  110-118° instead of 128-129". Bro- 
mine determinations and neutralization values showed that the material in hand corre- 
sponded to a monobromofuroic acid or a mixture of monobromofuroic acids (Br: calcd., 
41.25; found, 41.60; neutralization value : calcd., 190.9; found, 191.3, 192.9), and de- 
carboxylation gave 3-bromofuran. I t  appears that bromination of furoyl chloride gives 
rise to a mixture of 3,5-dibromofuroic acid and 4,5-dibromofuroic acid. Reduction of 

r1 Gilman, Peterson and Schulze, Rec. traz. chim., 47, 19 (1928). 
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these would produce 3-bromofuroic acid and Pbromofuroic acid, both of which would 
yield 3-bromofuran on decarboxylation. Since Hi1 and his collaborators have not de- 
scribed 4-bromofuroic acid or 4'5-dibromofuroic acid, further work is being done to  de- 
termine the nature oi the products of bromination of furoyl chloride and of the mono- 
bromofuroic acid obtained therefrom. 

Preparation of Halogenated Furans. General Procedure.-Decarboxylation of 
the halogenated furoic acids was carried out by heating the acids in a large pyrex tube, 
25 X 200 mm., bearing a side tube which was provided with a small condenser and a 
receiver for the liquid distillate. The decoml~osition tube was closed with a cork holding 
a glass tube drawn out to a narrow tip reaching to within 69-30 Inm. of the bottom of the 
tube. Dry nitrogen was passed through the small tube to provide an inert atmosphere 
and to remove the volatile products as rapidly as possible from the zone of high tempera- 
ture. The decomposition tube was heated in a bath of Wood's metal a t  temperatures 
varying from 210-300° (see Tables I and 11). I t  was found that better yields were 
obtained by decomposing the acids in small portions of about 5 g. each. 

Five grams of the halogenated furoic acid, 10 g. of quinoliie and 1 g. of copper 
bronze (Kahlbaum's "Naturkupfer C") were placed in the reaction tube, which was 
lowered into a previously heated bath of Wood's metal. The bath was maintained a t  
such a temperature that a vigorous evolution of carbon dioxide took place. The de- 
carboxylation proceeded smoothly and the halogenated furan distilled into the receiving 
flask. When the acid was completely decarboxylated, as shown by cessation of gas 
evolution, the tube was raised from the bath and allowed to cool. A second portion of 
5 g. of the halogenated acid was added and the above process repeated. In  this way 
20-30 g. of the acid could be decarboxylated before dismantling the apparatus. In  
cases where the decomposition temperature of the halogenated furoic acid was relatively 
high, it proved advantageous to use a base of higher boiling point than quinoline (b. p. 
238') in order to avoid distilling traces of the base into the receiving flask. For this 
purpose a high-boiling fraction of crude coal tar bases, b. p. 285-310°, proved entirely 
satisfactory.lVhe halogenated furans were purified by two steam distillations and 
were dried over fresh calcium oxide. After trial experiments had shown that  these 
substances did not react with metallic sodium, certain of them were dried by means of 
this metal, c. g., 3-chlorofuran and 2-bromofuran. The yields of the halogenated furans 
varied from 7545% of the calculated amounts 

The halogenated furans are slightly soluble in water and soluble in organic solvents 
such as alcohol, ether and benzene; they have an odor very similar to that of chloroform 
or bromoform. The purified products were colorless liquids when freshly distilled but 
darkened on standing and eventually changed completely to insoluble resins.13 

It was found that the products could be kept for months without appreciable de- 
composition by covering them with an alkaline solution of hydroquinone and storing in 
corked bottles. Determinations of physical constants were made on freshly distilled 
specimens of the pure liquids boiling over less than 0.5' temperature range, and samples 
for analysis were sealed in small bulbs within thirty minutes of the time of distillation. 
Halogen determinations were made by the Parr bomb method on samples sealed in 
thin-walled glass bulbs.14 The physical constants and analyses of the halogenated 
furans are shown in Tables I11 and IV. 

l2 The authors wish to express their thanks to Mr. W. R. Gerges of the ChemicaI 
Department of the Barrett Company, Philadelphia, for supplying a generous sample 
of this material. 

l 3  Compare Moureu, Dufraisse and Johnson, Ann. chim., [lo] 7, 28 (footnote) 
(1927). 

l4 Lemp and Broderson, THIS JOURNAL, 39, 2069 (1917). 
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Halogenated 
furan 

Boiling point, 'C. 
Temp. Press. dy ,:;$;;;rn MRD (o~s.)  - 
(corr.) mm. nz Obs. Calcd. M R n  (calcd.1 

" The molecular refractions of these compounds were calculated frpm the revised 
values of Eisenlohr for the atomic refractions [Landolt-Bornstein, "Physikalisch-chem- 
ische Tabellen," Julius Springer, Berlin, 5th ed., Vol. 11, 1923, p. 9851. The observed 
molecular refractions were calculated by the Lorentz-Lorenz formula. 

3,4-Dichlorofuran solidified when cooled in an ice-bath, and the m. p. was found 
to be 3.&4.0° (corr.) with the thermometer immersed in the liquid. 

" Other physical constants of 3-bromofuran are: b. p. 50' a t  110 mm., 38.5" a t  
40 mm. ; d: 1.6957; n2i 1.49185. 

ANALYSIS OF HALOGENATED FURANS 
Halogenated Carbon, 7 Hydrogen, % Halogen, % 

furan Calcd. Ifound Calcd. Found Calcd. Found 

2-Chloro- 46.84 46.95 46.70 2.95 3.00 2.90 C1 34.60 34.48 34.41 
3-Chloro- 46.84 47.17 47.01 2.95 2.95 2.97 C1 34.60 34.54 34.52 
3,4-Dichloro- 35.05 34.8634.84 1.47 1 .521.46  C1 51.79 51.61 51.68 
2,3,4-Trichloro- . . .  . . . . . .  . . . . . .  C1 62.08 61.60" 61.56 
2-Bromo- 32.67 32.62 32.76 2.06 2.06 2.10 Br 54.39 54.41 54.48 
3-Bromo- . . .  . . . . . .  . . . . . .  Br 54.39 53.15~ 53.48 

" The combustion analyses of this compound were unsatisfactory, probably on 
account of the difficulty of achieving complete combustion and complete retention of the 
halogen. 

Analysis for bromine in this particular compound was effected by the method of 
Stepanow [Ber., 39,4056 (1906)l and the low results are probably due to loss of bromo- 
furan by volatilization. The Stepanow method for halogen determinations was re- 
placed by the Parr bomb method for all other compounds, but the analyses of 3-bromo- 
furan were not repeated since this compound had previously been described and ana- 
lyzed. 

Oxidation of 3,4-Dich1orofuran.-(a) Tell grams of pure 3,4-dichlorofuran was 
added slowly to 28 g. of nitric acid (sp. gr. 1.42) a t  room temperature. The oxidation 
proceeded slowly at  first and then became extremely vigorous. On standing the solution 
deposited crystals, which were filtered and crystallized from hot water. After drying in 
a vacuum desiccator the product weighed 3 g.; m. p. 124-125" (corr.). The melting 
point and chlorine analysis indicate that this compound is mucochloric acid, 
HO-CH-CCl=CCl-CO, (ru,P-dichloro-p-formylacrylic acid). 

L-0-1 

Anal. Subs., 0.1792, 0.2966: 20.60, 34.20 cc. of 0.1018 N AgNO,. Calcd. for 
C4Hz0~C12: C1, 41.98. Found: C1, 41.50, 41.62. 

(b) Seven grams of pure 3,4-dichlorofuran was added slowly to 21 g. of fuming 
nitric acid (sp. gr. 1.49) a t  room temperature. A transient green coloration was de- 
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veloped and oxides of nitrogen were evolved in large quantity. After standing for two 
days the crystals that had separated were filtered, pressed on a porous plate and dried 
in a vacuum desiccator. The crude dichloromaleic anhydride weighed 5 g. and melted 
a t  110-115"; it was identified by the procedure of Salmony and Simonis,15 by heating 
with aniline. The resulting anil of anilidochloromaleic anhydride, after crystallization 
from alcohol, formed greenish-yellow crystals, which discolored on heating and melted 
to a brown liquid a t  188.7-190.2' (corr.). Salmony and Simonis reported that  the anil 
of anilidochloromaleic anhydride began to turn brown a t  175O and melted to a brown 
liquid a t  188 '. 

Attempt to Prepare 2-1odofuran.-A number of experiments were made in an effort 
, to prepare a mono-mercurated furan, from which an iodofuran might be obtained by 

treatment with iodine in aqueous potassium iodide. Ciusa and Grillo16 succeeded in 
obtaining tetrachloromercuri-furan and in converting it to tetra-iodofuran by this 
method. In one experiment they obtained a mono-mercurated furan but were unable to  
repeat this preparation, and were consequently uiiable to obtain a mono-iodofuran. 
In our experiments we used a mixture of mercuration products and attempted to sepa- 
rate the mixture of iodo derivatives obtained therefrom. The following experiment illus- 
trates the methods used. 

A solution of 318 g. of mercuric acetate in 1300 cc. of water was added slowly, 
while stirring vigorously, to a solution of 150 g. of furoic acid in 2 liters of water a t  80'. 
Bubbles of carbon dioxide were evolved and a heavy precipitate was formed. After 
standing for twelve to twenty-four hours to complete the reaction, the precipitate WAS 
filtered with suction and washed thoroughly with water. To convert the mercuri- 
acetate to the corresponding mercuri-chloride, the moist precipitate was stirred with a 
solution of 75 g. of sodium chloride in 1 liter of water, and allowed to stand for thirty 
minutes. The resulting precipitate was filtered with suction, suspended in 4-5 liters of 
water, and treated dropwise with a solution of iodine in aqueous potassium iodide, until 
a faint color indicated the presence of an excess of iodine. The amount of iodine added 
corresponded to 0.80-0.85 mole for each mole of furoic acid used. The resulting sus- 
pension was extracted several times with ether and, after drying and distilliiig off the 
solvent, a semi-solid residue remained. In a preliminary experiment, when this ma- 
terial was distilled through a fractionating column, a small amount of liquid distilled 
a t  120-125'; the temperature then rose sharply and the residue decomposed rapidly 
with the evolution of violet vapors. For this reason, in subsequent experiments the 
residual mixture of iodofurans was subjected to three or four steam distillations in order 
to effect a partial separation of the liquid products from the solids. In  this way there 
was obtained 3 g. of a liquid fraction (sp. gr. > 1) which was dried over anhydrous so- 
dium sulfate and distilled a t  atmospheric pressure. About 2 g. of an almost colorless 
liquid, with an odor resembling that of iodoform, distilled at 120-140". Since the liquid 
acquired a green color very rapidly, samples were sealed at once for analysis. Within 
thirty minutes of the time of distillation both the sealed samples and the material that 
had been allowed to stand in the air had completely resinified. For this reason the 
halogen determinations were not satisfactory. 

Anal. Subs., 0.2978, 0.2054: 15.70, 9.10 cc. of 0.1018 N AgN03. Calcd. for 
C4HaOI: I, 65.5. Found: I, 68.11, 57.37. 

2-Furylmagnesium Bromide.-Preliminary experiments indicated that  2-bromo- 
furan in ethereal solution did not react with ordinary magnesium nor with magnesium 
activated by heating with iodine. It was found, however, that 2-bromofuran would 
react with a magnesium-copper alloyn tliat had been activated by heating with half 

Is Salmony and Simonis, Ber., 38, 2588 (1905). 
l6 Ciusa and Grillo, Gazz. chim. ital., 57, 323 (1927). 
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its weight of iodine. In solution in di-n-butyl ether17 no reaction occurred with the 
activated magnesium-copper alloy, even on heating to 100 O. 

A solution of 8 g. of 2-bromofuran in 20 cc. of anhydrous ether was treated in small 
portions with 3 g. of magnesium-copper alloy that had been heated gently with 1.5 g. 
of iodine. The addition of each portion of the alloy was accompanied by a vigorous 
reaction but a considerable excess of magnesium remained undissolved when the reaction 
subsided. The ethereal solution of 2-furylmagnesium bromide which resulted was red- 
brown in color and gave a strong color test for R-MgX with Michler's ketone, by the 
procedure of Gilman and Schulze.lS 

2-Furoic Ani1ide.-The solution obtained above was decanted from the residual 
magnesium-copper alloy and an ethereal solution of 1.2 g. of phenyl isocyanate was added 
dropwise, with constant stirring. A vigorous reaction occurred and after thorough 
shaking the solution still gave a strong test for R-MgX. I t  is advisable to avoid an ex- 
cess of phenyl isocyanate, since the diphenylurea formed upon subsequent hydrolysis is 
difficultly separated from the anilide. The reaction product was hydrolyzed in the 
usual way, and the crude 2-furoic anilide was crystallized twice from alcohol, with the 
addition of decolorizing charcoal, and finally from water; m. p. 121-122° (corr.). 
For comparison, a sample of 2-furoic anilide was prepared from furoyl chloride and ani- 
line; m. p. 121-122' (corr.). A mixture of the two specimens melted at  the same 
temperature, 121-122' (corr.). The melting point of this compound is reported by 
previous investigators as 123.5 ".19 

2-Furoic Acid.-A solution of 2-furylmagnesium bromide prepared as above from 
5 g. of 2-bromofuran gave a curdy precipitate when treated with carbon dioxide. The 
reaction mixture was decomposed with &lute sulfuric acid and the ether layer extracted 
with sodium hydroxide solution. The alkaline extract was acidified and extracted re- 
peatedly with ether. The ether extracts on evaporation left a residue of crystals mixed 
with a tarry impurity. Sublimation gave crystals of 2-furoic acid, which was identified 
by comparison with furoic acid obtained from furfural. 

Summary 

A satisfactory method has been devised for the preparation of the simple 
halogenated furans from the corresponding halogenated furoic acids. 
2-Chloro-, 3-chloro-, 3,4-dichloro-, 2,3,4-trichloro- 2-bromo- and 3-bromo- 
furan have been prepared in a state of purity and their properties described. 

The halogen atoms in these compounds were found to be extremely 
unreactive. No metathetical reactions could be effected with a number 
of reagents either in aqueous or anhydrous media. 

A Grignard reagent, 2-furylmagnesium bromide, was prepared from 2- 
bromofuran in ethereal solution. This substance reacts normally with 
carbon dioxide and with phenyl isocyanate to produce 2-furoic acid and 
2-furoic anilide. 

l7 Marvel, Blomquist and Vaughn, THIS JOURNAL, 50, 2810 (1928). 
la Gilman and Schulze, ibid., 47, 2002 (1925). 
l9 Schiff, Ann., 239, 367 (1887); Leimbach, J. prakt. Chem., [2] 65, 35 (1902); 

Baum, Bey., 37, 2954 (1904). 
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[CONTRIBUTION PROM THE DEPARTMENT OF AGRICULTURAL CHEMISTRY, UNIVERSITY OF 
WISCONSIN, AND THE OPPIC'ICB OP CGREAL CROPS AND DISEASES, BUREAU OF P ~ A N T  

INDUSTRY, UNITED STATES DEPARTMENT OF AGRICULTURE] 

THE ELEMENTARY COMPOSITION OF THE PENTOSAN XYLAN1.2 

Introduction 
When it was demonstrated by Wheeler and Tollens3 that xylose, the 

sugar which Koch4 had originally described and isolated from the products 
of hydrolysis of wood gum, was a pentose sugar with the empirical com- 
position C5HI0o5, i t  became very probable that the corresponding anhy- 
dride, xylan, had the composition (C5H804)n. Soon after the relation- 
ship of xylan to xylose was established, a controversy arose with respect 
to the elemental composition of xylan. In 1896 Johnson6 reviewed the 
controversy initiated by the conflicting analyses of Thomsen, Koch, 
Schuppe, Wheeler and Tollens. The analyses reported, with the excep- 
tion of those by Schuppe, agreed with the fornlula (C5H1005)n. Schuppe's 
analyses for the most part gave higher figures for carbon and hydrogen. 
The analyses reported by Johnson were on a xylan preparation from corn 
(Zea Mays) cobs. He concluded that xylan has the empirical formula 
(C5Hs04)n and that the discrepancies and disagreements reported by other 
investigators were mainly attributable to the fact that xylan is a very 
hygroscopic substance, difficult to maintain at  a constant moisture con- 
tent. Although the analyses reported by Johnson appear to have been 
conducted with the necessary precaution, the conclusion that he reached 
with respect to the empirical formula of the pentosans was apparently 
not accepted. The third edition of the late B. T01lens'~ excellent treatise 
on the carbohydrates published in 1914 still gave the empirical formula 

Published with the permission of the Director of the Wisconsin Agricultural 
Experiment Station. 

2 The major part of this research was done during 1925-1927 while the author was a 
Fellow of the International Education Board posted a t  the University of St. Andrews, 
Scotland, and the University of Graz, Austria. The author wishes to acknowledge his 
indebtedness to Sir James Irvine, D.Sc., F.R.S., Principal and Vice Chancellor of the 
University of St. Andrews, for the privilege of extending the research while a student in 
his laboratory. The author is particularly indebted to Professor Fritz Pregl, Director 
of the Medico-chemical Institute of the University of Graz, under whose personal di- 
rection the micro-analytical analyses were conducted. To the Board of Directors of the 
International Education Board, New York City, the author wishes to extend his thanks 
for the Fellowship grant which enabled him to complete the work in the laboratories 
mentioned. 

3 Wheeler and Tollens, Ann., 254, 316 (1889). 
Koch, Ber., 20, Ref., 145 (1887). 
Johnson, THIS JOURNAL, 18,214 (1896). 

6 B. Tollens, "Kurzes Lehrbuch der Kohlenhydrate," Barth, Leipzig, 1914, p. 474. 
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for xylan as (CloH~80q), or (C5H901.5)r,, In fact the old controversy 
on the question of the elemental constitution of the pentosans still per- 
sists a t  the present time. 

The expression (CI0HlsO9), has again been advanced by Schorsch, 
who formulates the expression (C10H180Y)n for the formula of the pentosans 
on the evidence that: (1) a quantitative recovery of the corresponding 
pentose sugar is not attainable; (2) the purest preparations available 
when distilled with 12% hydrochloric acid by the Krober-Tollens method 
never give an amount of furfural estimated as the phloroglucide compound 
corresponding to more than 92-96% pentosan; (3) no sugar other than a 
pentose has ever been isolated from a pentosan. According to Schorsch 
the formula (2CjH1005.H20)n equivalent to (C10H1809)~ is in accord with 
the experimental results. However, it must be borne in mind that it is 
not possible to hydrolyze pentosans with weak acids without the forma- 
tion of some decomposition products, and that attempts at  a quantita- 
tive crystallization of the free pentose sugar are always accompanied by 
mechanical losses and some retention of sugar in the mother liquors. In 
addition, it is well known that the Krhber-Tollens method never gives 
quantitative results even with the free pentoses. 

Heuser and Schorschs have advanced evidence that under certain con- 
ditions xylan retains sodium hydroxide and appears to form the com- 
pound ((CjH8O4)2.NaOH), corresponding to the formula of the hydrate 
((C5HsO4)2-H20),, the formula implicated in the expression (ClOH~,09),. 
It should be noted, however, that the union formed with xylan and alkali 
is an exceedingly labile one, since the sodium hydroxide can readily be 
eliminated. In addition, it is important to take cognizance of the fact 
that specimens of anhydrous xylan can be readily obtained by desiccation 
a t  115' in a vacuum of 15 mm., or over phosphorous anhydride at  a lower 
temperature. 

In a recent paper from the laboratory of Professor Haworth in Birming- 
ham, England, methylation studies have been extended to the pentose 
polysaccharides. In this research Haworth and co-workers

g 
used a xylan 

preparation obtained from esparto cellulose. By the method of estimating 
separately the carbon and hydrogen, and then the moisture content of 
an air-dried xylan sample, they concluded that their work substantiated 
the empirical formula (CsHs04),. It is apparent that a definite empirical 
formula for the pentosans is essential for a critical consideration of the 
molecular constitution of the pentose polysaccharides. In 1926, while the 
writer was at  the laboratory of Professor Fritz Pregl, Graz, Austria, en- 
gaged in elementary micro-organic analyses, it was possible to investigate 
- Schorsch, Papier-Fabr. Tech. Wiss., Teil, 1927, 576-577; C. A , ,  22, 4478 (1928). 

Heuser and Schorsch, Cellulosechemie, 9, 109 (1928). 
Hampton, Haworth and Hirst, J. C h m .  Soc., 130,1739 (1929). 
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the problem of the empirical composition of xylan, by micro-combustion 
methods. 

The results obtained from the analyses of 15 xylan specimens from 
various sources corroborate the contention of Johnson, Haworth and co- 
workers in formulating xylan as (C5H~04)~ and the methylated xylan 
compounds as derivatives of this parent formula. 

Experimentation 
Five xylan preparations from corn (Zea Mays) seedlings isolated as described in 

this Journal,l0 four xylan specimens from corn cobs, two from corn stalks and one each 
from beech wood, cherry wood, rye straw, and esparto grass were subjected to the ulti- 
mate carbon and hydrogen analysis by the Pregl micro-combustion meth0d.l' With 
the exception of the xylan specimens prepared from the corn seedlings, which were iso- 
lated as stated above, the various specimens were prepared by the method of Wheeler 
and Tollens.12 After the initial isolation the various specimens were subjected to a fur- 
ther purification using the method of Heuser.13 The preparations were thrice pre- 
cipitated from 5.0% sodium hydroxide solution (carbonate free) as the copper-xylan 
complex, from which the copper was eliminated as already described.14 All of the freshly 
precipitated preparations were first dried through the use of organic solvents; the im- 
portance and significance of this procedure has already been mentioned.15 When the 
moisture content of the various xylan preparations was reduced to less than 3% through 
the employment of the aforementioned technique, no difficulty was encountered in ob- 
taining an absolutely anhydrous xylan by drying the specimens in the Pregl micro- 
desiccator block a t  100' for eight to ten hours a t  15 mm. pressure. While it may not be 
difficult to produce absolutely dry xylan specimens by drying in the Pregl micro-desicca- 

TABLE I 
ANALYTICAL RESULTS 

Source of xylan Carbon Hydrogen Source of  xylan Carbon Hydrogen 
spec~men found,a % found," % spectmen found," % found," % 

Corn seedlings prepara- Beech wood 45.42 6.08 
tion A 45.23 6 09 Esparto cellulose 45.22 5 85 

Corn seedlings prepara- Cherry wood 45.10 5 .91  
tion B 45.23 6.08 Rye straw 45.44 6.06 

Corn seedlings prepara- Corn cobs 1 45.51 6.09 
tion C 45.22 6.02 Corn cobs 2 45.48 6 1 0  

Corn seedlings prepara- Corn cobs 3 45.42 6 04 
tion D 4 5 2 4  6.02 Corn cobs 4 45.46 6 04 

Corn seedlings prepara- Corn stalks 1 45.47 6.04 
tion E 45.24 6.06 Corn stalks 2 45.47 6.10 

" All figures are the averages of duplicate analyses of the same specimen. 

lo Link, THIS JOURNAL, 51,2506 (1929). 
l1 The xylans from beech wood and esparto grass were isolated and purified while 

the writer was a t  the St. Andrews Laboratory. All the others had been isolated and 
purified in the home laboratory. 

l2  Wheeler and Tollens, Ann., 254, 304 (1889). 
l3  Heuser, J. prakt. Chem., 104, 259 (1922). This method is a modification of the 

original Salkowski method, Z. physiol. Chem., 34, 162 (1901). 
l4 Link, THIS JOURNAL, 51,2510 (1929). 
l5 Link, ibid., 51,2508 (1929). 
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tor block, it is necessary to employ the utmost care to prevent a re-absorption of water. 
This difliculty was circumvented by placing enough of the partially dried xylan speci- 
mens in a platinum combustion boat to insure a sample of from six to eight milligrams 
when completely dry. The boat was then quickly transferred to a micro-weighing 
bottle by holding the mouth of the bottle against the drying tube and tilting the latter 
to discharge the boat. After weighing the specimen the boat was expeditiously trans- 
ferred to the combustion tube in the manner described above. Through the use of this 
technique the absorption of water from the atmosphere was practically nil, as indicated 
by control weighings made on samples in platinum boats that were transferred back and 
forth from the combustion tube to the weighing bottle. The carbon and hydrogen 
values obtained in the highly purified xylan specimens are given below, calculated on the 
moisture and ash-free basis. Calcd. for ( C ~ H B O ~ ) ~ :  mol. wt., 132.06; C, 45.44; H, 6.11. 

In conclusion the writer wishes to express his gratitude to Dr. Arnulf 
Soltys (Graz) for the generous assistance and helpful suggestions that he 
contributed to this work. 

Summary 
The analytical results obtained by subjecting fifteen highly purified 

xylan specimens from various sources to the ultimate carbon and hydrogen 
analyses by the Pregl micro-method, indicate that pure xylan has the 
empirical formula (C5Hg04)n. This is in agreement with the theoretical 
formula for xylan when formulated as the anhydride corresponding to 
xylose, C5H1005. Judging from the ultimate analyses of xylan prepara- 
tions reported in the literature, pure xylan has in most cases either not 
been obtained, or the preparations were analyzed under conditions that 
did not exclude the absorption or loss of water in the course of the analyti- 
cal procedure. 

DEPARTMENT OF AGRICULTURAL CHEMISTRY 

UNIVERSITY OF WISCONSIN 

MADISON, WISCONSIN 

THE STRUCTURAL ISOMERS OF BROMOBENZOYLACRYLIC 
ACID 

In a recent paper published from this Laboratory1 two pairs of un- 
saturated bromo-y-ketonic esters and the pair of acids corresponding in 
configuration to them were described and shown to be geometrical isomers, 
but the position of the bromine atoms in these substances was not de- 
termined. In 1925 Bogert and Ritter2 prepared an unsaturated bromo 
acid of benzoylacrylic acid and stated that the bromine atom in this sub- 
stance was probably in the a-position because it gave acetophenone on 

Rice, THIS JOURNAL, 50, 1481 (1928). 
Bogert and Ritter, ibid., 47, 526 (1925). 
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treatment with sodium hydroxide. This bromobenzoylacrylie acid was 
prepared by the elimination of hydrogen bromide from the two racemic di- 
bromo acids C6HSCOCHBrCHBrCOOII; the position of the bromine atom 
in the unsaturated acid is, therefore, determined by the comparative reac- 
tivities of the two hydrogen atoms in the dibromo acids. Since the mode of 
addition to benzoylacrylic ester and its substitution products, which have 

1 2 3  4 
two conjugated systems of double linkages CsHbOCCH=CHCOOR, has 

4 3 2 1  
been shown to be a result of l,4-addition according to the scheme 

1 2 3  4 
C~H60CCH=CHCOOR,3~4 it seemed probable that the hydrogen atom a 
to the CeH6CO group would be the reactive one and that the unsaturated 
acid would, therefore, hold its bromine atom in the /3-position to the COOH 
group. This has been proved to be the case. The proof rests on the 
synthesis of the structural isomer of the acid of Bogert and Ritter from 
bromomaleic anhydride by the Friedel and Crafts reaction. This new 
acid gives phenylglyoxal on ozonization; it is the a-acid, CeH6COCH= 
CBrCOOH. The acid of Bogert and Ritter must, therefore, be the /3-acid 
C6H6COCBr=CHCOOH. 

Since the isomeric unsaturated bromo acids recently described were 
prepared by elimination of hydrogen bromide from dibromo acids which 
are substitution products of the dibromobenzoylpropionic acids, they too, 
undoubtedly, hold their bromine atoms in the P-position. They are, 
accordingly, (CH30)2C6H2BrCOCBr=-CHCOOH and their esters (CH30)2- 
C,jH2BrCOCBr=CHCOOR. 

Experimental Part 
Before the structure of the bromobenzoylacrylic acids was established, 

the Friedel and Crafts reaction with bromosuccinic anhydride and ben- 
zene was carried out with the idea that if the course of the reaction was 
such that either a- or 8-bromobenzoylpropionic acid was formed ex- 
clusively, a clue would be given as to the position of the bromine atom in 
the bromobenzoylacrylic acid formed in the analogous reaction with bromo- 
maleic anhydride and benzene. The evidence sought was not obtained 
because not one but two unsaturated bromo acids were isolated from 
bromomaleic anhydride. 

A solution of 14.4 g. of bromosuccinic anhydride in 60 g. of benzepe was stirred 
mechanically and warmed while it was treated gradually with 25 g. of aluminum chlo- 
ride; the product, which was thrown to the sides of the flask as a solid, was decomposed 
cautiously with ice and hydrochloric acid and the solution extracted five times with 
benzene. The benzene deposited 3.7 g. of solid melting at 110-117" which was purified 

Kohler and Engelbrecht, THIS JOURNAL, 41, 764 (1919). 
* Rice, ibid., 50, 233 (1928). 
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by boiling i t  with carbon disul6de and crystallizing the residue from benzene; 2.5 g. of 
a-bromobenzoylpropioni~ acid, melting a t  118" into a red liquid, was obtained. 

Anal. Calcd. for CtoHgO3Br: C, 46.69; H, 3.50. Found: C, 47.09; H, 3.93. It 
is the acid prepared by Bougaults by addition of hydrogen bromide to benzoylacrylic 
acid. Evaporation of the benzene and carbon disulfide filtrates left a red oil from which 
boiling water extracted 1.6 g. of benzoylacrylic acid. This was formed from the maleic 
anhydride which separated during the distillation of bromosuccinic anhydride under 
diminished pressure. Extraction of the original aqueous solution with ether gave 9 
g. of bromosucciriic acid; the yield of a-bromobenzoylpropionic acid calculated from the 
bromosuccinic anhydride which reacted was 30%. No p-bromobenzoylpropionic acid 
could be found though seed was available for inoculation. The behavior of bromo- 
succinic anhydride is thus different from that of methylsuccinic anhydride,G which 
gives both a -  and p-substituted ketonic acids in the Friedel and Crafts reaction. 

a-Bromobenzoylacrylic Acid, C6H6COCH=CBrCOOH.-The bromomaleic an- 
hydride used for the preparation of this acid by the Friedel and Crafts reaction was made 
from both isodibromosucc~nic acid7 and from dibromosuccinic acid.8 From dibromo- 
succinic acid an 81% yield of the unsaturated anhydride was obtained9 by heating the 
acid with half its weight of phosphorus pentoxide a t  200-210' until hydrogen bromide 
was no longer eliminated, distilling the product (b p. 215-216') and redistilling i t  under 
reduced pressure with fresh phosphorus pentoxide-b. p. 110° a t  18 mm. 

A solution of 24.5 g. of freshly distilled bromomaleic anhydride in 80 g. of benzene 
was warmed and treated gradually with 38 g. of aluminum chloride with constant stir- 
ring. When the vigorous evolution of hydrogen chloride slackened, the product was 
heated for one hour, the viscous mass treated cautiously with ice and concd. hydro- 
chloric acid and the brownish colored solid filtered off; 18 g. of crude acid melting at  
110" into a cherry-red liquid was obtained. The acid was purified bFrecrystallization 
from benzene, from which i t  separates in fine needles; i t  can also be recrystallized from 
ether, chloroform, benzene and ligroin, chloroform and ligroin and boiling water. By 
using water it is possible to get rid of the trace of color which is carried down with 
other solvents. When impure the acid is extremely sensitive to heat; on evaporation 
of its solution the residue is a cherry-red oil. From 18 g, of crude product 11.1 g. of 
pure acid, melting a t  129 a into a red liquid, was separated. 

Anal. Calcd. for CloH,03Br: C, 47.05; H, 2.74. Found: C, 47.00; H, 3.01. 
The aqueous filtrate, after removal of the crude acid, was extracted four times with 

benzene; the first crop of crystals from the benzene was 1.5 g. of pure 0-bromobenzoyl: 
acrylic acid (109 ") identified by comparison with a specimen of this acid. The benzene 
filtrate deposited 2.2 g. of acid, melting a t  85-110' into a red oil, from which 1.5 g. of 
p-bromo acid was separated. This acid gave a colorless melt which solidified on cooling. 
The residue from benzene as well as the iesidue left after purifying the a-bromo acid 
contained a mixture of the a-  and p-bromo acids which was contaminated with oily 
decomposition products. The solid separated from these residues was a mixture of iso- 
meric acids. A trace of the a-bromo acid in the 0-bromo acid can invariably be de- 
tected because the melt shows the characteristic red color of the a-isomer. The mix- 
ture of the a-  and 0-bromo acids melts a t  90-102'. It is an interesting fact that the a-  
bromo saturated acid and the a-bromo unsaturated acid form red oils on melting, whereas d 

the 6-bromo saturated acid and the 6-bromo unsaturated acid melt into colorless liquids. 

Bougault, Ann. chim. phys., 181 15,491 (1908). 
6 Mayer and Stamm, Ber., 56, 1424 (1923). 

McKenzie, J. Chem. Soc., 101, 1200 (1912). 
Terry and Eichelberger, THIS JOURNAL, 47, 1067 (1925). 
Walden, Ber., 30, 2886 (1897). 
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Ozonization of a-Bromobenzoylacrylic Acid.-Ozonized oxygen containing about 
5% of ozone was passed for one and one-half hours through a solution of 1 g. of a- 
bromobenzoylacrylic acid in 25 cc. of glacial acetic acid a t  ordinary temperature. The 
ozone was then swept out with a current of nitrogen, the solution diluted with water. 
neutralized with sodium carbonate and extracted with ether. The ethrr was pumped 
off in the presence of water and the resulting water solution treated with a slightly acid 
solution of phenylhydrazine. This produced a yellow precipitate which was dried and 
recrystallized from low-boiling petroleum ether. It separated in the characteristic 
needles of the low-melting phenylhydrazone of phenylglyoxal, with which it was iden- 
tified by a mixed melting point. 

On boiling with water a-brornobenzoylaerylic acid gives acetophenone, which was 
identified by its semicarbazone. With warm sodium methylate the acid also gives 
acetophenone. In one case when steam was passed into the crude product from the 
Friedel and Crafts reaction in order to remove benzene, acetophenone was formed 
instantly and not a trace of the unsaturated bromo acids was found after steam distilla- 
tion had been continued for fifteen minutes. The red oil, which separated from the 
aqueous layer, solidified in contact with ether into a brick red powder which held no 
bromine and did not melt below 250°. This behavior of a-bromobenzoylacrylic acid 
suggests the reactions of benzoylacrylic acid by which von Pechrnannlo prepared a 
red dye. 

Before the structure of a-bromobenzoylacrylic acid was established by ozonization, 
this acid was treated with sodium hydrosulfite in the hope of reducing it to one of the 
known saturated bromobenzoylpropionic acids, but the reduction product was benzoyl- 
propionic acid. This reaction is similar to that in which chlorodibenzoylethylene is 
changed into dibenzoylethane.ll 

Methyl a-Chlorobenzoylacrylate, CsH$.2OCH=CClCOOCHa.-This unsaturated 
chloro ester was obtained by saturating a methyl alcohol solution of the a-brorno acid 
with hydrogen chloride and allowing it to stand. The crude product of reaction was 
used for analysis. 

Anal. Calcd. for C11HsO&l: C, 58.79; H, 4.00; C1, 15.81. Found: C, 58.35; 
H, 4.17; C1, 15.76. 

The ester remains a yellow liquid after exposure to diffused daylight for a year; 
i t  is probably formed by addition of hydrogen chloride followed by elimination of hydro- 
gen bromide. 

Methyl a-Bromobenzoylacrylate, C6H6COCH=CBrCOOCH3.-This ester was pre- 
pared by refluxing a methyl alcohol solution of the acid containing a trace of coned. 
sulfuric acid for three hours. The yellow liquid product is stable in the light but on 
distillation in a vacuum half of the material was left behind as a red oil; the ester which 
distilled a t  198-200" a t  25 mm. was amber colored. 

Anal. Calcd. for CllHsOaBr: C, 49.07; H, 3.34. Found: C, 49 64, 49.70; H. 
3.77, 3.49. 

5-Benzoylpyrazole-4-carboxylic Acid or 4-Benzoylpyrazole-5-carboxylic Acid, 
C6H&OC=CC02H HOOCC=CCOCsH5 

I I I I 
I HN CH or HN CH I1 .-The reaction between a-bromobenzoyl- 

\/ 
N 

\g 
acrylic acid and diazomethane was carried out for the purpose of determining whether 
the yellow liquid ester corresponds in configuration to the acid. An absolute ether 

lo Von Pechmann, Ber., 15, 885 (1882). 
l1 Conant and Lutz, THIS TOURNAL. 47,883 (1925). 



solution of diazomethane was added to an absolute ether solution of the acid until 
evolution of nitrogcn ccased; evaporation ol the solvent left a yellow oii which gave on 
analysis a percrntage of carbon 3.6% too high for the ester. This yellow oil, after 
standing for several hours, began to deposit a colorless solid and finally was almost 
completely changed into this solid. By extracting the mixture with ether the solid was 
separated from a small quantity of yellow liquid which contained bromine, was insoluble 
in sodium carbonate solution, was stable in the sunlight, gave acetophenone on warming 
with water and was probably the ester described above. The solid separated from 
methyl alcohol in rosets of fine, colorless needles melting a t  218' with evolution of gas. 

Anal. Calcd. for CuH~oaNz: C, 61.11; H, 3.70; N, 12.96. Found: C, 60.76, 
61.00; H, 3.71,4.02; N, 12.86. 

The hydrogen bromide is undoubtedly eliminated after formation of the ring nitro- 
gen compound. This reaction is like that of the ester of a-bromocinnamic acid with 
diazoacetic ester which gives an intermediate product containing bromine.12 A pyra- 
zole derivative melting a t  220" with evolution of gas was made by Wolff,13 and shown to 

5 4 
CF,H~COC==CCOOH 

I I 

be H& 1 3 ~ C O O H .  Since the elimination of carbon dioxide from the COOH at  
\/ 

N 2  
3 is known to take place more readily than from the COOH a t  4, it might be possible 
to determine the structure of the pyrazole formed from the a-bromo acid by obtaining 
i t  or its isomer by removal of carbon dioxide14J5 from the pyrazole of Wolff. The 
importance of deciding between the two possible structures for the pyrazole, however, 
did not seem to warrant the laborious synthesis of Wolff's substance. Since it is known 
that the carbon of the diazomethane molecule adds to the 8-carbon atom of an un- 
saturated substance,l6 it is probable that formula I represents the structure of the pyra- 
zole. 

In  order to prepare the unsaturated bromo acid2 now proved to  be p-bromo- 
benzoylacrylic acid, for purposes of comparing it with the a-bromo acid, it  was necessary 
to brominate b~nzoylacrylic acid. Von Pechmann,lo who recrystallized the dibromo 
acid prepared in chloroform solution from dilute alcohol, gives a melting point of 135" 
and Bougault? who recrystallized it from carbon disulfide and benzene, gives 148" as 
its melting point. Bogert and RitterZ report a yield approximately quantitative by 
bromination of benzoylacrylic acid in glacial acetic acid and give 147.5" as the melting 
point of the dibromo acid. They state that this is prepared by bromination in chloro- 
form or glacial acetic acid and that search for the second racemic isomer was in vain. 
In  this Laboratory a mixture of racemic isomers was invariably obtained on bromination 
in both chloroform and glacial acetic acid; this reaction was carried out five times and 
always a quantitative yield of solid was obtained melting a t  110-125'. From this mix- 
ture one of the isomers can be separated by boiling the crude solid with benzene and 
filtering off the less soluble portion, boiling this again with benzene and finally recrys- 
tallizing the residue from the same solvent; from 22.6 g. of the mixture 10.1 g. of the 
dibromo acid which melted a t  150 was thus isolated. The rest of the mixture resisted 
separation though ten different solvents were used. The isomeric dibromo acid can be 

l Z  Buchner and Fritsch, Ber., 26,256 (1893). 
Wolff, Ann., 325, 187-189 (1902). 

l4  Buchner and Dessauer, Ber., 26, 260 (1893). 
'"oenigs and Koerner, ;bid., 16, 2153 (1883). 
I6 Von Pechmann and Burkard, ibid., 33,3590,3594 (1901). 
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separated, however, by starting with the product of bromination melting a t  110-125" 
and boiling i t  in carbon disulfide, filtering off the less soluble portion, boiling the solid 
which crystallizes from the carbon disulfide again with this solvent, filtering off the less 
soluble portion and allowing the filtrate to crystallize. The first crop of crystals from 
this solution melted a t  148"; the mixture of this acid and the solid melting a t  150' 
melted a t  110-132'. 

This lower-melting isomer, described as a solid melting a t  142 ", has been prepared 
from isodibromosuccinic anhydride by the Friedel and Crafts reaction.* It readily 
can be obtained by bromination of benzoylacrylic acid in carbon disulfide solution; 
2 g. of the acid was suspended in carbon disulfide and the calculated quantity of bromine 
added with vigorous stirring. Suddenly the bromine color disappeared and the solution 
a t  once deposited 2.8 g. of solid melting at  140-145'; including the residue which was a 
mixture of isomers, the yield was quantitative. The 2.8 g. of solid was recrystallized 
twice from chloroform, from which it separates in clusters of needles melting at 148"; 
50% of the product was separated as this isomer. I t  crystallizes from benzene in clus- 
ters of fine needles while the isomer (150") separates in long needles from this solvent. 
There is no depression in the melting point when the isomer (148") from bromination 
in carbon disulfide is mixed with the isomer (148") described above. A mixture of i t  
and the acid (150') melts a t  110-132'. A mixture of the isomers was recrystallized 
from benzene; the crystals which separated looked like one substance but they melted 
a t  110-143 O .  

Isomeric Methyl Dibromobenzoylpropionates, CsHaCOCHBrCHBrCO0CHa.- 
An absolute ether solution of the isomer (150") was treated with an absolute ether solu- 
tion of diazomethane; evaporation of the solvent left a colorless solid in quantitative 
yield which melted a t  58' after one recrystallization from methyl alcohol. 

Anal. Calcd. for CllHloOsBr*: C, 37.71; H, 2.85. Found: C, 37.83; H, 3.08. 
When the isomer (148") was likewise treated with diazomethane and the solid 

recrystallized from methyl alcohol, a quantitative yield of ester melting a t  48' was 
obtained. 

Anal. Calcd. for Cl1Hla03Brz: C, 37.71; H, 2.85. Found: C, 37.80, 37.70; H, 
3.08, 3.11. 

The mixture of the two esters is a liquid. These esters were prepared in order to 
confirm a statement made in an earlier paper1? that bromination of methyl benzoyl- 
acrylate gives a product which fails to crystallize because it is a mixture of racemic iso- 
mers. The liquid product of bromination of this ester was seeded with the dibromo es- 
ter (58'); after standing for several days a crop of crystals which were the ester (58") 
separated. 

When 13-bromobenzoylacrylic acid was prepared from dibromobenzoylpropionic 
acids,% 18% of the dibromo acids was recovered unchanged; it is necessary to heat a 
glacial acetic acid solution of the dibromo acids in a boiling water-bath for one hour 
with potassium acetate in order to complete the elimination of hydrogen bromide; 
the highest yield of unsaturated acid obtained in this work was 55%. j3-Bromobenzoyl- 
acrylic acid separates from benzene in large, transparent crystals melting a t  95-98'; 
on standing these crystals become opaque and give up their solvent gradually. . If 
the solid (95-98') is boiled with carbon disulfide, it loses its benzene and shows the melt- 
ing point reported, 109 '. 

j3-Bromobenzoylacrylic acid does not give a trace of acetophenone on boiling for 
one hour with water but on heating it for two hours on a boiling water-bath with a 20y0 
sodium carbonate solution, oxalic acid and acetophenone (identified by its semicarba- 

l7 Rice, THIS JOURNAL, 45,227 (1923). 
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zone) were formed. With potassium hydroxide solution (15 g. in 25 cc. of water) the acid 
gives acetophenone even when the solution is kept cold with ice; after warming this 
solution for two minutes a 94% yield of benzoic acid was separated. The behavior 
of the a- and 6-hromo acids on hydrolysis shows that treatment with alkaline reagents 
and even boiling with water can offer no clue as to the position of the bromine atom in the 
unsaturated bromo acids. That an acetylenic compound was formed2 from dibromo- 
benzoylpropionic acid in the presence of 3 M sodium hydroxide seems improbable in 
view of the ease of hydrolysis of the unsaturated p-bromo acid which would be the in- 
termediate product formed on treatment with alkali. Further, the tendency which 
acetylenic compounds of the type C~H~COCECCOC~H~ show to form addition products 
in the presence of alkaline reagents'J1 indicates that an acetylenic compound, if formed, 
would probably not escape reaction. Attempts have been made to prepare benzoyl- 
propiolic acid but it has not yet been obtained in reactions analogous to those used by 
I,utz18 for the preparation of dibenzoylacetylene from dibromodibenzoylethane. Fur- 
thcr work on this reaction is in progress. 

0-Bromobenzoylacrylic acid, like the a-bromo acid, gives benzoylpropionic acid 
on treatment with sodium hydrosulfite, so that again no conclusion as to structure can 
be drawn from the reduction reaction. 

Methyl 8-Bromobenzoylacrylate, C6H&OCBr=CHCOOCH3.-A liquid mixture of 
isomers was obtained by bromination of 8.3 g. of methyl benzoylacrylate in carbon di- 
sulfide solutiou; this was dissolved in methyl alcohol, the solution heated for five min- 
utes with 8 g. of potassium acetate and poured onto ice. The yellow liquid, obtained 
by extraction with ether, gave 10.5 g. of product distilling a t  180-185O a t  20 mm., a 
90% yield. On standing, the yellow liquid deposited a colorless solid which melted at  
86' after two recrystallizations from methyl alcohol. In the sunlight the yellow liquid 
is rapidly and completely transformed into the colorless solid. These esters, therefore, 
are geometrical isomers. 

Anal. Calcd. for CilH903Br: C, 49.07; H, 3.34. Found: I (86') C, 49.24; 
H, 3.54. I1 (yellow liquid) C, 49.41 ; H, 3.63. 

On treatment of 8-bromobenzoylacrylic acid with diazomethane a quantitative 
yield of the ester (86") was obtained. This ester, then, corresponds in configuration 
t o  the known 0-bromo acid (109"). These esters are not reduced even on warming 
with sodium hydrosulfite. 

When the p-bromo esters are boiled with water the vapor a t  first carries a sharp, 
tear-producing substance which soon disappears and, after several hours of boiling, 
acetophenone is formed. On slight warming with potassium hydroxide solution both 
esters give acetophenone and benzoic acid. 

I n  marked contrast to the behavior of a-bromobenzoylacrylic acid, the 8-bromo 
acid gave a bromo ester when its methyl alcohol solution was saturated with hydrogen 
chloride. This ester (86") on standing for two days in methyl alcohol saturated with 
hydrogen chloride was partially changed into a chloro ester. Micro Pregl determina- 
tions gave 20.85,21.59% of halogen; calcd. for Br, 29.73; for C1, 15.81. 

Summary 

a-Bromobenzoylacrylic acid has been prepared and its structure proved. 
A comparison of its reactions and those of the known bromobenzoyl- 
acrylic acid, now shown to be a P-substituted acid, has been made. 
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[CONTRIBUTION FROM THE POLARIMETRY SECTION, BUREAU OF STANDARDS, UNITED 
STATES DEPARTMBNT OF COMMERCE] 

RELATIONS BETWEEN ROTATORY POWER AND STRUCTURE 
I N  THE SUGAR GROUP. XXVII. SYNTHESIS OF A NEW 

DISACCHARIDE KETOSE (LACTULOSE) FROM LACTOSE1 

The comparison of the rotation of sorbose with that of methyls~rboside,~ 
which indicated that sorbose may possibly exist in solution in only one form, 
namely, as a-sorbose, opened a line of thought which has led us to undcrtake 
the preparation of new ketoses and ketose derivatives. If the fact that  
several of the known ketose sugars (sorbose, tagatose, mannoketoheptose 
and a-glucoheptulose)3 do not show mutarotation is to be ascribed to the 
existence of these sugars in only one form in solution, one must inquire why 
these ketoses are unable to undergo the tautomeric balanced reactions 
which cause the mutarotation of aldoses. In sharp contrast to the behavior 
of these four ketoses stands the observation that fructose, turanose4 (which 
is glucosido-fructose) and perseulose (which is very similar in configuration 
to fructose) exhibit mutarotation. If the four non-mutarotating ketoses 
do not change partially in solution from alpha to beta forms of like ring 
structure, is the mutarotation of the other three due to such a change or 
may i t  not rather involve a shifting of the oxygen ring? The fact that  
fructose mutarotates but its tetra-acetate does not, whereas both glucose 
and glucose tetra-acetate mutarotate, is indeed evidence that the muta- 
rotation of fructose is caused by ring-shifting; its tetra-acetate cannot shift 
the ring except by an improbable acetyl migration. With these questions 
and ideas in mind we have begun the collection of further experimental 
data on ketoses and their derivatives. 

Few ketoses are known in comparison with the large number of aldoses 
that are recognized. The number may be increased either by the dis- 
covery of new naturally occurring ketoses or by way of laboratory syn- 
thesis. The discovery of mannoketoheptose in the avocado5 and of sedo- 
heptose in the stonecrop6 indicates that a systematic search for other new 
ketoses in natural products might be well repaid, but for the present the 

Publication authorized by the Director of the Bureau of Standards. Article 
XXVI was published in THIS JOURNAL, 52,1707 (1930). The synthesis of lactulose was 
reported by the authors a t  the April, 1929, meeting of the National Academy of Sci- 
ences [Science, 69, 556 (1929)l. The name lactoketose was then used for the sugar but  
i t  has been decided subsequently to name it lactulose. ' 

2 Hudson, THIS JOURNAL, 47,278 (1925). 
Bertrand and Nitzberg, Compt. rend., 186,925 (1928). 
Hudson and Pacsu, Science, 69,278 (1929). 
La Forge, J. Biol. Chm., 28, 511 (1917). 

6 La Forge and Hudson, ib id . ,  30,61 (1917). 
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path of synthesis appears to offer prospect of larger or at  least more rapid 
returns. 

The conversion of aldoses to ketoses is a rich and only slightly explored 
field. The first synthesis of this kind was performed by Emil Fischer7 in 
the following two ways: (1) glucose --+ glucose osazone --+ isoglucos- 
amine -+ fructose; (2)  glucose + glucose osazone * glucosone -+ 
fructose. Although Fischer was hopeful that these reactions would prove 
of general application, such has not been the case and no other ketose 
has been synthesized by them. Philippe's8 attempt to prepare a ketose 
from a-glucoheptose through Fischer's methods was unsuccessful. New 
methods of ketose synthesis, introduced by Bertrand and by Lobry de 
Bruyn, have led to the discovery of perseulo~e,~ a-glucoheptulose,3 taga- 
tose and d-sorbose,1° the antipode of natural I-sorbose. Bertrand has 
utilized the sorbose bacterium to oxidize alcohols of the sugar group to 
ketoses but the application of this biological method seems to be consider- 
ably restricted by the specificity of the bacterium. The Lobry de Bruyn 
rearrangement of aldoses and ketoses in alkaline solution appears a t  the 
present time to offer the best prospect for synthesizing new ketoses from the 
large number of known aldoses. The researches of Lobry de Bruyn, Van 
Ekenstein, and Nefll have shown that the important factors for the success 
of the synthesis are (1) the obtaining of conditions of alkaline concentra- 
tion, time and temperature which give suitable rearrangement of the aldose 
with a minimuni of side reactions and (2) a separation of the ketose from 
the mixture of sugars and decomposition products which results from the 
alkaline treatment of an aldose. The success which Wolfrom and Lewis12 
have reported in the rearrangement of tetramethylglucose and tetramethyl- 
mannose a t  35' in satukated limewater has led us to select these conditions 
for the initial step in ketose synthesis. In carrying out the second step the 
procedure of Nef l1 in a modified form has been used and aldoses have been 
removed from ketoses by oxidizing them with bromine water under the 
mild conditions of acidity that result from the presence of a buffering salt 
such as barium benzoate, as recommended lately by Hudson and Isbell.13 
By applying these reactions to lactose i t  has been possible to transform it to 
a new crystalline disaccharide ketose, to which the name lactulose is given . 

because of its origin, and in the following article there is described by our 
colleague, W. C. Austin, the preparation in similar manner of a new crystal- 
line ketose from d-a-glucoheptose, to which he has given the name d- 

7 Fischer, Ber., 22,87 (1889); Fischer and Tafel, ibid., 20, 2566 (1887). 
Philippe, Ann. chim. phys.; 26,289 (1912). 
Bertrand, Compt. rend., 147,201 (1908). 

lo Lobry de Bruyn and Van Ekenstein, Reec. trav. chim., 16,262 (1897) ; 19 , l  (1900). 
l1 Nef, Awn., 403,204 (1914). 
l2 Wolfrom and Lewis, THIS JOURNAL, 50,837 (1928). 
l 3  Hudson and Isbell, ibid., 51,2225 (1929). 
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glucoheptulose. These results indicate that the directions which we have 
worked out are probably of general applicability for synthesizing many 
new ketoses from the large number of aldoses that are known. Work in 
this field is being continued by the authors and at  present the synthesis of 
d-mannoketoheptose is being attempted. 

Behavior of Lactose in Weak Calcium Hydroxide Solution.-A solution of 180 g. of 
a-lactose monohydrate in one liter of clear limewater of 0.043 normality, which had 
been prepared by saturating distilled water with slaked lime a t  35O, was kept a t  35O 
until the change of rotation that results from the Lobry de Bruyn rearrangement was 
complete. The initial mutarotation of lactose in such an alkaline solution is very rapid 
and the first reading, which was made after the lapse of four minutes, showed the equi- 
librium rotation of lactose, [ a j ~  +52.5. The rearrangement became noticeable a t  
the end of half an hour, when the rotation was f 50.7. After twenty-four hours it was 
+37.7, after thirty-six hours +31.6 and after forty-eight hours +31.5. The time 
required for the equilibration of lactose, thirty-six hours, is much shorter than that ob- 
served by Wolfrom and Lewis for d-glucose under like conditions, which was ten days. 
The addition of more lime to samples of the equilibrated lactose solution caused no fur- 
ther change of rotation. When the equilibrated solution was analyzed for aldoses by 
alkaline hypoiodite, using the directions of Goebel,14 a high result indicating the absorp- 
tion of more iodine than could be accounted for by all the lactose originally present, was 
obtained. This result conforms with the observation of Wolfrom and Lewis in the case 
of the glucose rearrangement and is presumably due, as they have suggested, to the 
presence of an unsaturated enolic derivative of the aldose. The equilibrated lactose 
solution was acidified a t  10" with sulfuric acid to a normality of 2.0 and kept a t  35O 
for two hours, as recommended by Wolfrom and Lewis, to accomplish de-enolization. 
Its analysis then by iodine oxidation indicated a mixture of approximately 70y0 aldose 
and 30% ketose. Experience in preparing the crystalline ketose from a considerable 
number of equilibrated solutions indicates that the yield is somewhat increased by the 
introduction of the step of de-enolization but that the increase is hardly worth the extra 
labor involved. 

Isolation of a New Ketose from the Equilibrated Solution.-If one employs a 
de-enolized solution, the sulfuric acid is neutralized with calcium carbonate without 
heating and the filtrate and washings are concentrated under reduced pressure to a sirup. 
When de-enolization is omitted, the equilibrated solution is reduced similarly to a sirup. 
In  either case the sirup resulting from the treatment of 180 g. of lactose is dissolved in 
500 cc. of 95% alcohol. Lactose crystallizes abundantly (about 110-125 g.) and is 
filtered off after several days' standing a t  low temperature. The mother liquor and 
alcoholic washings are concentrated to a sirup which is then mixed with six volumes of 
95% alcohol and the precipitated calcium salts are removed. The filtrate is concen- 
trated again, the sirup obtained is dissolved in 50 cc. of absolute methyl alcohol and 
allowed to crystallize slowly in a desiccator, yielding a second crop of lactose; repe- 
tition of this treatment wually gives a third small crop of lactose, bringing the total 
recovery to about 120-135 g. Another repetition yields by a slow crystallization, 
which is much aided by seeding with crystals of lactulose, a crop of about 14 g. of im- 
pure ketose of [a]D -32 (final) when a de-enolized solution has been employed, or 
about 11 g. showing [ a ] ~  -23, when de-enolization has been omitted. The impure 
sugar is a mixture of lactulose and presumably lactose; the pure ketose can be obtained 
from it through the process of oxidizing the aldose with bromine water in the presence of 
a buffering salt. The amount of aldose present, calculated as lactose, is first estimated 

l4 Goebel, J. Biol. Chem., 72, 801 (1928). 
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by hypoiodite; it is usually about 15Yo of the total dry matter. Bromine to the extent 
of 1.1 moles (Brd for each mole ol aldose present is added to a 10% aqueous solution of 
the impure ketose containing an excess of barium benzoate (1.25 mole) and the solutioil 
is kept a t  room temperature in the dark for two days. The excess bromine, the barium 
and the benzoic acid are then removed as described by Hudson and Isbell and the aldo- 
bionic acid is converted to a salt (calcium, barium or lead) without heating. The solu- 
tion is concentrated to a sirup and the salts are precipitated by adding 6 volumes of 
950jo alcohol, filtering, reconcentrating the filtrate, dissolving it in 250 cc. of absolute 
alcohol, refiltering and reconcentrating. A solution of the last sirup in an equal volume 
of absolute methyl alcohol yields by a slow crystallization (seven days) about 65% 
of the ketose that was present in the impure product; its [a12 value is -51.5 (final) and 
the rotation is not changed by recrystallization from 50y0 methyl alcohol. The yield 
of pure lactulose is about 6 to 7.5 g. from 180 g. of lactose or 10 to 15% of the lactose 
that underwent rearrangement. We have not investigated the other products that are 
apparently formed in considerable quantity. While the yield of lactulose leaves much 
to be desired, it is probable that the general application of the method will show better 
results with many other aldoses because lactulose is very difficult to crystallize; in 
support of this expectation it is mentioned that Austin (see next article) has obtained 
much higher yields of d-glucoheptulose from d-a-glucoheptose by the method. 

Properties of Lactu1ose.-Lactulose crystallizes in hexagonal, colorless plates often 
grouped in clusters. I t  melts a t  15S0, gives the Seliwanoff test for ketoses, is not oxi- 
dized by hypoiodite, reduces Fehling's solution on heating and is sweeter than lactose 
but not as sweet as sucrose. I t  is an anhydrous sugar of the formula C12H22O1~. Its 
combustion shows C, 41.90% and H, 6.50%, whereas the calculated values from this 
formula are C, 42.09% and H, 6.43%; the Ireezing-point merhod indicates its mol. 
wt. to  be 340-352, agreeing with the formula. It is very soluble in water. Lactulose 
exhibits rapid mutarotation. In aqueous solution a t  22' its [ a ] ~  value is -23.8 two 
minutes after solution and the final value is -51.5. The course of the mutarotation is 
shown in the table. It follows the unimolecular order and the extrapolated initial 
rotation is about [a]? -5. Since the change is toward the ne

ga

tive and the mutarotat- 
ing component (fructose, see later) is a d-sugar, the crystalline form of the disaccharide 
is to be designated a-lactulose. The rate of its mutarotation (0.114) a t  22' is approxi- 
mately the same as that of fruct~se '~ (0.082 a t  20"). 

Time, 
minutes 

0 
2 
2.6 
3.6 
4 .3  
5.7 
7 .1  
8.7 
24 hours 

1 
[(LIE (RI + kt)  = - t log 5 r - r m  

[ -  51 . . 
-23.8 0.112 
-27.9 .I13 
-32.7 .lo9 
-36.9 .I17 
-41.6 .I18 
-44.5 .I16 
-46.7 .I13 
-51.5 (constant) . . 

Preparation of Lactone Osazone and its Anhydride from Lactu1ose.-The phenyl- 
osazone of lactulose was not distinguishable from lactose osazone and it showed the 
unique characteristic of the latter in changing to a crystalline anhydride on heating its 

15 Hudson and Yanovsky, THIS JOURNAL, 39,1013 (1917). 
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solution in dilute sulfuric acid.l6 This anhydride is particularly suitable for the char- 
acterization of lactose osazone because it shows a definite rotatory power and does not 
exhibit mutarotation. We find that lactose osazone, which exhibits mutarotation, 
shows varying final values and by successive recrystallizations it was not possible to  
obtain a substance of constant final rotation. The anhydro-osazone from lactose 
melted a t  226' (uncorr.) with decomposition and showed [or]? -174 in a mixture of 
four parts of pyridine and six parts of alcohol17 (concentration, 2 g. of anhydro-osazone/ 
100 cc.). The anhydro-osazone from lactulose melted a t  226 with decomposition and 
showed [or]? - 174. A mixture of the two products melted a t  225-226 with decompo- 
sition. The nitrogen content of the anhydro-osazone from lactulose by the Dumas 
method was ll.0670; theory requires 11.1570. Finally, the identity of the anhydro- 
osazones from the two sugars was conclusively established by solubility measurements 
of the two substances in acetone a t  5". The solubility of the anhydro-osazone from 
lactose was 0.1484 g./100 cc. from supersaturation and 0.1476 from undersaturation, 
and the corresponding values for the anhydro-osazone from lactulose were 0.1492 and 
0.1480. The possibility that the anhydro-osazones might be different compounds of 
closely agreeing solubilities and other properties was tested by a measurement of the 
solubility of a mixture of equal quantities of the two anhydro-osazones, which gave the 
values 0.1484 and 0.1492 from under- and supersaturation; these data make it certain 
that the two products are the same chemical substance because if such were not the 
case the solubility of the mixture would be the sum of the individual solubilities, approxi- 
mately 0.297 g. This method of testing the identity of pure substances is somewhat like 
the method of "mixed melting points" and may well be designated a "mixed solubility" 
method. It is very sensitive and is recommended in cases where the mixed melting-point 
method is of questionable significance because of decomposition of the substance. 

Identification of the Component Hexoses of Lactu1ose.-A solution of 6 g. of 
lactulose in 120 cc. of 1% sulfuric acid was kept a t  100" for eight hours to  accomplish 
hydrolysis. Exact removal of the acid with barium hydroxide and concentration of the 
solution under reduced pressure to a thick sirup, which was taken up in very little 
methyl alcohol, yielded 1.5 g. of a crystalline sugar. After one recrystallization from 
this solvent, 1.0 g. of the sugar, dried a t  50' for six hours, was obtained, showing [or]: 

+81 (final) in aqueous solution; this value agrees with the known rotation of d-galactose. 
Fructose was isolated from the mother liquor in the form of its crystalline compound 
with calcium hydroxide, which was then decomposed with the exact equivalent of oxalic 
acid. Evaporation of the filtrate to a sirup, solution of this in alcohol and slow evapora- 
tion in a desiccator yielded 0.36 g .  of crystalline sugar, of [orI2: -91.5 (final), which 
agrees with the known rotation of d-fructose. 

The Structure of Lactu1ose.-Lactulose shows the composition and molecular 
weight of a disaccharide, CIzBzOI:, as has been mentioned. Its reduction of Fehling's 
solution, the positive Seliwanoff test and the fact that it is not oxidized by bromine or 
by hypoiodite show that its molecule contains a ketose with a free reducing group. 
The fact that its anhydro-osazone is identical with lactose anhydro-osazonc shows that  
its structure is to be expressed as d-galactosido-4-d-fructose, because lactose is known to 
be d-galactosido-4-d-glucose~ and lactose anhydro-osazone can result from no ketose 
of any other structure. Since lactulose crystallizes as an alpha form, as shown by the 
direction of its mutarotation, and since lactose is a beta galactosido disaccharide as 
shown from its hydrolysis by emulsin and from its rotation (see article XXVIIP of this 

lB Fischer, Ber., 20, 821 (1887). 
l7 Neuberg, ibid., 32, 3386 (1899). 
Is ZemplCn, ibid., 60, 1309 (1927). 
l9 Hudson, THIS JOURNAL, 52, 1707 (1930). 
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series), its structure may be further specified by the designation alpha 4-P-d-galactosido 
(1,4)-a-d-fructose, the 1,4-ring being assigned to the gaiactose portion because of the 
ring structure of lactose shown in article XXVI. The ring of the fructose component 
remains unknown, but it  obviously cannot be of the 2,4-type. The isolation of d-galac- 
tose and d-fructose by the acid hydrolysis of lactulose agrees with the assigned com- 
position. 

Summary 
As an experimental introduction to the extension of the Lobry de Bruyn 

rearrangement for the synthesis of new ketoses, conditions for the conver- 
sion of lactose to a disaccharide ketose have been studied and a new ketose 
named lactulose has been isolated in pure crystalline condition. Lactulose 
is shown to be 4-0-d-galactosido(1,4)-d-fructose and the crystalline sugar 
is an alpha form. 

WASHINGTON, D. C. 

RELATIONS BETWEEN ROTATORY POWER AND STRUCTURE IN 
THE SUGAR GROUP. XXVII1. THE CONVERSION OF 

d-ALPHA-GLUCOHEPTOSE TO A NEW KETOSE, 
d-GLUCOHEPTULOSE1 

It is to be expected on structural grounds that a new ketose of configu- 
ration (A) may be prepared in some suitable way from the known d-or- 
glucoheptose, of configuration2 (B). The osazone of this hypothetical 

H H 
H H O H  H H O H H  

CHzOH-C-C-C-C-C-CHzOH CHzOH-C-C-C-C-C-CHO 
O O H O O  O O H O O  
H H  H H H  H H  

ketose should be identical with d-glucoheptose osazone, which has been 
prepared by Fischer2 through the action of phenylhydrazine on either 
d-a-glucoheptose or d-P-glucoheptose. This ketose, to which the name d- 
glucoheptulose might well be given, should bear the same configurational 
relationship to the epimeric aldoses, d-a- and d-P-glucoheptose, as does d- 
fructose to d-glucose and d-mannose. The properties of d-glucoheptulose 
should apparently be of considerable interest because all the asymmetric 

Publication approved by the Director of the U. S. Bureau of Standards. The 
author was a National Research Fellow in Medicine, 1927-1928. He  has arranged with 
Dr. C. S. Hudson, under whose direction the research was carried out, that  i t  will be 
included as No. XXVIII in the series entitled "Relations between Rotatory Power and 
Structure in the Sugar Group." No. XXVII was published in THIS JOURNAL, 52,2101 
(1930). 

Fischer, Ann., 270, 64 (1892). 



carbon atoms (Nos. 3, 4, 5 and 6) of the sugar have precisely the configu- 
rations of the corresponding asymmetric carbon atoms (Nos. 2, 3,4 and 5) 
of the d-glucose molecule. Also, since d-mannoketoheptose, of configura- 
tion3 C shows no mutarotation, it may be expected that its epimeric4 ketose, 

H H 
H H O O  

CHZOH-C-C-C-C-C-CHZOH 
O O H H O  
H H C 

d-glucoheptulose, will not mutarotate. The value of the specific rotation of 
d-glucoheptulose may indeed be calculated in first approximation by adding 
the "epimeric difference of molecular rotation" (6700) to the molecular 
rotation of d-mannoketoheptose ([a],, + 29.2) and dividing by the mol. wt. 
(210) of glucoheptulose, with the result that = ((29.2)(210) + 6700)/ 
210 = +61. From these arguments it obviously follows that the antipodal 
sugar, I-glucoheptulose, of configuration 

H H  H 
0 0 . H  0 

CH20H-C-C-C-C-C-CHzOH 
H H O H O  

may be expected to show [a],, -61, approximately, with no mutarotation. 
These deductions from structural theory and rotatory relations appear to 

have an important bearing upon the results of some recent synthetic work 
* in the sugar group. Bertrand and Nitzberg6 have obtained a pure crystal- 

line ketose, to which they give the name a-glucoheptulose, by the action of 
the sorbose bacterium upon a solution containing a-glucoheptitol, of 
configuration 

H 
H H O H H  

CHzOH-C-C-C-C-C-CHzOH 
O O H O O  
H H  H H  

Since Bertrand has shown during his extended researches with this bacte- 
rium that the ketose which it produces in a given case results from the oxida- 
tion of the secondary alcohol group on the carbon atom that is adjacent to a 
terminal primary alcoholic carbon atom, he and Nitzberg consider that  the 
bacterium probably oxidizes a-glucoheptitol either at  its Carbon 2 or 6 and 
that the configuration of a-glucoheptulose is thus probably either 

8 La Forge, J. Biol. C k m . ,  28,511 (1917). 
The concept of "epimeric" has been developed for aldoses (Votorek) but i t  is 

apparent that it can be extended to ketoses; see Hudson, THIS JOURNAL, 52, 1680 
(1930). Epimeric aldoses (e. g., d-glucose and d-mannose) differ only in the configura- 
tion of their carbon atom 2; epimeric 2-ketoses (e. g., d-glucoheptulose and d-mannoketo- 
heptose) differ only in the configuration of their carbon atom 3. 

Hudson, ibid., 48, 1434 (1926). 
6 Bertrand and Nitzberg, Conzpt, rend., 186,925,1172, 1774 (1928). 
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H H H  H 
H H O H  O O H O  

CH2OH-C-C-C-C-C-CH20H or CH20H-C-C-C-C-C-CHzOH 
O O H O O  H H O H O  

d-Glucoheptulose I-Glucoheptulose 

These configurations represent antipodal forms of one sugar and the desig- 
nations d and I are used in the sense of the dextro and lev0 series of Fischer, 
without regard to the actual directions of rotations of the two enantio- 
morph~.  The researches of Bertrand and Nitzberg have not as yet given a 
decision between these configurations for their a-glucoheptulose and they 
use this designation of the ketose in the purely empiric sense that the sugar 
is derived from a-glucoheptitol. Bertrand and Nitzberg report that a- 
glucoheptulose shows no mutarotation and that it is levorotatory, [a]D 

- 67.1. From the agreement of these data with the present deductions from 
rotatory relations, it seems highly probable that their ketose is l-gluco- 
heptulose. 

The rotation which has been calculated for d-glucoheptulose (f61) is of 
interest also in another respect, since it has now become probable from the 
data of the preceding paragraph that these calculations are substantially 
correct. The known alpha form of d-mannose (mol. wt. 180) shows7 [aID 
+30 and the 1,A = 1,4-ring has been assigned to it by Hudson? By use of 
the epimeric difference of rotation Hudsons calculated from this value the 
rotation of the epimeric alpha d-glucose, of l,A = 1,4-ring structure, to be - 

= ((30)(180) 4- 6700)/180 = +67. Neither of the two known 
crystalline forms of d-glucose (of [a]D + 113 and + 19, respectively), can be 
this substance and Hudson conclnded that the calculated value must refer 
to a form of d-glucose which has not yet been isolated. If it should now 
prove possible to isolate a crystalline form of d-glucoheptulose having an 

value of approximately +61, strong evidence would be a t  hand for 
the belief that alpha d-glucose of l,A = 1,4-ring structure rotates near +67, 
because the calculated rotation of d-glucoheptulose is obtained from that 
of d-mannoketoheptose by the same method that the rotation of a-d-glu- 
cose (l,A = 1,4) is obtained from that of a-d-mannose (1,A = 1,4). More- 
over, the close agreement between the values of for a-d-mannose 
(l,A = 1,4) (+ 30) and d-mannoketoheptose (+ 29.2) has its counterpart 
in the agreeing calculated rotations of a-d-glucose (1,A = 1,4) (+67) and 
d-glucoheptulose (+61), which may be correlated with the like configu- 
rations of the asymmetric carbon atoms in the members of each of these 
pairs, as has been indicated. 

These various considerations and correlations, which were disclosed to me 
by Dr. Hudson shortly after the appearance of Bertrand and Nitzberg's 

Levene, J. Biol. Chem., 57,329 (1923). 
Hudson, THIS JOURNAL, 48, 1424 (1926); 52, 1680 (1930). 
Hudson, abid., 48, 1434 (1926). 



first paper, made the synthesis of d-glucoheptulose from d-a-glucoheptose 
by some chemical method which would leave no uncertainty regarding the 
configuration of the resulting ketose appear very desirable and the work was 
accordingly undertaken. I t  was noticed that Philippe10 had sought to 
accomplish this synthesis through the reactions d-a-glucoheptose -+ d- 
a-glucoheptose osazone --+ d-glucoheptulose, which would be analogous 
to the methods by which Fischerll converted d-glucose to d-fructose, but 
that he was unable to carry out the second stage. Repetition of Philippe's 
work by the writer led likewise to failure. Success came, however, through 
the use of Ipbry de Bruyn's method of conversion of an aldose to a ketose 
in weakly alkaline solution. It has been possible in this way to synthesize 
d-glucoheptulose with a yield of about 30% by applying to d-a-glucohep- 
tose the procedure through which Montgomery and Hudson12 have recently 
synthesized lactulose from lactose in this Laboratory. Proof that the new 
heptose is a ketose was readily obtained from the observation that i t  is not 
oxidized by bromine water. Since its osazone proved to be identical with 
that of d-a-glucoheptose in analysis, melting point and mixed melting 
point, solubility and mixed ~olubility,'~ rotation and mutarotation, it 
seems certain that the ketose has the indicated configuration of d-gluco- 
heptulose. The sugar crystallizes in prisms of m. p. 171-174O, shows no 
mutarotation and is dextrorotatory, [a]: +67 in dilute aqueous solution. 
These results, which have been very carefully established, agree in every 
respect with the theoretical deductions from rotatory relations. They 
show that the a-glucoheptulose of Bertrand and Nitzberg is l-glucoheptu- 
lose (m. p. 173.5O, [a], -67), the optical antipode of the synthetic d- 
glucoheptulose. The existence of this d-glucoheptulose, of [a], +67, is 
strong experimental evidence that Hudson's calculation of 4-67 for the 
rotation of the now unknown a-d-glucose, of the l,A = 1,4-ring structure, 
is substantially correct. 

Preparation of d-Glucoheptu1ose.-Following the directions of Wolfrom and Lewis13 
for the enolization of aldoses in alkaline solution, a saturated solution of calcium hy- 
droxide in water a t  35' was prepared and some d-a-glucoheptose was dissolved in it to 
make a 10% solution. At 35" the [alD value changed from an initial rotation of about 
-20, the equilibrium rotation of d-a-glucoheptose, to -17 after one hour, 0 after ten 
hours, +30 after forty-six hours, and became constant after about seven days a t  f 40. 
An iodine estimation of aldoses in this equilibrated solution showed about 40% aldose 
and 60% ketose. In  a second experiment the end rotation was [ a ] ~  +35. These two 
solutions, representing 55 g. of d-a-glucoheptose, were united and concentrated under 
reduced pressure to about 75 cc. and an equal volume of methyl alcohol was mixed with 
the sirup. A crop of 4.5 g. of crystalline d-a-glucoheptose separated from the solution 
when it was kept overnight in the ice box. A second crop of 5 g. of the original aldose 

'0 Philippe, Ann. chim. phys., 26,324 (1912). 
'1 Fischer, Ber., 22, 87 (1889) ; Fischer and Tafel, ibid., 20,2566 (1887). 
' 2  Montgomery and Hudson, THIS JOURNAL, 52,2101 (1930). 
'3 Wolfrom and Lewis, ib id . ,  50, 837 (1928). 
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was obtained from the mother liquor by concentration and like treatment. The second 
roother liquor ivas concentrated to a thick sirup which was dissolved in about 600 cc. of 
methyl alcohol. An amorphous residue was filtered off, 200 cc. of absolute ether was 
added to the filtrate and more amorphous material was filtered off with the aid of de- 
colorizing carbon. The clear and nearly colorless filtrate was concentrated to a sirup, 
taken up in about 45 cc. of alcohol and the solution was kept in a vacuum desiccator. 
After several days crystal foci appeared and on stirring with 80% ethyl alcohol the mass 
quickly solidified and yielded 27 g. of a new sugar, d-glucoheptulose, showing [ a ] ~  
+66, without mutarotation. The sugar was recrystallized several times, to constant 
rotation, by dissolving it in a small amount of water and adding alcohol or glacial acetic 
acid. It tastes quite sweet. I t  crystallizes very readily as well-formed prisms of m. p. 
171-174", after softening at  167'. It is anhydrous, does not lose weight on heating a t  
100" under reduced pressure in the presence of phosphorus pentoxide, and its analysis cor- 
responds to the formula for a heptose, C1H1407. The combustion of 0.2-g., samples gave 
C, 39.81 and 39.72; H, 6.75 and 6.86; calcd.: C,  40.00; H, 6.67. The pure sugar showed 
[a]: +67.46 in 2.5% aqueous solution and 67.66 in 10% solution; hence [or]? = 67.4 
f0.027 C (where C is concentration) in this range. Decrease of temperature increases 
the rotation and the formula [alt, = +67.4 + 0.0278-0.027 (t-20) applies over the 
range t = 15-30'. Since d-glucoheptulose and d-sorbose are similar in configuration for 
carbons 3, 4 and 5, it is interesting to note that they are much alike in the ease of crys- 
tallization, absence of mutarotation, and the influence of concentration and tempera- 
ture on their rotations. The dextrorotation of d-sorbose ([a]= +43) increases with 
concentration and decreases with rise of temperature." For the mercury yellow line 
the [a]:'& value of d-glucoheptulose is f70.28 in 2.5% solution and for the mercury 
green line [a];& 4-79.5 and [aI5:96 7 79.11 in 2.5% solution. 

In  the first experiment it was possible to obtain the ketose in pure form, unmixed 
with d-a-glucoheptose, but in subsequent preparations the two sugars were obtained 
as a crystalline mixture, due probably to the existence of crystal nuclei of the ketose in 
the laboratory. The separation of the ketose from this mixture is best accomplished 
by the oxidation of the aldose with bromine water containing barium benzoate,l6 which 
leaves the ketose largely unaffected. The precise directions may be omitted, as they 
have been published for the similar separation of lactose and lactulose by Montgomery 
and H u d s ~ n . ' ~  The yield of purified ketose when the bromine oxidation step was 
included in the procedure was about 30% of the weight of the original d-a-glucoheptose. 

d-Glucoheptulose is not fermented by baker's yeast. I t  reduces Fehling's solution 
on heating and yields 87.6% of the weight of cuprous oxide that is produced by an equal 
quantity of anhydrous d-glucose. I t  is not oxidized by the hypoiodite reagent and is 
therefore a ketose. It gives a blue color in the orcin test, stronger than that produced 
by d-xylose and weaker than that shown by d-a-glucoheptose. With phloroglucin the 
same order of color development was found. The ketose also gives positive Seliwanoff 
and Pinoff tests, as does fructose, while the aldoses do not develop color in these tests; 
the intensity of the color was much greater for fructose than for d-or-glucoheptulose, 

Identity of the Osazones of d-Glucoheptulose and d-a-G1ucoheptose.-The osazone 
of the ketose was prepared by heating a solution of 5 g. of sugar, 15 cc. of phenylhydrazine, 
10 cc. of glacial acetic acid and 50 cc. of water for five hours on the steam-bath. After 
twenty-four hours' standing in the ice box, a good crop of yellow needle crystals was 

'4 Tollens and Smith, Ber., 33, 1289 (1900). Their measurements were upon the 
levorotatory I-sorbose. Bertrand and Nitzberg (Ref. 6, first article) have called at- 
tention to the marked resemblance of their a-glucoheptulose (which may now be desig- 
nated I-glucoheptulose) to 1-sorbose. 

l6 Hudson and Isbell, THIS JOURNAL, 51,2225 (1929). 
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obtained, weighing 5.5 g. after washing with warm water, 95% alcohol and ether and 
drying. It was purified by dissolving it in 500 cc. of hot absolute alcohol, treating the 
solution with decolorizing carbon and keeping it in the ice chest for several days. Anal. 
combustions of samples weighing 0.2 to 0.3 g. showed C, 58.40 and 58.63; H, 6.32 and 
6.36; N (Dumas), 14.43 and 14.25. Calcd. for C~H2406N4: C, 58.76; H, 6.19; N, 14.43. 
The melting point was 194-195 with decomposition after darkening a t  185-189 O. A 
solution of 0.4 g. of osazone in 10 cc. of pyridine and 15 cc. of absolute alcohol showed 
[a]: -5.3 two minutes after preparation, +9.6 after two and three-fourths hours and 
+35.0 final (ninety-six hours). 

The osazone of d-a-glucoheptose was prepared similarly and recrystallized twice. 
Anal. N (Dumas), 14.64; calcd. 14.43. The melting point was 194-195O with de- 
composition after darkening a t  189 -190'. A solution of 0.4 g. of osazone in the usual 
pyridine-alcohol mixture showed [a]2$ -1 two minutes after preparation, +9 after 
2.9 hours and f35.6 final (ninety-six hours). A mixture of the two osazones melted 
a t  194-195O with decomposition after darkening in the usual manner. These data show 
that the two osazones are the same chemical compound, namely, d-glucoheptose osa- 
zone, according to the usual tests that are applied to osazones.l6 

These tests have been supplemented by one which Montgomery and 
Hudson12 have lately suggestedin connection with the proof of the identity 
of the anhydro-osazone from lactose and lactulose, namely, the thermo- 
dynamic criterion that the solubility of a mixture of two pure samples of the 
same chemical substance has the same value as the solubility of either 
sample alone. This test, which is analogous to the mixed melting point test 
of substances which do not decompose on melting, is rigorous for osazones 
because there is no decomposition at  the temperature of the solubility 
measurement, whereas the decomposition that occurs on melting invali- 
dates, from the standpoint of thermodynamic theory, th t  strict applica- 
bility of the mixed melting point test for most osazones. The solubility of 
d-a-glucoheptose osazone in acetone at  20° from undersaturation was 
0.0806 g. per 25 cc. of acetone, from supersaturation 0.0814 g.; that of d- 
glucoheptulose osazone was 0.0796 g. from undersaturation and 0.0793 g. 
from supersaturation, and the solubility of a mixture of the two osazones 
was 0.0794 g. from undersaturation and 0.0792 g. from supersaturation. 
Equilibrium was attained in twenty-four to forty-eight hours. This is 
decisive proof that the two osazones are identical because if such were not 
the case the mixed solubility would be of the order 0.081 + 0.079 = 0.160 g. 
This method is highly recommended in the case of substances for which the 
mixed melting point test is not theoretically sound because of decomposi- 
tion on melting or other complications. 

l-ertrand and Nitzberg (Ref. 6, first article) state that the osazone of their ketose 
is identical with d-a-glucoheptose osazone but they make no mention of the rotations of 
the two substances. It seems quite unlikely from the results of the present investiga- 
tion that the two osazones can be identical. I t  is to be expected that they are enantio- 
morphous substances and that the osazone of Bertrand and Nitzberg's ketose, l-gluco- 
heptulose, will show a rotation equal to that of d-glucoheptose osazone but of opposite 
sign. 
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The author wishes to thank the Medical Fellowship Board of the Na- 
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Summary 

A new crystalline ketose, d-glucoheptulose, of configuration 

H H O H  
CHZOH-C-C-C-C-C-CHZOH 

O O H O O  

has been synthesized from d-a-glucoheptose by use of the procedure which 
Montgomery and Hudson have recently developed for the synthesis of 
ketoses from aldoses through the Lobry de Bruyn rearrangement. I t  
proves to be the optical enantiomorph of the ketose which Bertrand and 
Nitzberg recently made through the action of the sorbose bacterium upon a 
solution of a-glucoheptitol and their ketose is accordingly I-glucoheptulose. 
The rotation of d-glucoheptulose, which does not exhibit mutarotation, is 
near the value that was predicted by the rotatory relations developed by 
Hudson. The existence of this ketose, of the calculated rotation, is strong 
evidence that Hudson's calcillation of +67 for the [a]= value of an un- 
known a-d-glucose, of the l,A = l,4-ring type, is substantially correct. 

WASHINGTON, D. C. 

[CONTRIBUTION F ~ O M  THE CHEMICAL LABORATORY OF WEST VIRGINIA UNIVERSITY] 

ESTERS OF CYCLOHEXYLRESORCINOL AND PARA- 
CYCLOHEXYLPHENOL1 

I n  view of the excellent germicidal properties of some of the alkyl and 
aryl substituted hydroxy derivatives of benzene2 and their general low 
toxicity, some esters, of the salol type, have been prepared using cyclo- 
hexylres~rcinol~~~ and p-cyclohexylphenol, with a hope that they may 
prove of therapeutic value.4 

In  general, esters of cyclohexylresorcinol are rather difficult to prepare, 
while those of p-cyclohexylphenol are less so. Cyclohexylresorcinol does 

This communication is an abstract of part of a thesis submitted by Virgil Greene 
Lilly in partial fulfilment of the requirements for the degree Master of Arts in Chemistry 
a t  West Virginia University. 

For a list of important contributions see Bartlett and Garland, THIS JOURNAL, 
49, 2098 (1927). 

Philips, U. S. Patent 1,650,036. 
Kursanoff, Ann., 318, 309 (1901); Wuyts, Bull. soc. chim. Belg., 26, 304 (1912); 

Schrauth and Gorig, Ber., 56, 1900 (1923); v. Braun, Ann., 472, 61 (1929). 



May; 1930 ESTERS OF CPCLOHEXYLR~SORCINOL 2113 

not form a crystalline salt when treated with sodium hydroxide, or when 
cyclohexylresorcinol is dissolved in an indifferent solvent and treated 
with metallic sodium, but gives a red mass of horn-like consistency. I n  
many of the esterification reactions attempted it appeared to undergo a 
kind of polymerization to give tar-like products which we were unable 
to purify. The sodium salt of $-cyclohexylphenol crystallizes easily from 
aqueous solution in thin plates. The potassium salt does not crystallize 
readily. 

Three general methods were used to prepare the esters, as follows: 
the Schotten-Baumann reaction, the action of thionyl chloride or other 
condensing agents, and the action of acid chlorides upon the dry alkali 
phenolates. 

The cyclohexylresorcinol and cyclohexylphenol used in preparing the 
following esters were supplied through the courtesy of Dr. R. R. Read, 
of Sharpe and Dohme, Baltimore, to whom the thanks of the authors 
are due. 

Experimental Part 

Cyclohexylresorcinol Dibenzoate, (C6H3) (C6Hll) .(C1H502)2(1,2,4) .-TO 100 CC. of 
10% potassium hydroxide was added 10 g. of cyclohexylresorcinol, which dissolved to  a 
red wine color. Fifteen and three-tenths grams of benzoyl chloride was added gradually, 
the reaction mixture being stirred vigorously during the course of the reaction, which was 
complete within twenty minutes. A heavy yellow oil formed which settled to the bottom. 
The supernatant liquid was decanted and the heavy oily product repeatedly washed with 
water. This oil did not deposit crystals, so it was dissolved in a small quantity of 
hot alcohol, from which the solid product readily separated on cooling. After two re- 
crystallizations from alcohol the white plate crystals melted sharply a t  88O. The crystals 
have a pleasant aromatic odor; yield, 60%. 

Anal. Calcd. for Cz6H2404: C, 78.00; H, 6.00. Found: C, 77.81, 77.96; H, 5.51, 
6.19. 

p-Cyclohexylphenol Salicylate, CsHa(C6H11).(HOCeHaC00)(1,4). Method 1.- 
Eight grams of well dried sodium P-cyclohexylphenolate and 12 g. of sodium salicylate 
together with 30 cc. of phosphorus oxychloride and 10 g. of finely powdered sodium 
chloride were heated in a balloon flask6 on a sand-bath for an hour a t  130°. The heat 
was then removed and the flask allowed to cool to room temperature. The reaction 
mixture was extracted with an equal mixture of ethyl and methyl alcohols. White 
crystals separated from the alcoholic solution, which melted a t  103.5'. Results by 
this method are very uncertain and usually the yield is very small. 

Method 11.-Twenty grams of cyclohexylphenol and the theoretical amount of 
salicylic acid were refluxed with an excess of thionyl chloride on a water-bath for two 
hours. The excess thionyl chloride was decomposed with cold water, the residue well 
washed and dissolved in alcohol. The crystalline product after further purification 
melted a t  103.5O. A mixed melting point of the products from Methods I and I1 gave 
103 O ;  yield, 25%. 

Anal. Calcd. for C19H2003: C, 77.03; H, 6.75. Found: C, 77.09, 76.94; H, 7.10, 
6.91. 

U. S. Patent 1,606,171. 
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p-Cyclohexylphenol Hydrocinnamate, C6H4(C6Hl,).(C6H6CH2CH2COO)(1,4).- 
The acid chloride of hydrocinnamic acid was prepared by the method of McMaster and 
Ahmann.6 Hydrocinnamic acid was refluxed with an excess of thionyl chloride for two 
hours, the excess thionyl chloride distilled off, and the acid chloride purified by vacuum 
distillation. (Other acid chlorides used in this investigation were prepared in a similar 
manner.) 

Twenty grams of sodium cyclohexylphenolate and 17 g. of hydrocinnamoyl chloride 
were well stirred for ten minutes and a t  the same time gently warmed. The product 
was repeatedly washed with water and the residue dissolved in hot alcohol. On cooling, 
fine needle-like crystals rapidly separated out. On recrystallization the product melted 
a t  74"; yield, 33%. 

Anal. Calcd. for CzlHzrOz: C, 81.82; H, 7.79. Found: C, 81.39, 81.57; H, 7.88, 
7.84. 

p-Cyclohexylphenol m-Nitrobenzoate, C~H~(C~HII )  (OzNCsH4C00) (1,4).-The acid 
chloride of m-nitrobenzoic acid and the calculated amount of well dried sodium cyclo- 
hexylphenolate were warmed together for ten minutes, the reaction mixture washed 
repeatedly with water and dissolved in hot alcohol. The crystals on further purification 
melted a t  114'. Analysis was by the method of Knecht and Hibbert.? 

Anal. Calcd. for CleHlsO4N: N, 4.31. Found: N, 4.50, 4.32. 

grams of p-cyclohexylphenol and the calculated amount of p-nitrobenzoic acid were 
heated with 10 g. of thionyl chloride and 5 g. of phosphorus trichloride for an hour on 
a water-bath. The excess acid chlorides were decomposed with water and the residue 
was crystallized from alcohol. The first crop of crystals was rejected and the second 
portion after repeated recrystallizations melted at  137 O; yield, 15%. 

Anal. Calcd. for ClgH190*N: N, 4.31. Found: 4.37, 4.41. 

Summary 

The following salol type esters of cyclohexy1resorcinol and p-cyclohexyl- 
phenol have been prepared and described: (1) cyclohexylresorcinol diben- 
zoate, (2) p-cyclohexylphenol salicylate, (3) p-cyclohexylphenol bydro- 
cinnamate, (4) p-cyclohexylphenol m-nitrobenzoate and (5) pcyclohexyl- 
phenol p-nitrobenzoate. 

MORGANTOWN, WEST VIRGINIA 

6 McMaster and Ahmann, THIS JOURNAL, 50, 145 (1928). 
"New Reduction Methods in Volumetric Analysis," Longmans, Green, 1910, 

and J. Soc. Chem. Ind., 39, 87 (1920). 
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[CONTRIBUTION PROM THE DEPARTMENT OF PHARMACOLOGY AND TOXICOLOGY, YALE 
I~NIVERSITY MEDICAI, SCHOOL] 

LOCAL ANESTHETICS DERIVED FROM 
DIALKYLAMINOPROPANEDIOLS. I. PHENYLURETHANS 

RECEIVED FEBRUARY 7, 1930 PUBLISHED MAY 8, 1930 

A great majority of the more recently synthesized local anesthetics 
are #-aminobenzoates of suitable alcohols. In view of the structural 
similarity between phenylcarbamic acid esters (I) and p-aminobenzoic 
acid esters (11), i t  is surprising that the field of the phenylurethans 

(I) CGH,NHCOO- (11) NH,CGH,COO- 

has not been more generally investigated from the standpoint of the de- 
termination of their local anesthetic properties. This is perhaps due to 
the rather unsatisfactory properties of the urethans studied by Fromherzl 

and Bonar and S ~ l l m a n . ~  The only other references to this type of com- 
pound are found in patents3 which give no data on pharmacological proper- 
ties. 

In a previous comm~nication,~ a general preparation of dialkylamino- 
propanediols (R2NCH2CHOHCH20H) was described and attention was 
called a t  that time to their probable usefulness in the synthesis of certain 
types of local anesthetics. This paper, the first of a series devoted to  
the preparation of anesthetics derived from these intermediates, deals 
specifically with the mono- and diphenylurethans, prepared by the ac- 
tion of phenyl isocyanate on the dialkylaminopropanediols 
RzNCHz RzNCHa RzNCHz 

I I I 
CHOH + CsH6NCO + CHOH + CaHaNCO -+ CHOCONHCfiHs 
I 
CHzOH 

I 
CH20CONHCd36 

I 
CH20CONHCeH6 

The di-urethans are formed with comparative ease when the alcohols 
are reacted with two molecular proportions of phenyl isocyanate, The 
mono-urethans, however, are more difficult to obtain, since there is a 
decided tendency of the 8-hydroxyl group of the dialkylaminopropanediols 
to react, even in the presence of an excess of the alcohol, yielding the di- 
urethans where the mono-urethans might be expected. In isolating the 
product from the reaction mixture, the obvious procedure would be to 
extract with dilute acid and liberate the free base by the addition of alkali. 
While it is possible to isolate the di-urethans in this manner, the mono- 
urethans are decomposed by alkali before they can be isolated. These 
considerations without doubt explain the error in German Patent 272,529, 

1 Fromherz, Arch. Erptl. Path. Pharmakol., 76, 257 (1914). 
Bonar and Sollman, J. Pharmacol., 18, 467 (1921). 
German Patents 272,529 and 364,038. 
Rider with Hill, THIS JOURNAL, 52, 1528 (1930). 
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purporting to cover the mono-phenylurethan of diethylaminopropanediol. 
The free base only was prepared, and the preparation of this compound 
is poorly described by the patent. The only property given is the melting 
point, 106.5', which is identical with that of the true diurethan as iso- 
lated by the writer. I t  seems certain, therefore, that this compound 
was isolated, rather than the one claimed. 

In  the preparation of these compounds the author has prepared for 
the first time di-n-butylaminopropanediol according to the procedure 
outlined in a previous paper.4 In most cases the hydrochlorides of the 
urethans were prepared without isolating the free bases, and little considera- 
tion has been given to improving the yields, which range from 25-60y0. 
Only those compounds whose pharmacological properties are satisfactory 
merit a more detailed study. 

Experimental 
Di-n-buty1aminopropanediol.-Equimolecular proportions of di-n-butylamine and 

glycidol were mixed and heated on a steam-bath for two hours. The reaction mixture 
was distilled under reduced pressure; di-n-butylaminopropanediol distils a t  127" (3 
mm.). The yield is 90% of the theoretical. 

Anal. Calcd. for CIIH~C,O~N: N, 6.90. Found: N, 6.91, 6.93. 
Hydrochlorides of Mono-phenylurethans of Dialkylaminopropanedio1s.-An ethereal 

solution of one mole of phenyl isocyanate is rapidly mixed with an ethereal solution of the - .  

dialkylaminopropanediol. The reaction mixture is refluxed until the characteristic 
odor of phenyl isocyanate disappears, this being taken as a criterion of the completion 
of the reaction. After cooling of the reaction mixture, the hydrochloride is precipi- 
tated, usually as an oil, by the addition of an ethereal solution of dry hydrogen chloride. 
The ether is decanted and the hydrochloride is recrystallized from acetone. The solu- 
bility of the urethans in acetone increases with the molecular weight, necessitating the 
use of a mixture of acetone and ethyl acetate for the recrystallization of the higher homo- 
logs. No difficulty is found in obtaining a crystalline solid when seed crystals are 
available, although the first isolation sometimes proves difficult. The urethan of the 
amyl homolog is exceedingly difficult to purify, since it must be thrown out of an ethyl 
acetate solution with ether, or recrystallized by evaporating a water solution. Either 
procedure gives a product of somewhat varying properties. The compounds prepared 
are as follows. 

TABLE I 

C6H5NHCOOCH2CHOHCH2NR2.HC1 COMPOUNDS 

Nitrogen, % Chlorine % 
R Formula Calcd. Found Calcd. $ound M. p., OC. 

Methyl CypHla03N2HCl 10.2 10.1 10.0 12.9 12.8 13.0 138-140 
Ethyl C14HzzOaNzHCl 9.26 9.3 9.1 11.7 12.0 11.8 135 
n-Propyl C16H2s03N~HC1 8 47 8.4 8.5 10.7 10.5 10.9 163-164 
Isobutyl ClsH3o03NzHCl 7.81 7.8 7.9 9.89 9.8 9.9 125-127 
n-Butyl ClsH3003N2HCl 7.81 7.8 7.8 9.89 9.7 9.7 128-129 
n-Amy1 CzoH3a03NzHCl 7.25 7.1 7.4 9.18 9.0 9.4 101-103 
Piperidino (NRz) ClsHzz03NzHCl 8.90 . . . . . . 11.3 11.3 11.8 176-177 

Hydrochlorides of Diphenylurethans of Dialkylaminopropanedio1s.-The diphenyl- 
urethans are prepared in a manner entirely analogous to that of the mono-phenyl- 
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urethans by using two molecular proportions of phenyl isocyanate. The di-urethans 
are more soluble in acetone than the corresponding mono-urethans but are crystallized 
in the same manner. The following hydrochlorides of the di-phenylurethans of dialkyl- 
aminopropanediols have been pre~ared.~  

TABI,~ I1 
C~H~NHCOOCH~CI~(OCONHCGH~)CH~NR~.I~[C~ 

Nitrogen, % Chlorine, 
K Formula Calcd. Found Calcd. Pound M. p., '"C. 

Ethyl Cz1Hni04NaHCl 9.96 10 1 9 8 8.4 7 .9  8 .3  109 
n-Propyl C ~ ~ H ~ I O ~ N ~ H C ~  9.36 9.4 9.2 7.9 8.1 8 . 0  183-188 
Isobutyl CzaHa604N3HCl 8.80 8.75 8.85 7.4 7 .5  7.4 116-118 
Piperidino (NR,) CzzHziO4N,HC1 9.1  . . . . . . . . 8.2 8 .1  8 .2  197-198 

The Free Base of the Di-phenylurethan of Diethy1aminopropanediol.-The hydro- 
chloride, prepared as above described, was dissolved in water, an excess of alkali added, 
the product separated by means of ether extraction, the ethereal solution dried over an- 
hydrous sodium sulfate, filtered and evaporated. The residue was recrystallized from 
high-boiling petroleum ether, yielding crystals of the di-phenylurethan of diethylamino- 
propanediol; melting point 106.5O. 

Anal. Calcd. for C21H2i04N3: N, 10.9. Found: N, 10.7, 10.9. 

Pharmacological Properties.-The following table will serve roughly 
to evaluate the strength of the two series of compounds as local anesthetics. 
The tests were made with a 1% solution of the hydrochloride in distilled 
water. The time in minutes required for the production of sensory and 
motor anesthesia in the exposed sciatic nerve of the frog is given in the 
second and third columns. The fourth column gives the duration of anes- 

ANESTHETIC PROPERTIGS 
Time of onset of Duration of 
anesthesia, min. anesthesia, min. 

Compound Sensory Motor Cornea 

Cocaine 4 14 26 

Mono-urethans 

R = methyl 30 52 Incomplete 
R =  ethyl 25 49 15 
R =  n-propyl 14 3 1 26 
R =  n-butyl 6 23 42.6 
R= isobutyl 8 26.5 50 
R = n-amyl 6 13 5 65" 

NR1 = piperidino 9.5 35 Incomplete 

Di-urethans 

R = ethyl 18 47 30 
R = n-propyl 16 55 42 
R= isobutyl 10 36 41 

NR2 = piperidino 5 38 54 
" Using a solution of 0.5 of 1%. 

The methyl and amyl homologs were also prepared, but not purified, the methyl 
compound being hygroscopic and the weakest anesthetic of the series, while the hydro- 
chloride of the amyl compound is practically insoluble in water. 
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thesia after a one-minute application of the solution to the cornea of the 
rabbit. 

From the table it may be seen that the compounds are comparatively 
much more effective on the cornea than on the exposed nerves. The 
isobutyl homolog of the series of mono-urethans, which is approximately 
twice as effective on the cornea as cocaine, has a much lower apparent 
toxicity, the minimum fatal dose for white mice, injected subcutaneously, 
being 1500 mg. per kilo. 

Both the study of the production of anesthesia and that of the toxicity 
are complicated, more especially in the di-urethan series, by the tendency 
of the higher homologs to precipitate proteins. A further study of this 
feature, together with a more complete pharmacological report, will be 
published elsewhere. 

Since these urethans show such promising local anesthetic properties, 
the author proposes to extend this field through the preparation of other 
urethan combinations of the dialkylaminopropanediols and the urethans 
of other amino alcohols. 

Summary 
The mono- and di-phenylurethans of a number of dialkylaminopropane- 

diols have been prepared and have been shown to have interesting local 
anesthetic properties. 

Di-n-butylaminopropanediol has been prepared for the first time. 

[CONTR~I~UTION PROM THE DEPARTMENT OF CHEMICAL ~NGINEERING,  COLUMBIA 

UNIVERSITY ] 

METHYL ISOPROPYL THIOINDIGOID DYES FROM PARA- 
CYMENE. I. DYES FROM AMINOCYMENE1 

BY A. W. HIXSON AND W. J. CAUWENBERG 
REC~CLVED FEBU~ARY 8, 1930 PUBLISHBD MAY 8. 1930 

Introduction 
The number of known sulfur-containing indigoid dyes is very great2 

and their commercial importance is steadily increasing, as shown by the 
introduction of new colors of this series into the industry. These dyes are 
of particular interest due to the great effect of substitution on the color. 
Whereas the derivatives of indigo do not differ greatly in color, those of 
thioindigo cover almost the entire range of the spectrum. A survey of the 
literature showed that practically all of the simple benzene derivatives 

This communication is an abstract of a portion of a thesis submitted by W. J. 
Cauwenberg in partial fulfilment of the requirements for the Degree of Doctor of Phi- 
losophy, to the Faculty of Pure Science of Columbia University. 

Truttwin, "Enzyklopadie der Kupenfarbstoffe," Springer, Berlin, 1920. 
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have been converted into thioindigo dyes but that no derivative containing 
an isopropyl group has been used. I t  was thought that fi-cymene, which 
is produced in large quantities as a by-product in the sulfite paper industry, 
could be used as a starting material for the production of methyl iso- 
propyl thioindigo dyes. 

The simplest thioindigo was first prepared by Priedlander3 by the appli- 
cation of the Badische modification of the Heumann synthesis for indigo 
to thiosalicylic acid. Condensation with chloro-acetic acid gives the de- 
sired grouping, namely, a-carboxyphenylthioglycolic acid. In the prepara- 
tion of highly substituted derivatives, anilines containing the desired 
groups are usually employed. The ortho sulfur atom is introduced through 
a sulfonic acid group or by the Hofmann reaction. The amino group is 
then converted to the carboxyl by the Sandmeyer reaction and hydrolysis. 

A very important industrial method for the production of o-amino- 
phenylthioglycolic acids has been introduced by  her^.^ Aromatic amines 
with an unsubstituted ortho position are condensed with sulfur chloride 
and the condensation product is caused to react with chloro-acetic acid. 
The resulting product is the desired substituted o-aminophenylthioglycolic 
acid. The amine is converted by the Sandmeyer reaction to the nitrile, 
which is then hydrolyzed and condensed to the thionaphthene. These 
compounds are employed to prepare a large number of sulfur-containing 
indigoid dyes. They may be oxidized to give thioindigos or condensed 
with isatin through the alpha or beta oxygen to give Thioindigo Scarlet 
or Ciba Violet derivatives and with acenaphthenequinone to give substi- 
tuted Ciba Scarlets. 

This paper presents the preparation of methyl isopropyl thioindigoid 
dyes from aminocymene by the sulfur chloride condensation method. 
4-Methyl-6-chloro-7-isopropyl-3-hydroxythionaphthene produced by this 
method was condensed with isatin and acenaphthenequinone. The rela- 
tive fastness properties are reported using the commercial dye made from 
o-toluidine as a standard. Spectrum analyses are also reported and the 
effect of the isopropyl group is a shift of nine millimicrons in the direction 
of the longer wave lengths. 

The method followed in the synthesis of these dyes may be represented 
as indicated in the Flow Sheet. 

Experimental Part 
Preparation of Materials.-The cyrnene used for this work was prepared by steam 

distillation of the spruce turpentine after two hours aeration a t  room temperature in the 
presence of aqueous caustic. At first the distillate was colorless and contained 37% 
of oil by volume. The distillation was continued until the oil had a slight yellow color 
and the rate had fallen to 17% oil. The average yield was 67.5%. A distillation test 

Friedlkder, Ber., 39, 1060 (1906). 
Herz. German Patent 360.690. 
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C3H7 C3H7 C3H7 
4 4 4 

GH7 C3H7 
4 / CH3 4 4 

C1 

C- 
C1 

C3H7 C3H7 

(4) 

0 

Cl 

Azo 

. C1 

showed that 80% of the oil distilled between 173.8-177.5'. The oil was not further 
purified for nitration. 

The nitration of cyrnene was carried out as outlined by Demonbreun and Krerner~.~ 
The crude nitrocymene was purified by distillation a t  6 mm. and the fraction boiling 
between 105-127" was separated. The greater portion of this fraction boiled between 
112-120'. The yield was 54.6%. 

Demonbreun and Kremers, J.  Am. Pharm. Assocn., 12, 296 (1923). 
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Aminocymene was prepared by the standard iron reduction with a yield of 88.8%. 
Since the amine was wanted as the hydrochloride, it was dissolved in benzene and pre- 
cipitated with hydrochloric acid gas. 

Condensation Product of Aminocymene and Sulfur Chloride.-Sulfur chloride 
(210 g.) was placed in a one-liter flask equipped with an agitator, reflux condenser and 
gas outlet. After cooling to 20°, 30 g. of aminocymene hydrochloride was added as 
fast as it could be incorporated by the agitator. The mass was stirred for three hours 
under these conditions and allowed to stand overnight at  room temperature. The next 
morning it was heated to 50' and held until the evolution of hydrochloric acid had 
ceased. An equal volume of benzene was added and cooled to 30'. The condensation 
product crystallized in orange-red plates. I t  was separated by filtration and washed 
free from sulfur chloride with dry benzene. The cake was dried in  vacuo a t  50' and the 
yield was 38 g. or 84% of the theoretical based on C~OHIINS~C~~.  

Since the condensation mass became very thick during the heating period and re- 
quired constant attention, the amount of sulfur chloride was increased to ten parts 
This increase gave a much smoother reaction but a smaller yield, 77.5%. 

The compound is a bright orange-red powder which slowly changes to brown. 
I t  is hydrolyzed by water with the removal of one chlorine atom, and by alcohol, in 
which the hydrolysis product is soluble. I t  is soluble in benzene, toluene, acetic acid and 
other organic solvents with which it does not react. It was purified by dissolving in 
glacial acetic acid and precipitating with ether. The purified product gave the follow- 
ing analysis. 

Anal. Calcd. for CloH1~NS2C12: S, 22.82; C1, 25.35; CI/S, 1.11. Found: S,  
22.08; C1,24.52; Cl/S, 1.11. 

The material charred at  120' without melting. 
The filtrate and benzene washings from the condensation was fractionated and 43 % 

of the sulfur chloride was recovered. The total benzene recovery was 91%. 
5-Chloro-2-aminocymene-3-thioglycolic Anhydride.-The sulfur chloride con- 

densation product (16.8 g.) was added to 120 cc. of water at  10'. The suspension was 
well agitated for two hours, during which time the material turned to a gray precipi- 
tate with a colorless supernatant liquor. The hydrolysis product was separated by 
filtration and washed free of acid with cold water. The cake was suspended in 150 cc. 
of cold water and 25 cc. of a 40% caustic soda solution was added. A neutralized solu- 
tion of 8.5 g. of chloro-acetic acid in 50 cc. of water was added and it was heated to 45 ". 
After one-half hour a t  this temperature the yellow solution was filtered from solid im- 
purities and acidified with sulfuric acid. The precipitated acid was converted to the 
anhydride by heating to 70 O. It was filtered and washed first with water and then with 
dilute ammonia. The yield was 12.1 g. or 79% of the theoretical. 

The material was purified by crystallization from benzene. The product was ob- 
tained as fine white crystals soluble in organic solvents, insoluble in water, dilute acids 
and alkalies. It melted at  159.0-159.8°. 

Anal. Calcd. for C12H140NSC1: C1, 13.92; S, 12.57; N, 5.48. Found: C1, 
13.89; S, 12.33; N, 5.50. 

The anhydride ring can be opened to the acid by heating with 40% caustic soda 
solution (containing an amount of caustic equal to the weight of anhydride) a t  120'. 
The anhydride first melts and then solidifies as the sodium salt. 

Allocation of the Chlorine Atom Introduced during the Sulfur Chloride 
Condensation.-Herz4 states that if the amine contains an unsub- 
stituted para position, a chlorine atom will be introduced during the sulfur 
chloride condensation. Analysis of the condensation product showed the 
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presence of two chlorine atoms, one of which could not be removed by 
hydrolysis. The thioglycolic anhydride indicated chlorination either in 
the nucleus or the side chain. The anhydride ring was opened with 
caustic soda as previously described but the time was extended thirty 
minutes. The salt was dissolved in water, filtered from insoluble im- 
purities and converted back to the anhydride. Chlorine analysis showed 
that the substitution was in the nucleus. 

If the above substitution theory is correct, then p-chloro-aminocymene 
should give the same condensation product and anhydride. This proced- 
ure was thought to be the best method of attack for the solution of this 
problem. The 9-chloro-aminocymene was prepared by the method re- 
ported by Wheeler and Giles6 and converted to the thioglycolic anhydride. 
The anhydrides obtained from aminocymene and p-chloro-aminocymene 
were identical, as shown by analyses, melting point and mixed melting 
point. The position of the chlorine atom is therefore established, be- 
ing assigned to the 5-position or para to the amino group. 

TABLE I 
SUMMARY 01 THE ANALYSES OP THE ANHYDRIDES 

Cl S N M. p., 'C. 

Calcd. 13.92 12.57 5.48 ...... 
Aminocymene 13.89 12.33 5.50 159.0-159.8 
Chloro-aminocymene 13.90 12.50 . . 159.8 
Mixed ... . . .  . . 159.8 

Diazotization of 5-Chloro-2-aminocymene-3-thioglycolic Acid.-A solution of the 
sodium salt which was obtained from an experiment similar to the one described under 
the preparation of the anhydride was filtered and to the clear solution, which contained 
0.045 mole, was added 3.45 g. of sodium nitrite dissolved in 20 cc. of water. This solu- 
tion was added through a dropping funnel to 50 cc. of water, 50 g. of ice and 15 cc. of 
hydrochloric acid. The temperature was held a t  10' by means of an external ice-bath. 
The diazo solution was filtered and diluted to 500 cc. 

Efficiency.-A @-naphthol solution containing 0.00139 mole as the sodium salt was 
titrated with the above diazo solution. Twenty-one cubic centimeters of the diazo 
solution was required, which gives an efficiency of 73.4%. 

Azo Dye.-Two hundred and fifty cubic centimeters of the diazo solution after 
neutralization was added to a cold solution of 2.5 g. of @-naphthol in 100 cc. of water 
plus enough caustic soda to give a clear solution. The dye formed imme

di

ately and was 
coagulated with acetic acid. I t  was separated by filtration, washed and dried. The 
yield was 7.0 g. or 99.4% of the theoretical. The crude dye was crystallized from acetic 
acid and the pure compound was obtained as long red needles with a metallic reflex. 

Anal. Calcd. for CZZHZIO~N&C~: Cl, 8.27; S, 7.48. Found: C1, 8.28; S, 7.50. 

Preparation of 2-Cyano-5-chlorocymene-3-thioglycolic Acid and 4-Methyl-6- 
chloro-7-isopropyl-3-hydroxythionaphthen-The conversion of the aminophenyl- 
thioglycolic acid to the cyano derivative may be applied to the sodium salt obtained 
either from the anhydride or from the chloro-acetic acid condensation. The reaction is 
very sensitive to sulfite, sulfide and hydroxyl ions. The sulfite and sulfide ions were 

6 Wheeler and Giles, THIS JOURNAL, 44,2605 (1922). 
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removed by salting out the sodium salt with sodium chloride a t  10' and washing the 
cake with cold saturated brine. The hydroxyl-ion concentration was adjusted by the 
addition of dilute acetic acid. 

A solution (1.5 liters) containing 0.31 mole of the sodium salt prepared from 0.392 
mole of the sulfur chloride condensation product was cooled to lo0 and saturated with 
sodium chloride. The precipitated salt was filtered and washed with cold saturated 
brine. The washed product was dissolved in warm water and diluted to 765 g. Twenty- 
five grams of this solution was acidified and converted to the anhydride, which was 
weighed. I t  was 10% by weight. The remainder of the solution (740 g. or 0.29 mole) 
was diazotized by the method previously described. The neutral diazo solution was 
added to the cyanide and adjusted to PH 6.1 using chlor phenol red as indicator. The 
reaction mass was heated to 50 O and held for thirty minutes. The stirring was stopped 
and the material allowed to stand overnight at  room temperature. The clear super- 
natant liquor was acidified with hydrochloric acid. The cuprous cyanide and nitrile 
were separated and the nitrile was extracted with dilute sodium carbonate. The carefully 
neutralized solution was separated from the precipitated tar and after saturating with 
sodium chloride the sodium salt of the nitrile separated as long white needles. It was 
purified by recrystallization from water and converted to the free acid. The nitrile 
separated as a light tan-colored oil. 

Anal. Calcd. for C13H1402NSC1: S, 11.30. Found: S, 11.76. 
The tar which precipitated during the evolution of the nitrogen and contained the 

greatest portion of the nitrile was isomerized at  80" with dilute caustic soda and trans- 
ferred to a mechanically agitated apparatus to which was connected a reflux condenser 
and oil separator. I t  was refluxed with a 25% sulfuric acid solution and the thionaph- 
thene distilled as a colorless oil which assumed a red color due to atmospheric oxidation. 
The rate was about 5 g. in eight hours. The yield was 19.5 g. or 39.8% of the theoretical 
on the diazo salt. 

The thionaphthene is a colorless oil heavier than water, in which i t  is insoluble. 
I t  is soluble in organic solvents and caustic soda, with which i t  forms a sodium salt. 
It cannot be distilled a t  atmospheric pressure without decomposition but distils readily 
a t  10 mm. The fraction boiling between 191-193' a t  10 mm. was separated for analysis. 

Anal. Calcd. for C I ~ H ~ ~ O S C ~ :  S, 13.30. Found: S, 13.31. 
An interesting observation was made on this oil. When sealed in glass tubes a t  

atmospheric and 10 mm. pressure and exposed to sunlight the red color of the oil a t  
reduced pressure was discharged in five to seven minutes and after standing in the dark 
for twelve hours returned to its former intensity. The action of sunlight on vat dyes 
is generally considered to be a reduction of the dye to the leuco compound. I n  an at- 
mosphere deficient in oxygen the color of this oil was discharged due to the reduction of 
the dissolved dye to the colorless leuco. 

Dyes from 4-Methyl-6-chloro-7-isopropyl-3-hydroxythionaphthene 

4,4-Dimethyl-6,6-dichloro-7,7-di-isopropyl-2,2-bs-tonaphthene Indigo. 
Thionaphthene was dissolved in ten parts of 5% caustic soda solution and heated to  
60°.8 One-half part of sulfur was added and the heating continued until the dye was 
completely precipitated. I t  was separated by filtration, washed and dried. The yield 
was quantitative. 

The dye was purified for analysis by crystallization from xylene, from which i t  was 
obtained as fine red crystals. I t  is sparingly soluble in high-boiling orgaaic solvents. 

The numbers after the names of the dyes refer to the flow sheet. 
Fierz, "Kunstliche Organische Farbstoffe," Springer, Berlin, 1926, p. 461. 
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Anal. Calcd. for Cz4HzzOzSzCIz: S, 13.42; C1, 14.88. Found: S, 13.35; C1, 14.71. 

4-Methyl-6-chloro-7-isopropyl-2-thionaphthene-3-dol Indigo. 2.-Thionaph- 
thenc (1.76 g.) and isatin (1 g.) were dissolved in 30 cc. of acetic acid0 and heated to 
90 ". The catalyst (two drops of hydrochloric acid) was added and held a t  90' for thirty 
minutes. The dye, which separated in fine red crystals, was filtered and recrystallized 
from xylene. The yield was 1.7 g. or 63%. 

Anal. Calcd. for CzoH16NOzSC1: S, 8.67; C1, 9.61. Found: S, 8.65; C1, 9.41. 

4-Methyl-6-chloro-7-isopropyl-2-thionaphthene-2-indol Indigo. 3.-Isatin (1.36 g.) 
was dissolved in 50 cc, of benzene with 1.9 g. of phosphorus pentachloride to form 
isatin chloride,lO which was added to 1.76 g. of thionaphthene dissolved in 200 cc. of 
benzene a t  50". The violet dye which formed immediately was separated and recrys- 
tallized from xylene. The yield was 2.4 g. or 89%. 

Anal Calcd. for CZOHI~NO~SCI: S, 8.67. Found: S, 8.52. 
4-Methyl-6-chloro-7-isopropyl-2-thionaphthene-acenaphthene Indigo. 4.-Thio- 

naphthene (0.95 g.) and acenaphthenequinone (0.7 g.) were dissolved in 30 cc. of acetic 
acid and heated to 90°." Two drops of hydrochloric acid was added and the reaction 
held a t  90" for thirty minutes. The dye was separated and crystallized from xylene 
with a yield of 1 g. or 64%. 

Anal. Calcd. for C2aH1702SCI: S, 7.92. Found: S, 7.82. 

Properties of Dyes 

Solubility.-These dyes are insoluble in water, dilute acids and al- 
kalies and salts with the exception of alkaline hyposulfite, with which 
they form the vat. 

Fastness.-The relative fastness to light was determined by exposing 
them for seventy-two hours to an ultraviolet lamp (used less than 200 
hours) a t  a distance of eighteen inches. 

The fastness to washing was determined by applying the standard 
test except that the time was increased from five to ninety minutes. 

Color in 
No. HzSOI 

FF" Green 
I Green 
2 R violet 
3 R green 
4 Green 
Azo Red 

TABLE 11 
PROPERTIES OP DYES 

Color of Color in Wash 
vat xylenea test 

Yellow Pink y Exc." 
Yellow Pink y Good 
Colorless Orange Good 
Yellow Violet Exc. 
Violet Yellow y Good 
. . . . . .  Yellow . . . 

Fastness 
to light 

Bxc. 
Exc. 
Fair 
Good 
Fair 

Color of 
crystals 

Red 
Red 
Orange 
B black 
Red 
Red 

" y after color in xylene denotes yellow fluorescence. PI? is the commercial dye 
made from o-toluidine. Bxc. for excellent. 

Spectrum Analyses.-These analyses were made with a Koenig- 
Martens spectrophotometer using xylene as the solvent. 

German Patent 205,377. 
'0 Bezdzik and Friedlander, Monatsh., 29, 377 (1908). 
l1 Bezdzik and Friedlandcr, ibid., 30, 284 (1909). 
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SPECTRUM ANALYSES OF DYES 

No. of dye F P  1 2 3 4 Azo 
Wave length, millimicrons 540 549 503 514 576 478 514 465 496 

" The value given for FP (Ref. 8, p. 464) is 540. 

The authors acknowledge their indebtedness to Dr. B. Kurrelmeyer, 
Department of Physics, Columbia University, ior his helpful suggestions 
during the spectrum analyses of these dyes. 

Summary 
1. A number of new sulfur derivatives were prepared from amino- 

cymene. 
2. The position of the chlorine atom introduced into the nucleus during 

the sulfur chloride condensation of aminocyrnene hydrochloride was de- 
termined. 

3 .  A new azo dye was prepared. 
4. Four new thioindigoid dyes containing an isopropyl group were 

prepared. 
5. Fastness tests and spectrum analyses of the dyes were made. 
6. The effect of the isopropyl group was found to  be a shift of nine 

millimicrons in the direction of the longer wave lengths. 
NEW YORK, N. Y. 

- 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMICAL ENGINEERING, COLUMBIA 

UNIVERSITY] 

METHYL ISOPROPYL THIOINDIGOID DYES FROM PARA- 
CYMENE. 11. DYES FROM SODIUM CYMENE SULFONATE1 

Introduction 
The original Heumann synthesis of indigo may be applied to thiophenols 

for the preparation of thioindigo dyes and this method is now employed 
in the industry on substituted thiophenols. These compounds are 
usually prepared by the reduction of the corresponding sulfonyl chlo- 
rides or by the action of potassium ethyl xanthate on diazotized amines. 
After condensing with chloro-acetic acid, the substituted phenylthiogly- 
colic acids are internally dehydrated to the thionaphthene derivatives by 
chloro-sulfonic or sulfuric acids. 

The application of this method to sodium cymene sulfonate would pro- 
duce thioindigoid dyes which are isomeric with those prepared from amino- 

1 This communication is an abstract of a portion of a thesis submitted by W. J. 
Cauwenberg in partial fulfilment of the requirements for the Degree of Doctor of Phi- 
losophy, to the Faculty of Pure Science of Columbia University. 
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cymene by the sulfur chloride m e t h ~ d . ~  This paper presents the prepa- 
ration of methyl isopropyl indigoid dyes from sodium cymene sulfonate. 
7-Methyl-4-isopropyl-3-hydroxythionaphthe prepared by this method 
was oxidized to the thioindigo and condensed with isatin and acenaphthene- 
quinone. The relative fastness, properties and spectrum analyses are 
reported. The method followed in the synthesis of these dyes may be re- 
presented as shown in the Flow Sheet. 

CHa 

Experimental Part 
Reparation of Materials 

The sodium cymene sulfonate prepared according to Hixson and McKee3 was 
obtained from the Chemical Engineering Laboratory of Columbia University. I t  was 
recrystallized twice from alcohol and dried for eighteen hours a t  140'. 

Cymene-2-sulfonyl chloride was prepared as outlined by Phi l l ip~.~  
Thiocarvacro1.-This compound was first prepared by Fleschs from camphor by the 

action of phosphorus pentasulfide. Roderbur2 reported the preparation from the sul- 
fonyl chloride. The method used in this work was an adaptation of the thiophenol 
process of Adams and Marvel.? 

The wet sulfonyl chloride from 25 g. of sodium cymene sulfonate was added slowly 
to a mixture of 210 g. of ice and 71 g. of sulfuric acid a t  -5'. Thirty-six grams of zinc 
dust was introduced, keeping the temperature below 0'. After stirring the mixture for 
one and one-half hours a t  0 ', the ice-salt bath was removed and a reflux condenser con- 
nected to the Y-tube. The mass was heated to boiling (no vigorous reaction during the 

2 Hixson and Cauwenberg, THIS JOURNAL, 52, 2118 (1930). 
Hixson and McKee, J. I d .  Eng. Chem., 10,982 (1918). 

* Phillips, THIS JOURNAL, 46,686 (1924). 
Flesch, Ber., 6, 478 (1873). 
Roderburg, ibid., 6, 669 (1873). 
Adams and Marvel, "Organic Syntheses," John Wiley and Sons, New York, 

1921, Vol. I, p. 71. 
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heating) and refluxed for seven hours. The thiocarvacrol was distilled from the reaction 
mixture with steam and dried over calcium chloride. I t  was purified by distillation and 
the fraction boiling at  235-237' was separated. The yield was 49% of thc theoretical. 

Anal. Calcd. for CloHIS: S, 19.27. Found: S, 19.19. 
Cymene-2-thioglycolic Acid.-Thiocarvacrol (11 g.) was dissolved in 250 cc. of 

water containing 20 cc. of a 40YG caustic soda solution. After adding a trace of sodium 
hyposulfite to prevent oxidation, 9 g. of chloro-acetic acid as the sodium salt in 50 cc. 
of water was added. The solution was heated to 70' and held for thirty minutes. 
The thioglycolic acid was precipitated by acidifying with hydrochloric acid a t  20°. 
The acid was recrystallized from aqueous alcohol with a yield of 13 g .  or 88YG of the theo- 
retical. I t  melted at  97 ". 

Anal. Calcd. for ClsHlrOS: S, 14.38. Found: S, 14.26. 
7-Methyl-4-isopropyl-3-hydroxythionaphthee-The action of chlorosulfonic acid 

on cymene-2-thioglycolic acid may be represented by the reactions 

CH3 CH3 
I s 

6-0.' I 
+ ClSOSH = PocH COH + H2.04 

C3H7 C3H7 
CH3 CHI 

I s 

@cH + C1SO.H = HO&- 

1 COH O\>CH 1 COH 
C3H7 CSH~ 

CH3 
1 

I 

C3Hs C3Ha 
Reactions 1 and 3 may be considered as consecutive with respect to the liberated 

sulfuric acid or side by side with respect to the thioglycolic acid. Reaction 2, the sulfona- 
tion of the thionaphthene, is consecutive. 

A series of experiments was run and the time and yields are given in Table I .  The 
method employed was as follows. Three grams of thioglycolic acid was added in two 
minutes to 30 g .  of chlorosulfonic acid a t  0'. The reaction mass was stirred for the time 
given in the table and poured onto 200 g. of ice. The thionaphthene was obtained as 
pale yellow plates by steam distillation of the dilution mass. I t  was purified by re- 
distillation with steam; melting point, 86 '. 

Anal. Calcd. for ClzH14OS: S, 15.52. Found: 5, 15.41. 

Assuming that 72y0 of the thioglycolic acid is available for conversion 
to thionaphthene and that this conversion and subsequent sulfonation of 
the thionaphthene appear as first-order reactions due to the large excess 
of chlorosulfonic acid (10.3 moles per mole of thioglycolic acid), the ve- 
locity constants ratio 
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K1 Rate of formation of thionaphthene 
= 53.3 zJ = Rate of sulfonation of thionaphthene 

gave the following results when substituted in the general equation for two 
consecutive first-order reactions. 

C"Kl Yield of thionaphthene a t  time 0 = ------ e.-K2e 
K, - K2 

where CO is 0.72, KI is 64, 8 is time in hours and Kz is 1.2. 

TABLE I ' 

EXPERIMENTAL AND CALCULATED RESULTS 

Time in minutes GO 30 7 
Experimental yield, g. 27.8 41.5 61.0 
Calculated yield, g. 22.0 40.5 63.8 

The time at which the yield of thionaphthene is a maximum is given by: 
8 = I / (Kl  - Kz) In (KI/K2) = 0.063 or 3.8 minutes. 

The maximum yield of thionaphthene is given by 

Dyes from 7-Methyl-4-isopropyl-3-hydroxythionaphthene 
7,7-Dimethyl-4,4-di-isopropyl-2,2-bis-thionaphthene Indigo. 1.-A solution of 5 

g. of thionaphthene in 100 cc. of 5% caustic soda solution was heated to  SO0; 2.5 g. of 
sulfur was added and the heating continued until the dye was completely precipitated. 
The product was separated by filtration and boiled with 5% caustic soda solution to 
remove any excess sulfur. The yield was quantitative. I t  was purified by recrystalliza- 
tion from xylene, from which it separated as fine, dark red crystals. 

Anal. Calcd. for C24H2402S2: S, 15.70. Found: S, 15.77. 

7-Methyl-4-isopropyl-2-thionaphthene-3-idol Indigo. 2.-Thi~naphtheae (1.5 g.) 
and isatin (1 g.) were dissolved in 30 cc. of acetic acid and heated to 90 O. Two drops of 
hydrochloric acid was added and the reaction held a t  90' for thirty minutes. The dye 
was filtered, washed with alcohol and recrystallized from xylene. The yield was 1.9 
g. or 79% of the theoretical. 

Anal. Calcd. for CzoH17NOzS: S, 9.55. Found: S, 9.62. 

7-Methyl-4-isopropyl-2-thionaphthene-2-id Indigo. 3.-Isatin chloride formed 
by ad

di

ng 1.9 g. of phosphorus pentachloride to 1.35 g. of isatin in 50 cc. of benzene 
was added to a solution of 1.5 g. of thionaphthene in 200 cc. of benzene a t  50'. The 
benzene was removed with steam and the dye after drying was recrystallized from xylene. 
The yield was 1.7 g. or 71 % of the theoretical. 

Anal. Calcd. for CzOH17NOzS: S, 9.55. Found: 5, 9.63. 

7-Methyl-4-isopropyl-2-thionaphthene-acenaphthene Indigo. 4.-This dye was 
prepared from 0.8 g. of thionaphthene and 0.7 g. of acenaphthenequinone in acetic acid 
containing two drops of hydrochloric acid a t  90 O. The product was filtered, washed with 
alcohol and recrystallized from xylene. The yield was 1.2 g .  or 86% of the theoretical. 

Anal. Calcd. for CzaHlg.OzS: S, 8.91. Found: S, 8.79. 

Thioindigo Dye from Crude Cymene Sulfonate 
The production of a thioindigo dye from crude cymene sulfonate was 

investigated. The intermediates were not purified and the thionaphthene 



process was modified so as to obtain the maximum yield of dye and to  
eliminate unnecessary mechanical operations. 

Thiocarvacrol was obtained with a yield of 50.8y0, which gave a yield 
of 99.6% of crude thioglycolic acid. 

Since the thionaphthene was precipitated by dilution of the reaction 
mass, it was thought advisable to separate it by filtration and to oxidize i t  
directly. The temperature of the reaction was lowered to - lo0 and a 
series of runs was made varying the time. 

TABLE I1 
VARIATION O F  YIELD OF DYE WITH TIME 

Time in minutes 15 7 4 
Percentage yield 26.5 55.0 58 5 

A semi-technical batch gave a yield of 51.2% in large-scale equipment. 

Properties of Dyes 

Solubility.-These dyes are insoluble in water, dilute acids and al- 
kalies and salts with the exception of alkaline hyposulfite. 

Fastness.-The relative fastness to light was determined by exposing 
them for seventy-two hours to an ultraviolet lamp (used less than 200 
hours) a t  a distance of eighteen inches. The fastness to washing was de- 
termined by applying the standard test for ninety minutes. 

PROPERTIES OF DYES 

Color in Color of Color in Wash 
H2SO4 vat xyleneb test 

Green Yellow Pink y Exc. 
Green Yellow Red y Fair 
Green Pale piilk Red y Fair 
R violet Yellow Pink Fair 
B green Yellow Violet Good 
Green Violet Yellow y Good 

Fastness Color of 
to light crystals 

Exc. Red 
Exc. Red 
Fair . . . . 
Fair Red 
Fair B black 
Fair Orange 

" F F  is the commercial dye made from o-toluidine. BB is the semi-technical hatch. 
y after color in'xylene denotes yellow fluorescence; exc. for excellent. 

Spectrum Analyses 
The spectrum analyses were made with a Koenig-Martens spectropho- 

tometer using xylene as the solvent. 

SPECTRUM ANALYSES OF DYES 

No. of dye 1 BB 2 3 4 
Wave length, millimicrons 559 555 510 520 529 546 575 500 510 521 

The authors acknowledge their indebtedness to Dr. B. Kurrelmeyer, 
Department of Physics, Columbia University, for his helpful suggestions 
during the spectrum analyses of these dyes. 
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Summary 
1. 7-Methyl-4-isopropyl-3-hydroxythionaphthene was prepared from 

sodium cymene sulfonate. 
2 .  Four new thioindigoid dyes containing an isopropyl group were 

prepared. 
3. The production of a thioindigo dye from crude sodium cymene 

sulfonate on a semi-technical scale was made. 
4. Fastness tests and spectrum analyses of the dyes were made. 

NEW YORK, N. Y .  

[CONTRIBUTION PROM THE DEPARTMENT O F  RESEARCH I N  PURE CHEMISTRY, MELLON 

INSTITUTE OP INDUSTRIAL RESEARCH, UNIVERSITY OF PITTSBURGH] 

THE ISOLATION AND IDENTIFICATION OF d-MANNURONIC 
ACID LACTONE FROM THE MACROCYSTIS PYRIFERA 

RECEIVED FEBRUARY 10, 1930 P ~ L I S H E D  MAY 8, 1930 

That alginic acid is a polymer of one or more aldehyde sugar acids was 
demonstrated by the authors in a previous comm~nication.~ I t  was 
shown a t  the same time that i t  is composed, a t  least in part, of d-man- 
nuronic acid. The identity of this uronic acid was established on the 
basis of the fact that on oxidation i t  formed a dibasic acid whose diamide 
and diphenylhydrazide corresponded in properties to the analogous com- 
pounds prepared from pure d-mannosaccharic dilactone. 

At the time of our earlier paper we had not succeeded in obtaining the 
aldehyde acid in crystalline condition and were consequently unable to 
publish any data on the physical properties of the new compound. The 
present paper describes experiments which led to  the preparation of crys- 
talline d-mannuronic lactone and the determination of its melting point 
and optical rotation. 

The extraction of alginic acid from the fronds of the Macrocystis, as well 
as the method of hydrolysis and subsequent preparation of the barium 
and cinchonine salts of the hydrolysis product, has been previously de- 
scribed.' The yield of pure cinchonine salt was much less than the calcu- 
lated amount based on the weight of the barium salt from which i t  was 
prepared. The mannosaccharic acid formed, in poor yield, after oxida- 
tion of the barium salt might, therefore, not have been an oxidation prod- 
uct of the acid whose cinchonine salt we had in hand. I n  other words, 
i t  remained to be proved that the cinchonine salt was that of d-mannuronic 
acid. This is shown to be the case in the present paper. The problem 
as to whether or not there are other uronic acids present in the algin re- 
mains for the future. 

* Nelson and Cretcher, THIS JOURNAI,, 51, 1914 (1929). 



Experimental Part 
Preparation of the Lactone.-Five grams of cinchonine salt was dissolved in 125 cc. 

of water. The cinchonine was precipitated by addition of the calculated amount of 
(thrice recrystallized) barium hydroxide solution. A drop of phenolphthalein was 
added to the filtered solution and the pink color discharged by a few drops of dilute 
sulfuric acid. The solution was filtered through "Nuchar" and evaporated under re- 
duced pressure to a few cc. The barium salt was then precipitated by the addition of 
95% alcohol. The salt was dissolved in water, evaporated to a small volume and again 
precipitated with alcohol. Barium was removed with sulfuric acid. The solution, 
after filtering through "Nuchar," was again evaporated under reduced pressure to a thick 
sirup which was placed in a vacuum desiccator for nineteen days over phosphorus 
pentoxide. During the drying period the material slowly crystallized. I t  was extracted 
twice with 5-cc. portions of hot glacial acetic acid and filtered. There was a consider- 
able residue insoluble in acetic acid which proved to be inorganic. Crystallization of the 
lactone occurred as soon as the solution was cool. After standing for several hours, 
the mother liquor was decanted and the crystals were washed twice with absolute alcohol 
and ether. The melting point was 136-138". After twice recrystallizing from glacial 
acetic acid, the melting point was constant at  140-141 9 On further heating efferves- 
cence took place a t  153-155O. 

Anal. Calcd. for CsHaOe: C, 40.90; H, 4.58. Found: C, 40.73, 41.04; H, 4.64, 
4.59 (micro). 5.109 rng. required 2.35 cc. of 0.01263 N NaOH. Calcd. neutralization 
equivalent: 176. Found: 172. 0.0551 g. in 3.017 cc. of aqueous solution gave a 
+ 1.64" in a I-dm. tube; [or]: +89 8'. There was no mutarotation in forty-six hours. 
Uronic acid COz: 0.1829 g. of sample gave 0.0462 g. of COz. Calcd. for CGH~OB: C02, 
25.0. Found: COz, 25.26. 

The lactone was titrated for aldehyde according to the method of WillstHtter and 
SchudeL2 A large excess of iodine over the amount theoretically required for an al- 
dehyde of molecular weight 176 was required. Much of the iodine was consumed in the 
production of iodoform. This is in harmony with our observation that mannosaccharic 
acid was easily oxidized by cold alkaline iodine with formation of much iodoform. The 
study of this reaction and the identification of its products are now under way. 

Identification of the Lactone.-0.250 g. of lactone and 0.924 g. of barium benzoate? 
were dissolved in 30 cc. of water; 0.1 cc. of bromine was added and the solution allowed 
to stand in the dark for forty-eight hours. The solution was filtered to remove the pre- 
cipitated benzoic acid and the excess bromine was evaporated by passage of a stream of 
air. The solution was twice extracted with chloroform and heated for thirty minutes 
with an excess of barium carbonate. After filtering, the solution was evaporated to a 
few cc. under reduced pressure. A granular precipitate of the barium salt formed during 
evaporation. The precipitation was completed by the addition of several volumes of 
alcohol. The salt was dissolved in hot water and again evaporated and treated with 
alcohol. After filtering and washing with alcohol, the barium was removed with sulfuric 
acid, the solution filtered through decolorizing carbon and evaporated, in vacuo, to a 
sirup. Crystallization was induced by seeding with a crystal of mannosaccharic lactone. 
The partially crystalline sirup was dried for twenty-four hours in a vacuum desiccator 
over phosphorus pentoxide. The material was twice extracted with about 5-cc. portions 
of hot glacial acetic acid and filtered. On cooling the product separated in crystalline 
condition. Again filtered, washed with alcohol and ether and dried, the compound 
melted a t  182-1%' with decomposition. 

a Willstatter and Schudel, Ber., 51, 780 (1918). 
3 Hudson and Isbell, THIS JOURNAL, 51, 2225 (1929). 
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A sample of pure mannosaccharic lactone melted a t  182-183" when heated at ihe 
same rate and there was no change in the mixed melting point. 

Optical rotation.-0.0360 g. in 3.017 cc. of aqueous solution rotated +2.3g0 in a 
1-dm. tube: [a]? +199.5". The sample of d-mannosaccharic dilactone prepared in 
this Laboratory had [a]: +199.8". Titration with alkali: 0.0102 g. required 2.01 cc. 
of 0.0590 N NaOH. Neutralization equivalent, calcd.: 87. Found: 86. 

The Diamide.-The solution which had been used for determination of the optical 
activity was evaporated to dryness under reduced pressure and several drops of concd. 
ammonium hydroxide was added. After several hours a white crystalline compound 
was deposited. I t  melted a t  189' and after mixing with pure d-mannosaccharic diamide 
the melting point was unchanged. 

Summary 
A hitherto unknown aldehyde sugar acid-d-mannuronic-has been 

isolated, in the form of its lactone, from the hydrolysis product of the 
algin in the Macrocystis flyrifern. 
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A number of investigators have studied the effect of nitric acid, nitrous 
acid and nitrogen oxides on more or less purified mixtures of rosin acids. 
Easterfield2 reported that nitro derivatives are obtained when abietic 
acid is treated with nitric acid in glacial acetic acid solution, but gave no 
experimental data. Johansson3 first reported a crystalline nitro deriva- 
tive of abietic acid. This was obtained in 15% yield by the action of fum- 
ing nitric acid at a low temperature on an abietic acid of m. p. 155-168' 
and [a],, -28.6'. This, a dinitro compound, CzoHzsNzOs, m. p. 178-184' 
and +44.25', was sensitive to light and was easily esterified. Aschan 
and Virtanen4 duplicated the work of Johansson on pinabietic acid and 
obtained the same product. They concluded that Johansson's abietic 
acid was in reality pinabietic acid. 

Dubourg5 also attempted, unsuccessfully, to duplicate the work of 
Johansson on an abietic acid [a]= - 100". Dubourg, however, succeeded 

This paper is an abstract of a thesis presented to the Graduate School of the 
University of Pittsburgh by I,. A. Goldblatt in partial fulfilment of the requirements 
for the Degree of Doctor of Philosophy. 

T. H. Easterfield and George Bagley, J. Chem. Soc., 85, 1238 (1904). 
M .  D. Johansson, Arkiv. Kemi. Min. Geol., 6, No. 19, July (1917), and Mon. 

sci., 88, 73 (1921). 
* Ossian Aschan and A. I. Virtanen, Ann., 424, 150 (1921). 
6 J. Dubourg (a) Bull. inst. pin., No. 41, 241 (1927), and (b) No. 59, 138 (1929). 
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in isolating several white crystalline nitro derivatives of abietic acid. 
A dinitro derivative, ClgHzsNzOs, m. p. 162-165' and jaID - 1 1 5 O ,  was 
obtained by the action of concentrated nitric acid on a hot alcohol or 
acetic acid solution of abietic acid. The maximum yield was 33%. This 
compound was stable toward light and air, markedly levorotatory and 
could be esterified only with difficulty. I t  was, therefore, diierent from 
the dinitro compound of Johansson and Aschan and Virtanen. A trini- 
tro compound, C16H1?N308, m. p. 156-158' and [a]= - 136.2O, was pre- 
pared by the action of fuming nitric acid on the dinitro derivative. A 
different trinitro derivative, CzoHz3N30s, m. p. 177-178' and -9s0, 
was prepared with a yield of 2-3% by the action of concentrated nitric 
acid a t  room temperature on a solution of abietic acid in carbon tetra- 
chloride. 

Patents covering the products obtained by the action of nitric acid on 
rosin or rosin acids have been granted to Fry, Kesler and A r n ~ t , ~  but these 
patents were entirely concerned with empirical processes. 

There has been considerable controversy as to the products obtained 
by previous investigators from the nitration of abietic acid. E'urther, 
only low yields of products were reported and practically nothing was 
said as to the fate of the remainder of the abietic acid used. It was there- 
fore deemed desirable to make a further study of the nitration of abietic 
acid. It was also the purpose of this investigation to study certain chemi- 
cal properties of abietic acid and derivatives such as salts and esters with 
special reference to nitration and the reduction of nitro bodies produced. 

Experimental Part 
Nitration of Abietic Acid.-Twenty-four experiments were conducted to observe 

the effect of nitric acid on abietic acid or sodium tetra-abietate, prepared according to 
the method of Kesler: dissolved in alcohol. The effects of concentration of abietic acid, 
concentration of nitric acid, stirring, temperature and time of reaction were studied. 
In  general, two products were obtained, a white crystalline dinitro derivative and a 
yellow uncrystallizable nitrogen-containing product. The formation of the white di- 
nitro compound was accompanied by a vigorous effervescence and frothing and, in 
general, was favored by a high temperature, a short time of reaction and an excess of 
nitric acid. A maximum yield of 40% of the white dinitro compound was obtained in 
this series of experiments. A yield of 50% was obtained in an experiment in which the 
combined mother liquor and wash alcohol from one nitration was used as the solvent for 
a second nitration. 

A TypicaI Experiment.-One hundred grams of abietic acid, m. p. 166" and [a]? 
-67", and 200 cc. of 95% ethyl alcohol were placed in a 5-liter round-bottomed pyrex 
flask. The mixture was heated to boiling on a water-bath. When solution was effected, 

George Fry, U. S. 754,298, March 8, 1904; J. J. Kesler, U. S. 922,596, May 25, 
1909; Robert Arnot, German Patent 337,954, June 7, 1921; French Patent 520,984, 
July 5, 1921. 

C. C. Kesler, Alexander Lowy and W. F. Faragher, THIS JOURNAL, 49, 2898 
(1927). 
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fifteen 5-cc. portions of nitric acid (sp. gr. 1.42) were added a t  half-minute intervals. 
The last 5 cc. was added in 0.5-cc. portions a t  half-minute intervals, and was allowed to 
run down the side of the flask. This procedure is necessary in order to start a localized 
reaction. The solution was colored a deep brownish-black a t  this stage. A violent 
frothing accompanied by the evolution of a small amount of nitrogen oxides, carbon 
dioxide and acetaldehyde commenced when the last portion was added. The flask was 
quickly removed from the water-bath and the upper surface cooled by means of cold 
wet cloths to prevent expulsion of the liquid by the violent frothing. The reaction 
soon subsided and a clear orange colored liquid resulted. 

On cooling, needle-like crystals gradually formed throughout the entire liquid. 
The crystals were filtered by suction and washed with 150 cc. of alcohol. They were re- 
crystallized from alcohol and dried in vacuo over anhydrous calcium chloride. Twenty 
g. of a white crystalline material, discussed as the white dinitro compound, m. p. 170- 
171" and [a]: -llSO, was thus obtained. (All melting points have been corrected. 
The rate of heating for the last 20' was 2 - 3 O  per minute. The rotation in this case was 
measured on a 0.6% solution in 95% ethyl alcohol.) The combined filtrate and wash 
liquor was placed in an ice-box overnight. The additional crystalline deposit was 
filtered and treated like the above-described first crop. In this way an additional 10 g. 
of the white crystals was obtained. In order to get a second crop, this cooling should 
not be too intense as an orange oily product separates when this solution is cooled to 
-10". 

The orange colored filtrate was then poured with vigorous stirring into 3 liters of 
water acidulated with 100 cc. of concentrated hydrochloric acid. An orange-yellow 
amorphous precipitate was thus obtained; (when the water was not previously acidu- 
lated a gelatinous precipitate, difficult to filter, was formed). This product was filtered 
by suction and washed free of chlorides with about 10 liters OF water. When dried 
in vacuo over calcium chloride, 75 g. of a yellow nitrogen-containing product (discussed 
as  the yellow nitrogen-containing product) was obtained. 

Neither the white dinitro compound nor the yellow product were obtained when an 
alcoholic solution of abietic acid was treated with ethyl nitrate, used alone or with a 
little nitric acid, as the nitrating agent. 

Other Nitration Experiments.-Seventeen experiments were conducted to observe 
the effect of various amounts of nitric acid on abietic acid in acetic acid solution a t  tem- 
peratures ranging from 25-120'. Very little reaction took place a t  low tempera- 
tures and there was no frothing below 90". Above 90" frothing occurred, the reaction 
mixture became orange-red in color and the yellow nitrogen-containing product was 
obtained. When acetic acid was used a3 a solvent, only a small quantity of the white 
crystalline dinitro acid was obtained. The maximum yield of this compound, 4%, 
was obtained in an experiment in which 4 cc. of concentrated nitric acid was added in 
0.5-cc. portions at half-minute intervals to  a solution of 10 g. of abietic acid in 25 cc. 
of acetic acid a t  a temperature of 90 ". 

Several experiments were carried out on the nitration of abietic acid dissolved in 
benzene, nitrobenzene, carbon tetrachloride and l,4-dioxan. The white dinitro 
compound was not obtained in any of these experiments. The use of concentrated 
nitric acid and elevated temperature resulted in the formation of the yellow nitrogen- 
containing product. 

A number of experiments were conducted in which abietic acid or sodium tetra- 
abietate was treated difectly with nitric acid. Oxidation occurred and no crystalline 
nitro derivatives of abietic acid were isolated. The results obtained were invariably 
the yellow uncrystallizable nitrogen-containing material. 

The White Dinitro Compound.-The rate of heating affects the melting point of 
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this compound. After two recrystallizations from alcohol, the following melting points 
were observed. Rate of heating above 140 ": 1 " per minute, m. p. 163.&164.2 "; 1.5 
per minute, m. p. 165.9-166.2'; 2 5' per minute, m. p. 171.2-171.4O. Successive re- 
crystallizations from alcohol, ether, acetic acid and acetone did not appreciably alter the 
melting points taken a t  corresponding rates. 

The analytical data presented by ~ u b o u r g ' ~  are quite inconclusive. Since the 
melting point was higher and since Dubourg reported the loss of a methyl group, this 
compound was analyzed. Analysis substantiated the formula C19H26N206 proposed 
by Dubourg. 

Anal. Calcd. for C19HZhN206 (without CHs): C, 60 28; H, 6 93; N, 7 41, neutral 
equivalent, 378.2. Calcd. for CzoHzsNz06 (with CHs): C, 61.19; H, 7.19; N, 7.16; 
neutral equivalent, 392.2. Found: C, 59.94, 59.45; H, 7 30, 7.21; N, 7.57, 7.69, 7.33, 
7.63, 7.67; neutral equivalent, 374.5,367.4,373.7. 

The sodium salt was precipitated by adding an excess of 307, aqueous sodium hy- 
droxide to an alcoholic solution of the dinitro compound. After washing with alcohol 
and drying in vacuo over calcium chloride, it  was analyzed as the sulfate. 

Anal. Calcd. for Ct9H2sN2O6Na (without CH8): Na, 5.75. Calcd. for CZOHZ~NZO~- 
Na (with CH3): Na, 5.56. Found: Na, 5.56, 5.78, 5.71. 

The ethyl ester, m. p. 157.5-157.g0, was prepared by refluxing an alcoholic suspen- 
sion of the sodium salt with diethyl sulfate. This compound was also prepared by the 
action of nitric acid on an alcoholic solution of ethyl abietate,s b. p. 195-ZOO0 (4 mm.). 

I t  is quite difficult to saponify this ester. Analysis indicated the formula CzlH30- 
N206 for this compound and thus further substantiated the formula CI~HZE,NZO~ for the 
free acid. 

Anal. Calcd. for C21H3&T206 (without CH3): C, 62.04; H, 7.44; N, 6.90. Calcd. 
for Cz2H32N206 (with CH3): C, 62.82; H, 7.67; N, 6.65. Found: C, 61.74,61.63; H, 
7.52,7.61; N, 7.21,7.04,7.17, 7.13,7.12. 

Molecular weight determinations of the white dinitro compound indicate slight 
association in ethyl acetate solution and considerable association in benzene solution. 
Calcd. for C1gHz6N206 (without CH3): mol. wt., 378.2. Calcd. for CzoHzsNz06 (with 
CH3): mol. wt., 392.2. Found: mol. wt., 401.1 (in ethyl acetate); 571.2 (in benzene). 

Saponification experiments indicated that the white dinitro compound is a nitro 
derivative of abietic acid and not a nitrate. I t  was reduced by means of zinc dust and 
acetic acid, zinc dust and hydrochloric acid in 50% ethyl alcohol and alkaline sodium 
"hydrosulfite," Na2S204. It was also reduced catalytically in ethyl acetate solution 
with a platinum oxide catalyst, Pt02.H20, prepared according to the method of Adams 
and Shriner.9 

Nitrogen oxides were evolved during the reduction in acid solution. Ammonia 
was evolved during the reduction in alkaline solution. A white solid melting a t  171.5- 
172" was precipitated in 80% yield from the ethyl acetate solution during the catalytic 
reduction. One mole of the white dinitro compound absorbed 1.74 moles of hydrogen 
during the reduction. The reduction product evolved ammonia when dissolved in hot 
alcohol or when treated with cold dilute aqueous alkali. 

The Yellow Nitrogen-Containing Product.-The yellow nitrogen-containing product 
did not have a definite melting point but decomposed above 100". A 0.570 solution in 
alcohol gave [a]: -36O. This product was only slightly soluble in chloroform, carbon 
tetrachloride and petroleum ether. Attempts to separate components of this material 

8 Supplied by the Hercules Powder Company. 
Roger Adams and R. I,. Shriner, THIS JOURNAL, 45, 2171 (1923). 
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and to secure crystalline products by the use of a number of solvents, mixtures of sol- 
vents and partial precipitation of metallic salts were unsuccessful. This product dis- 
solved in cold aqueous sodium hydroxide, potassium hydroxide and ammonium hy- 
droxide, imparting a deep red color to the solution. Abietic acid dissolved in these re- 
agents forming colorless solutions. The respective products were reprecipitated by 
bubbling carbon dioxide through the solution. The analytical data show this to be a 
nitrogen-containing h~droxylated acid. 

Anal. Found: C, 63.76, 63.60, 63.27, H, 7.83; N, 6.74, 6.46, 6.70. Neutral 
equivalent, 365.5, 367.7. Acetyl chloride indicated the presence of 0.84 OH per neutral 
equivalent. 

The red alkaline aqueous solution of this yellow nitrogen-containing product com- 
pletely absorbed oxygen from air; 300 cc. of a 3% alkaline solution absorbed 20 cc of 
oxygen in fifteen minutes; 1.8 g. dissolved in 100 cc. of 1% aqueous sodium hydroxide 
absorbed 92 cc. of oxygen in the course of three days. The alkaline solution froths or 
lathers quite readily. 

The yellow product was reduced in the same manner as the white dinitro com- 
pound. Nitrogen oxides were evolved during reduction in acid media and ammonia 
was evolved during reduction in alkaline media. The evolution of ammonia when the 
catalytic reduction product was made alkaline indicated the reduction of a nitro group. 
No crystalline reduction products of the yellow nitrogen-containing material could be 
obtained. Analysis of the brown solid obtained by pouring the zinc-acetic acid reduc- 
tion product into water further indicated the loss of nitrogen from this product during the 
reduction. 

Anal. Found: (before reduction): N, 6.74, 6.46; (after reduction): N, 3.54,3.64. 

A light yellow sodium salt was precipitated from acetone solution when aqueous 
sodium hydroxide was added drop by drop. Attempts a t  esterification of the sodium 
salt of the yellow product with dimethyl or diethyl sulfate resulted only in uncrystal- 
lizable tars. 

Summary 

1. A study of the conditions of nitration of abietic acid and some of 
its derivatives has been made. 

2. Two main products were obtained: a white crystalline dinitro 
acid, C19H26N206 (substantiating Dubourg's results), m. p. 171.2-171.4° 
(Dubourg reported a m. p. of 162-165') and a yellow amorphous nitrogen- 
containing product, decomposing above 100'. The latter is a hydroxylated 
nitro derivative of abietic acid while the former is not. The properties 
of these products have been studied. 

3. The alkaline solution of the yellow nitrogen-containing product 
readily absorbs oxygen. 

PITTSBURGH, PENNSYLVANIA 
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THE REACTION BETWEEN THIOCARBANILIDE AND 
MONOCHLORO-ACETIC ACID IN ALCOHOL AND IN ACETIC 

ACID SOLUTION1r2 

E'ollowing the general directions of Langevor the preparation of di- 
phenylisothiohydantoin from thiocarbanilide and monochloro-acetic acid, 
in order to study its condensation with aldehydes, Hann and Markley4 

and later Kingsbury and Markley5 observed that the reaction conditions 
markedly affected not only the yield but also the compound which was 
formed. No explanation of these observations could be obtained from 
the papers of Lange, Andrea~ch,~ Webermann and Lange,' and Lieber- 
mann,8 who previously prepared diphenylisothiohydantoin for the pur- 
pose of studying its constitution, since these authors failed to  mention 
either the yields obtained or the effect of variations in the experimental 
conditions on the reaction. A number of experiments were therefore 
undertaken to determine what influence the concentration of reactants, 
time of reflux, solvent and catalyst had on the course of the reaction. 

Results and Discussions.-As a result of this investigation it has been 
determined that, irrespective of solvent, the primary reaction between 
thiocarbanilide and monochloro-acetic acid is the formation of diphenyliso- 
thiohydantoin (I). From the results recorded in Table I i t  is evident 

OC-N 

that with alcohol as solvent the best yields are obtained with a short 
period of reflux, a small ratio of solvent to reactants, a slight excess of 
monochloro-acetic acid and the addition of sufficient anhydrous sodium 
acetate to remove the hydrochloric acid from the reaction as rapidly as 
i t  is formed. A high yield of diphenylisothiohydantoin may likewise 

' Presented in abstract before the Organic Division a t  the Columbus meeting of 
the American Chemical Society, April, 1929. 

From a part of the Ph.D. dissertation of Klare S. Markley, June, 1929. Parts 
I1 and I11 to follow. 

Lange, Ber., 12, 595 (1879). 
Hann and Marklcy, J. Washington Atad. Sci., 16, 169 (1926). 
Kingsbury and Markley, ibid., 18, 558 (1928). 
Andreasch, Ber., 12, 1385 (1879). 
Liebermann and Lange, ibid., 12, 1588 (1879). 
Liebermann, Ann., 207, 121 (1881). 
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be obtained with glacial acetic acid as solvent provided precautions are 
taken to remove the hydrogen chloride formed in the primary reaction. 

(CeH6- CHzCI- Time of Crude diphenylisothio- 
NH)&S, COOH. Solvent used Other reagents used reflux, hydantoin 

No. g. g. Kind cc. Kind Amount hours g.' % % N b 

1 25 10.5 95% alc. 400 . . . . . .  . . .  4.5 10.8 36.8 10.38 
2 25 12.0 95% alc. 400 . . . . . .  . . .  4.5 11 6 39,5 10.42 
3 50 25.0 95y0 alc. 400 . . . . . .  . . .  2.5 25.0 42.5 10.26 
4 25 12.0 95% alc. 300 . . . . . .  . . .  2 5 13.0 44.2 10.74 
5 25 12.0 95% alc. 300 . . . . . .  . . 2.0 13.0 44.2 10.28 

. . .  6 100 45.0 95y0 alc. 400 . . . . .  1.25 54.0 45.9 10.38 
7 100 50 0 95% alc. 500 . . . . . .  . . .  1.25 58.0 49.3 ... 

. . .  8 25 12.0 100% alc. 200 ...... 2.5 13.0 44.2 10.27 
... 9 50 25.0 100% alc. 300 CH8COONa 10 g. 3.5 45.0" 76.6 

10 50 25.0 CHBCOOH 60 ...... . . .  5.5 .. . . . . 
11 25 12.0 CH3COOH 75 CH3COONa 10 g. 2.0 24 OC 81.7 10.38 

... 12 25 12.0 95% alc. 500 HCl 1Occ. 5.5 . . . . 
" The actual ~ields are somewhat higher due to the slight solubility of the compound 

in 95% alcohol. Theoretical nitrogen: 10.45%. Reaction mixture treated with 
water to separate the CH8COONa. 

When these precautions are not observed a mixture of diphenylisothio- 
hydantoin and 3-phenyl-2,4-thiazolidioneg (11) is formed in alcohol solu- 
tion, whereas with glacial acetic acid (in proper proportion)1° as the sol- 
vent and provided the time of reflux is sufficiently prolonged (five hours 
or more), practically quantitative yields of the latter compound are ob- 
tained, as iridicated in Table 11. It is apparent that the cyclic diketone 
results from the secondary hydrolysis of the diphenylisothiohydantoin 
under the influence of the hydrochloric acid formed in the primary reac- 
tion, as was suggested by Lange. 

The hydrolysis of diphenylisothiohydantoin to form 3-phenyl-2,4-thi- 
azolidione, however, is not the only factor which lowers the yield of di- 
phenylisothiohydantoin as prepared in alcoholic solution, since the mother 
liquors from these preparations were found to contain, in addition to 3- 
phenyl-2,4-thiazolidione, urea, phenyl mustard oil and phenylthiourethan. 
The addition of hydrochloric acid to the original reaction mixture (Expt. 

Liebermann and Voltzkow, Ber., 13, 276 (1880), obtained the same compound 
by heating phenylthiourethan, monochloro-acetic acid and absolute alcohol under 
pressure; P. Meyer, Ber., 14, 1659 (1881), by the hydrolysis of o-phenylthiohydantoic 
acid and o-phenylthiohydantoin; Evers, ibid., 21, 962 (1888), by the reaction of ethyl-, 
propyl- and allylphenyldithiourethan and monochloro-acetic acid; Wheeler and Barnes, 
Am. Chem. J., 24, 60 (1900), by melting together phenylthiourethan and monochloro- 
acetic acid. 

lo If the volume of glacial acetic acid is too large, diphenylis~thioh~dantoin is not 
completely converted into the cyclic diketone; if too small, partial decomposition ensues 
with the formation of phenyl mustard oil. 
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Solvent used 
(CsHv CHzCl- CHF Time of Yield of for final Purified 

NH)%CS, COOII, COOII, refiux, crude diketone crystalliza- compound, 
No g. g. cc. hours g. % tion "/U Na 

. . . . .  1 50 25 75 2 . 5  43" . . . . 

. . . . . .  2 25 12 25 2.0 16" . . . . 

. . . . . .  3 50 25 100 4.25 27' . . . . 

...... 4 25 12 40 4 . 0  18" . . . . 
5 25 12 25 4 25 14 66.2 Not recryst. 7.27 
6 50 25 65 4 . 5  36 85.1 CHsCOOH 7.35  
7 25 12 25 4 . 0  18.3 86.5 CHaCOOH 7.23 
8A 50 25 60 5 . 5  40 94.3 95% alc. 7 . ~ 7 ~  
8B 50 25 60 5 . 5  39 92.2 CH&!OOH 
9 25 12 30g 3 .0  14 66.2 Not recryst. 7.28  

" Theoretical nitrogen, 7.25%. 17.0 g. of diphenylisothiohydantoin separated 
from crude product. 4.5 g. of diphenylisothiohydantoin isolated from crude product. 

Analysis of crude compound gave 8.53% N; impurity found to be diphenylisothio- 
hydantoin. Nitrogen of crude product, 8.830/0. Diphenylisothiohydantoin isolated 
from mixture. After drying a t  133O. 10 cc. of concd. HC1 added to reflux mixture; 
considerable phenyl mustard oil formed. 

12, Table I) led to the formation of but small amounts of diphenylisothio- 
hydantoin and 3-phenyl-2,4-thiazolidione and considerable quantities of 
phenyl mustard oil and phenylthiourethan, whereas the addition of hydro- 
chloric acid to an alcoholic solution of diphenylisothiohydantoin led to 
its quantitative transformation into 3-phenyl-2,4-thiazolidione. Surn- 
marizing these results, the following reactions may be assumed to occur 
during the reaction of thiocarbanilide with monochloro-acetic acid in 
alcohol solution. 

(C6HbNH)zCS + CHzClCOOH + CE.H~~ONZS + Hz0 4 HCl (1) 
C ~ ~ H I Z ~ N Z S  4- Hz0 + HC1--+ CsH702NS + CsHsNHz + HCl (11) 

(C6HsNH)zCS -+ CeHsNCS + CsHsNH2 (111) 

Experimental 
Dipheny1isothiohydantoin.-The general method used in preparing the diphenyl- 

isothiohydantoin was briefly as follows: 25 to 100 g. of thiocarbanilide and slightly more 
than the corresponding molar quantity of CHzClCOOH were dissolved in 300 to 500 
cc. of alcohol and heated under a reflux condenser for one and one-fourth to five hours. 
As long as the solid phase of the compound was absent, no crystals separated although 
the solution was enormously supersaturated with respect to diphenylisothiohydantoin. 
At the expiration of the time of refluxing, the hot solution was filtered with the aid of a 
hot water funnel. The diphenylisothiohydantoin separated from the hot filtrate in 
beautifully iridescent, very thin plates. When the volume of alcohol was sufficiently 
large the compound was found to separate in a very pure form as was shown by nitrogen 
analysis and melting point. When the compound was recrystallized, 3 to 5 times the 
volume of boiling alcohol was necessary to re

di

ssolve it as c~mpared with the original 
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volume of solvent from which it was obtained. Upon pouring the hot alcoholic solution 
into cold water, pure diphenylisothiohydantoin separated as a white microcrystalline 
powder and not as an oil as was reported by Lange. It did, however, separate as a red 
oil from the crude reaction mixture when the latter was treated with water in a similar 
manner A solubility determination of diphenylisothiohydantoin in 95% alcohol a t  
27' gave a value of 0.35 g. per 100 g. of solvent, or 0.28 g. per 100 cc. The optical 
properties of diphenylisothiohydantoin as determined by Mr. G. L. Keenan of the 
Bureau of Chemistry and Soils were as follows. Recrystallized from 95% alcohol the 
compound consisted of thin, colorless, micaceous plates. The indices of refraction were 
found to be n, 1.654, np 1.690, both *0.003, n, >1.734. In convergent polarized 
light, crossed nicols, biaxial interference figures were observed occasionally, particularly 
in plates perpendicular to an optic axis. 

3-Phenyl-2,4-thiazo1idione.-Since the condensation of diphenylisothiohydantoin 
with aromatic aldehydes is readily effected in glacial acetic acid, it  was thought that this 
acid would prove to be an ideal solvent for its preparation. Nitrogen analysis, melting 
point and microscopic examination of the resulting product showed, however, that the 
compound formed was 3-phenyl-2,4-thiazolidione and not the expected diphenyliso- 
thiohydantoin. Almost quantitative yields were obtained when the following conditions 
were observed: 50 g. of (C~HSNH)~CS, 25 g. of CHzClCOOH and 60 cc. of glacial acetic 
acid were shaken together in a 300-cc. flask to form a paste. Partial solution occurred, 
accompanied by considerable cooling. The flask was connected with a reflux condenser 
and gentle heat applied to effect complete solution, after which vigorous boiling was 
maintained for five hours or more. On cooling, the contents of the flask solidified to a 
mass of star-shaped clusters of yellow needles quite unlike diphenylisothiohydantoin. 
Following the addition of water the mass was disintegrated by shaking, and the product 
washed first by decantation and then on a Biichner funnel. On recrystallization from 
alcohol it separated in the form of bushy rosets of long t

hi

n yellow needles. 

Mother Liquors of Dipheny1isothiohydantoin.-When the mother liquors from the 
alcohol series of preparations, wliich always possessed a typical phenyl mustard oil 
odor, were evaporated either by the aid of heat or spontaneously, crystallization con- 
tinued with the separation of a compound which appeared to the casual view to be di- 
phenylisothiohydantoin. When evaporation was continued to dryness it was observed 
that  two different layers formed; an upper one which appeared like diphenylisothio- 
hydantoin and a lower one composed of a dark red, oily material shot through with fine 
needle-like crystals. When heated to 100" or to  an even lower temperature the whole 
mass melted to a clear red oil which solidified again on cooling. Examination of the 
mother liquors from Prepns. 3, 5,7 and 8 (Table I)  led to the isolation and identification 
of the following compounds: phenyl mustard oil, phenylthiourethan, diphenylisothio- 
hydantoin, 3-phenyl-2,4-thiazolidione and diphenylthiourea. Although quantitative 
separations were impracticable, it  appeared that phenyl mustard oil and phenylthio- 
urethan comprised the bulk of the products contained in the mother liquors. 

In  addition to the experiments recorded in Tables I and 11, two additional prepara- 
tions were made by refluxing for two hours 25 g. of diphenylthiourea and 12 g. of CH2- 
ClCOOH dissolved in 300 and 250 cc. of 95% alcohol, respectively. After separating 
the crystallized diphenylisothiohydantoin in the usual manner, the mother liquors and 
washings were evaporated until but 25 to 35 cc. of a red oil remained, which on cooling 
solidified to a light yellow crystalline mass. To the first residue there was added 5 g. of 
CHzClCOOH, 5 cc. of concd. hydrochloric acid and 60 cc. of acetic acid, and to the second 
25 cc. of acetic acid only. Both mixtures were then refluxed for four hours. After 
cooling the reaction mixtures were poured into large volumes of cold water and allowed 
to  stand for twenty-four hours to separate the crystalline material from the oil. The 
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crude product which separated was then collected on a Buchner funnel, washed with 
water, dried and weighed. In  the first case diphenylisothiohydantoin and 3-phenyl- 
2,4-thiazolidione equivalent to 49.4 and 17.5% and in the second case 42.5 and 260/0, 
respectively, of the original thiocarbanilide were recovered. 

Secondary Formation of 3-Phenyl-2,4-thiazo1idione.-Since hydrochloric acid 
separated in molar proportions in the course of the reaction, its effect on diphenyliso- 
thiohydantoin and the original reactants was studied in this concentration. Two 
samples of 10 g. each of pure diphenylisothiohydantoin were dissolved in 60 cc. of glacial 
acetic acid and 1.35 g. of hydrochloric acid added in the form of its concentrated aqueous 
solution. To the second sample was added 6 g. of anhydrous sodium acetate. Both 
samples were boiled under a reflux condenser for four hours. Upon cooling, the re- 
action mixtures were poured into large volumes of cold water, the precipitates collected 
on Biichner funnels and washed to remove the acetic acid, hydrochloric acid and sodium 
acetate. After drying a t  105O, the product from the first reaction, amounting to 7.0 
g .  (calcd. 7.2 g.), was identified by microscopic examination and nitrogen analysis as 
3-phenyl-2,4-thiazolidione. The diphenylisothiohydantoin was quantitatively re- 
covered in the second case. 

Summary 
The reaction between thiocarbanilide and monochloro-acetic acid has 

been studied in alcohol and in acetic acid under different experimental 
conditions and the probable mechanism of the reaction established. With 
anhydrous solvent containing sufficient anhydrous sodium acetate to re- 
move both the water and hydrogen ions from the sphere of action, the 
maximum yield of diphenylisothiohydantoin is obtained. With acetic 
acid as solvent and a period of refluxing exceeding five hours, almost quan- 
titative yields of 3-phenyl-2,4-thiazolidione are obtained. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OP IOWA STATE COLLEGE] 

THE VESICANT ACTION OF CHLORO-ALKYL FURFURYL 
SULFIDES 

BY HENRY GILMAN AND A. P. HEWLETT 
RECEIVED FEBRUARY 19,1930 PUBLISHED MAY 8, 1930 

Introduction 
In connection with studies concerned with furfural and its derivatives,' 

we have had occasion to synthesize 8-chloro-ethyl furfuryl sulfide 
and y-chloropropyl furfuryl sulfide. It was considered worth while to  
test these compounds for their vesicant action. This we have done. 
The P-chloro-ethyl sulfide has a marked vesicant action, which, however, 
is not so great as that of mustard gas ((C~CH~CHZ)~S). The y-chloro- 
propyl compound is without vesicant action. These results are in com- 
plete agreement with recent studies by Kirner.2 He showed that in a 

See Iowa State College J. of Science, Vols. 2,3,4 (1928, 1929, 1930). 
* Kirner, THIS JOURNAL, 50,2446 (1928). 
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series of related chloro-alkyl sulfides only the P-chloro-ethyl (and not the 
a-chloro-methyl nor the y-chloropropyl) sulfide had vesicant properties. 

The following reactions were used for the preparation of our compounds 
in quite satisfactory yields. 

The y-chloropropyl furfuryl sulfide when applied to the skin in undiluted 
form produces no skin irritation. 

H-C-CH H-C-CH HC-CH 
/ /  / I  (NaSR) 11 11 it /i 

H-C C-CHO - H-C C-CH-S-S-CH2-C CH (I) 

'd \/ 
0 

\/ 
0 

(CzH8MgBr) 
C4H30CH2SH -------+- C4H30CH2SMgBr (111) 

C4H30CH2SMgBr + ~CICHZCH~OSOZC~H~CH~ (p) --+ 
C4H30CH2SCH~CH2C1 + C1CH2CH2Br + (p-CH3CsH4S020)2Mg (IV) 

Experimental Part 
Furfuryl Disulfide (See Reaction I).-The disulfide was prepared after recent 

patent  direction^.^ Dry hydrogen sulfide was added rapidly over a two-hour period to a 
mixture (cooled by ice and salt) made up of 288 g. (3.0 moles) of furfural in 1500 cc. 
of 95% alcohol and 250 g. (3.2 moles) of sodium sulfide. After permitting the mixture 
to stand at  room temperature overnight, the liquid was separated from the undissolved 
sodium sulfide, refluxed for one hour and then distilled from a water-bath to remove one 
liter of the alcohol. The residue from the water-bath distillation was poured into four 
liters of water and extracted with two liters of ether. The ether layer was separated, 
dried over sodium sulfate, and then the ether was removed by distillation from a water- 
bath. The residue of disulfide was thereupon reduced without further pcrification. 
However, a small portion was found to distil with some decomposition and discolora- 
tion a t  160-165' (5 mm.). The boiling point previously3 given is 112-115" (0.5 mm.), 
and the melting point 10-10.5°. 

Furfuryl Mercaptan (See Reaction II).--To the crude disulfide dissolved in 500 cc. 
of alcohol and 25 cc. of acetic acid was added in small portions 130 g .  (2 atoms) of 
powdered zinc. The time required for the addition of zinc was about one hour, during 
which period the mixture was refluxed on a water-bath and stirred vigorously. Sub- 
sequent to an additional two hours of refluxing, a saturated solution of oxalic acid con- 
taining 180 g. (1.43 moles) was added, and the whole subjected to steam distillation. 
The distillate was extracted with ether, dried over sodium sulfate and distilled. The 
yield of mercaptan distilling at  155' at  atmospheric pressure was 250 g. or 73%. The 
boiling points reported previously are 45-47O (12 mm.)a and 84' (65 mm.).4 The p- 
nitrobenzoate of the mercaptan was found to melt a t  77O, which is in agreement with 
that reported elsewhere.' Furfural mercaptan is a colorless liquid, very stable and 
with an extremely disagreeable odor. 

Staudinger and Reichstein, Canadian Patent 283,765 (Oct. 2, 1928); C. A., 22, 
4537 (1928); Internationale Nahrungs- und Genussmittel A.-G., Brit. Patent 286,152 
(July 25, 1927) ; C. A., 23, 155 (1929). 

Kirner, THIS JOURNAL, 51, 3134 (1929)' has just reported the preparation of fur- 
fury1 mercaptan in a 33% yield by hydrolysis, without isolation, of the product obtained 
by condensation of a-furfuryl chloride with thiourea. 
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p-Chloro-ethyl FurfuryI Sulfide (See Reactions I11 and N).-The reactions used 
for the preparation of the chloro-alkyl furfuryl sulfides are applications of the alkylating 
action of alkyl sulfonates on organomagnesium halides reported previously from this 
Laboratory .6 

An ethereal solution of ethylmagnesium bromide prepared from 24 g. (2.2 moles) 
of ethyl bromide in 250 cc. of ether was siphoned from unaltered magnesium into a one- 
liter, three-necked flask provided with a mercury-sealed mechanical stirrer, condenser 
and separatory funnel. To the Grignard solution, cooled by an ice-salt mixture, was 
added dropwise a solution of 22.8 g. (0.2 mole) of the furfuryl mercaptan dissolved in 
250 cc. of ether. A vigorous reaction ensued, and because of the separation of the white 
heavy intermediate (see Reaction 111), 100 cc. of ether was added. After allowing the 
mixture to come to room temperature, it was refluxed for three hours on a water-bath. 

To the mixture, which was then permitted to come to room temperature, was added 
dropwise and with vigorous stirring, a solution of 93.8 g. (0.4 mole) of 6-chloro-ethyl 
p-toluenesulfonate in 150 cc. of ether. The resulting mixture, subsequent to  a two- 
hour period of reflusing on a water-bath, was cooled and then hydrolyzed by 250 cc. 
of water containing 30 cc. of sulfuric acid. The hydrolysate was transferred to  a sepa- 
ratory funnel and 500 cc. of water was added to dissolve the magnesium p-toluenesul- 
fonate. The ether layer (after washing with water and drying with sodium sulfate) 
was distilled a t  atmospheric presyure to remove the ether and most of the ethylene 
chlorobromide. The P-chloro-ethyl furfuryl sulfide was obtained by vacuum distilla- 
tion as a colorless liquid boiling a t  128" (5 mm.). The yield was 32 g. or 90%. It 
distils a t  5 mm. without decomposition, but begins to darken after standing for a few 
days and decomposes on long standing The chlorosulfide has a pronounced odor which 
is very disagreeable a t  high concentration, but in dilute form it is pleasant and resembles 
somewhat a mustard odor. A saturated solution in water a t  30" contains 0.123% of 
the sulfide; 1.1914; n3,0 1.5200. 

Anal. Calcd. for C,HsOClS: S, 18.13; C1, 20.11. Found: S, 17.41, 17.49; C1, 
20.26, 20.09. 

7-Chloropropyl Furfuryl Sulfide, C4H30CH2S(CH2)3C1.-This chlorosulfide was 
prepared after the method just described for the synthesis of the p-chloro-ethyl homo- 
log. From a 0.1-mole run using 3 g. of magnesium, 11 g. of ethyl bromide, 11.4 g. of 
furfuryl mercaptan and 49.6 g. of y-chloropropyl p-toluenesulfonate, the yield of 7- 
chloropropyl furfuryl sulfide distilling a t  135' (5 mm.) was 15 g. or 79%. It is a color- 
less liqyid with an odor similar to that of p-chloro-ethyl sulfide, and although i t  darkens 
on standing it is more stable than the p-chloro-ethyl sulfide; 1.1687; ny 1.4740. 

Anal. Calcd. for CSHl1OC1S: S, 16.80; C1, 18.63. Found: S, 16.38, 16.26; C1, 
18.59, 18.59. 

Physiological Tests 

The y-chloropropyl furfuryl sulfide when applied to the skin in un- 
diluted form produces no skin irritation. 

Several preliminary qualitative tests were carried out with the P-chloro- 
ethyl furfuryl sulfide. When applied to the skin in undiluted form a red 
spot appeared in two to three hours, and with some men, large deep blis- 
ters developed in five to eight hours. Of the five who were tested in this 
Laboratory, three developed burns very like those of mustard gas, whereas 

6 The most recent reference is that of Gilman and Heck, Ber., 62, 1379 (1929). 
From this all previous references may be traced. 
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the other two had deep red blotches which persisted for several months6 
In a more exact study, six men were selected for the test which was 

run with a 0.5y0 mustard gas control. The mustard gas caused a blister 
on all subjects, while our chlorosulfide was negative up to 270. A 370 
solution caused redness and slight itching. A 5% solution caused a blis- 
ter which was equal in nearly every case to the blister caused by a 0.5% 
solution of mustard gas. It also caused itching comparable to mustard 
gas. Carbon tetrachloride was used as a solvent for both compounds. 
It is quite probable that the furfuryl sulfide is more effective than these 
results indicate, because the tests were carried out with a sample that 
had undergone partial decomposition. Because of this decomposition no 
toxicity tests were made. 

The authors wish to thank the Miner Laboratories of Chicago for liberal 
supplies of furfural, and those who helped carry out the several tests. 

Summary 
Directions are given for the preparation of p-chloro-ethyl furfuryl 

sulfide and y-chloropropyl furfuryl sulfide in good yields. The p-com- 
pound in agreement with other results has a pronounced vesicant action, 
whereas the y-chlorosulfide is without vesicant action. 

AMES, IOWA 

ALPHA-METHYL-GAMMA-TETRAHYDRO-Z- 
FURYLPROPYLMAGNESIUM BROMIDE 

Introduction 
In extension of studies concerned with furan compounds, it was quite 

natural for us to turn to the preparation of organomagnesium halides 
synthesized from furan types, primarily with a view to an interpretation 
of other furan reactions. An astonishingly small number of such investi- 
gations has been made, undoubtedly because of the inaccessibility of halo- 
gen furan compounds and the relative inertness of the halogen in many 
of these compounds. Moureu, Dufraisse and Johnson1 prepared furylace- 
tenylmagnesium bromide C4H30C=CMgBr, by an indirect method in- 

G Some tests were carried out with the assistance of Professor M. D. Helser (to 
whom grateful acknowledgments are made) on hogs, in connection with the possible 
utility of these and other compounds for the marking of hogs. When applied in un- 
diluted form to the skin of hogs twelve hours before killing, intense red spots remained 
on the skin of the animals after removal from the depilatory bath. However, no blisters 
developed. 

Moureu, Dufraisse and Johnson, Ann. chim., 7, 1 (1927). 
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volving the reaction between ethylmagnesium bromide and fwylacetylene, 
which i's prepared with unusual difficulty and in depressingly low yields 
after a series of transformations. Allen and Rosener2 were unsuccessful 
in their attempts to prepare a Grignard reagent from 2,3,5-triphenyl-4- 
bromofuran. This is understandable in view of the extreme inertness 
of the bromine even toward hot alcoholic potash. Fenton and Gostling3 

reported no appreciable reaction between 5-bromomethylfurfura1 and 
magnesium in benzene. 

The organomagnesium halide which we have prepared is rea

di

ly ob- 
tainable by standard reactions which start with furfural. This aldehyde 
is condensed to furf~ralacetone,~ which is then catalytically reduced by 
the method of Kaufmann and Adams5 to a-methyl-y-tetrahydro-2-furyl- 
propanol. There was no difficulty in converting this carbinol to the 
corresponding bromide, and the Grignard reagent is prepared from the 
bromide with great ease and in excellent yields (94%). The organomag- 
nesium halide so prepared, a-methyl-y-tetrahydro-2-furylpropylmagnesium 
bromide (A) has been characterized by appropriate derivatives. 

HzC-CH, 
I I 

(A) 

H ~ C  CHCH~CH~CHCH~ 

'd MgBr 1 

Experimental Part 
The furfuralacetone, prepared after the directions of Leuck and Cejka.4 was ob- 

tained in the yields described by them. However, we could not equal the yields de- 
scribed for the preparation of ru-methyl-y-tetrahydro-2-furylpropanol. Our yields 
varied from 15 to 25% when 55.0 g. (0.404 mole) of furfuralacetone in 150 cc. of 95% 
ethyl alcohol was catalytically reduced with 1.0 g. of the platinum catalyst. Several 
runs were made with varying small quantities of ferrous chloride as a promoter, but 
there was no essential alteration in yield. The promoter was tried in the hope that the 
catalytic reduction, which proceeds with ease, might be restricted, because i t  is possible 
to have a miscellany of reduction products with a compound like furfuralacetone. 
Possibly a part of our difficulty lies in incomplete fractionation. Whatever the cause, 
i t  is very gratifying to report that unpublished results on the catalytic reduction of 
furylacrolein by the method of Adams and Bray6 have consistently given yields which 
are several per cent. in excess of those reported by them. In  this latter reduction, 
absolute ethyl alcohol was used as the medium, and there is a possibility that such alcohol 
might improve the yield of or-methyl-r-tetrahydro-2-furylpropanol. The ready accessi- 
bility of a-tetrahydro-2-furylpropanol, the high yields of chloride from this, and the 
high yields of Grignard reagent from the chloride make this a better organomagnesium 
halide for synthetic purposes. 

Allen and Rosener, THIS JOURNAL, 49,2110 (1927). 
Fenton and Gostling, J. Chem. Soc., 79,807 (1900). 
Leuck and Cejka, "Organic Syntheses," John Wiley and Sons, Inc., New York, 

1927, Vol. VII, p. 42. 
Kaufmann and Adams, THIS JOURNAL, 45, 3029 (1923). 
Adams and Bray, ibid.,  49,2101 (1927). 
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Benzoate of a-Methyl-y-Tetrahydro-2-Furyl-Propanol, C,HI-I?OCH~CHZCH- 
( C H ~ ) O C O C ~ H ~ . - T ~ ~  butanol was characterized by the preparation of the benzoate. 
This ester was obtained in a 72% yield by refluxing the carbinol with benzoyl chloride 
in benzene. It is a colorless, stable liquid, with a sharp taste and with no appreciable 
odor. The boiling point is 164-166 (3 mm.). 

Anal. Calcd. for C15H2003: C, 72.53; H, 8.12. Found: C, 72.20, 72.35; H, 8.05, 
8.02, 

a-Methyl-y-tetrahydro-2-furylpropyl Bromide, CdH70CH2CH2CH(CH3)Br.-This 
bromide was obtained in a 59.8% yield by saturating a solution of 20.4 g. (0.141 
mole) of the carbinol in 20 cc. of anhydrous benzene with hydrogen bromide.7 The 
bromide distils a t  79.580" (4 mm.) as a clear, colorless liquid, of sweet odor and sharp 
taste. I t  is insoluble in water, but soluble in the more common organic solvents; 
dig 1.2000; n q  1.4719. 

Anal. Calcd. for CsH150Br: Br, 38.6. Found: Br, 38.03,38.10. 
a-Methyl-y-tetrahydro-2-furylpropylmag Bromide, C4H70CH2CH2CH- 

(CH3)MgBr.-Following the directions of Gilman, Zoellner and Dickey,8 the reaction 
was started by adding a few drops of the undiluted bromide and a crystal of iodine to 
2.39 g. (0.0986 atom) of 30-80 mesh magnesium in 10 cc. of ether. Then the remainder 
of the bromide, totaling 18.5 g. (0.0896 mole) in 35 cc. of ether was added over a period 
of one and one-half hours. Subsequent to addition of the halide, the mixture was 
refluxed for one hour. Titration by the method of Gilman, Wilkinson, Fishel and 
Meyersg showed the yield to be 91.5%. In another experiment of 0.02 mole size, the 
yield was 94y0. 

The Grignard solution gave a beautiful blue color when a small aliquot was treated 
after the color test directions of Gilman, Schulze and Hecklo for reactive organometallic 
compounds. 

a-Methyl-~-tetrahydro-2-furyl-butj~o-~~-Naphthalide, CaH7OCHtCH2CH(CHa)- 
CONHCloH7-a.'-?\he a-naphthalide was prepared in accordance with the directions of 
Gilman and Furry12 from the Grignard reagent and a-naphthylisocyanate. I t  melts13 
a t  109.5-110'. 

Anal. Calcd. for C19H2302N: C, 76.72; H, 7.77. Found: C, 76.06, 76.00; H, 
8.29, 8.23. 

a-Methyl-y-tetrahydro-2-furylbutyric Acid, C~H~OCH2CH2CH(CHa)COzH.- 
The acid was prepared by the carbonation of the organomagnesium bromide, in accord- 
ance with the directions of Gilman and Parker.14 The yield of pure acid, distilling a t  
104-106" (0.2-0.3 mm.), was 59% (calculated on the RMgBr compound). I t  is a water- 

No study was made of optimal conditions for the preparation of the bromide. 
Because our chief.interest was to procure the bromide free of carbinol, this saturation 
was extended over several days. Unquestionably the time can be drastically reduced 
because the first saturation, in a cooling mixture, was accompanied by a somewhat 
vigorous reaction. 

Gilman, Zoellner and Dickey, THIS JOURNAL, 51, 1576 (1929). 
Gilman, Wilkinson, Fishel and Meyers, ibid., 45, 150 (1923). 

lo Gilman and Schulze, ibid., 47, 2002 (1925); Bull. soc. chim., 41, 1479 (1927). 
Giman and Heck, Rec. trav. chim., 48, 193 (1929); Ber., 62, 1379 (1929). 

l1 The authors are indebted to Nina B. St. John for the preparation of this com- 
pound. 

l2 Gilman and Furry, THIS JOURNAL, 50, 1214 (1928). 
l3 The.temperatures recorded in this paper are uncorrected. 
l4 Gilman and Parker, THIS JOURNAL, 46, 2816 (1924). 
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white, stable liquid of a sharp taste and disagreeable odor, and is slightly soluble in water; 
dig 1.0401; n y  1.4528. 

Anal. Calcd. for C9HI6o3: C, 62.74; H, 9.37. Found: C, 62.50, 62.35; H, 9.50, 
9.46. 

Summary 
tr-Methyl-r-tetrahydro-2-furylpropylmagnesium bromide is obtainable 

in excellent yields from the corresponding bromide which is accessible, 
in turn, from furfural. This organomagnesium halide is one of the un- 
usually small number of the furan type so far reported, and probably the 
first to be obtained by a direct reaction. I t  has been characterized by 
appropriate derivatives. 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, NEW YORK UNIVERSITY, AT 

WASHINGTON SQUARE COLLEGE] 

CRYSTALLINE MONOMETHYLDIETHYLMERCAPTOGLUCOSE 

The author has had occasion to prepare pentamethyldiethylmercapto- 
glucose using Fischer'sl method for the formation of diethylmercaptoglu- 
cose and a combination of Haworth2 and E'reudenberg's methods for the 
methylation process as described by Levene and M e ~ e r . ~  

In some experiments, instead of following Levene and Meyer's pro- 
cedure, which favors the formation of the polymethylated product, the 
following method was adopted. The dimethyl sulfate, three times the 
required amount, was placed in a three-necked flask; the flask was pro- 
vided with an efficient stirrer, a reflux condenser and a large separatory 
funnel; the diethylmercaptoglucose was suspended in the sodium hy- 
droxide, which was placed in the separatory funnel, and thence was allowed 
to flow into the flask gradually. The temperature was kept a t  67'. 

The methylated product was extracted by ether. After the ether was 
evaporated the remaining brown sirup which was supposed to contain 
the polymethylated product was very little in quantity. From the brown 
sirup, however, a crystalline substance was obtained which was recrystal- 
lized from absolute alcohol and gave a melting point of 1 5 6 O .  These 
crystals were kept for future reference. 

Besides these crystals it was observed that during the ether extraction 
a solid substance was going into suspension in the ether layer. From 
this solid substance some unmethylated mercaptoglucose was extracted 
by boiling ether. The residue had a melting point between 155 and 160'. 

E. Fischer, Ber., 27,673 (1894). 
W. N. Haworth, J. Chem. SOG., 107, 11 (1915). 
Levene and Meyer, J. Biol. Chem., 67,176 (1926). 



It had an appearance similar to the unrirethylated product, but a dif- 
ferent melting point. At this point it was decided to subject this sub- 
stance to further methylation. 

These crystals as well as aore diethylmercaptoglucose were further 
subjected to methylation. This time the procedure described by Levene 
and Meyer was followed. Thc results with respect to the polymethylated 
diethylmercaptoglucose were more satisfactory, but the yield was smaller 
than that of I,evene and Meyer. On account of this, the water layer after 
the ether extraction of the polymethylated product was placed aside for 
later investigation. After some days it was observed that a precipitate 
was formed which was not soluble in water. This substance was dis- 
solved in chloroform and alcohol and left to stand overnight. In the 
alcohol layer were formed thin silky fibrous crystals which were recrystal- 
lized three times from absolute alcohol and gave a melting point of 156- 
157'. The results of micro analysis of this substance are given later. 

The ether extract which contained the polymethylated diethylmercapto- 
glucose had dissolved some of the above substance. On evaporation of 
the ether and distillation of the polymethylated mercaptoglucose under 
reduced pressure, a substance remained in the distilling flask which always 
charred a t  higher temperature. This residue before charring was dissolved 
in chloroform and from the dark oily liquid after long standing crystals were 
obtained which were recrystallized from hot alcohol and gave a melting 
point of 152"; on further recrystallization they gave a melting point of 
156-157'. 

The analyses for carbon, hydrogen, sulfur, ethyl and methyl radicals 
were made according to F. Pregl's micro analytical methods at  the Rocke- 
feller Institute for Medical Research by Mr. D. Rigakos. The results are 
indicated in the following Table. 

TABLE I 
ANALYTICAL DATA FOR MONOMETHYLDIETHYLMERCAPTOGLUCOSE 

Sample. mg. Weighed, mg. Calculated for % Found. % 
3.630 AgI 8.440 1 M e , 2 E t  24.35 24.13 
3.350 Bas04 5.195 S 21.28 21.30 

4.450 { zE E 5  13 8.05 8.28 C 43.97 44.03 

4.930 3.615 H 8.05 8.20 { 7.920 C 43.97 43.81 

These results indicate that the partially methylated diethylmercapto- 
glucose is the monomethyl derivative. 

The author wishes to express his thanks to Professor W. C. MacTavish of 
New York University at  Washington Square College and to Professor John 
M. Nelson of Columbia University for their constant interest in his research. 
The author is indebted to Mr. Rigakos for the analytical part of this work. 



Summary 
MonomethyIdiethylmercaptogIucose has been isolated as a by-product 

from the preparation of pentamethyldiethylglucose. 
NEW YORK CITY 

NOTE 

The Use of Aryl Esters for the Preparation of Amides and Derivatives 
of Urea. - During my investigations with Professor TV. A. Noyes con- 
cerning optically active diazo compounds, the preparation of N-substituted 
acid amides was frequently necessary in order to separate certain stereo- 
isomeric amines. They were also required as intermediate products in 
obtaining the diazo compounds. These preparations have been accom- 
plished, usually, by condensation of the ethyl esters of the organic acids 
concerned with the amine by means of refluxing for sevcral hours. I n  this 
condensation i t  has been observed that in general the esters of phenol or 
substituted phenols react more rapidly and a t  lower temperatures than the 
corresponding ethyl esters. Occasionally a considerable development of 
heat was noticed. Isolated examples of this behavior may be found in the 
literature. Diphenyl carbonate hss been recommended as especially 
adapted for the preparation of urea, since i t  reacts very readily with am- 
monia even a t  water-bath temperature.' The corresponding ethyl ester 
reacts only by heating a t  180° for a long time in a sealed tube.2 

It has been recorded in the literature that guaiacol carbonate behaves 
with ammonia and amines in the same manner as diphenyl carbonate, 
forming urea or its N-substituted derivatives, in~ tan t ly ,~  Dr. Noller, in 
this Laboratory, has recently prepared diphenylcarbazide (CcH5NH-NH)2- 
CO, from phenylhydrazine and guaiacol ~arbona te .~  

It has now been found that diphenyl carbonate reacts as readily with 
aniline, bornylamine and other amines as i t  does with ammonia. A mix- 
ture of bornylamine and diphenyl carbonate melts with an evolution of 
heat. By warming on the water-bath the reaction will be finished after five 
to ten minutes, with solidification. In the use of diethyl carbonate no 
action could be obtained even by heating to 180' in a sealed tube for four 
hours. 

It has also been found that diphenyl oxalate shows a behavior very simi- 
lar to the diphenyl and guaiacol carbonates, being much more reactive than 
the diethyl ester. Bornylamine and diphenyl oxalate react a t  80° within a 
few minutes, forming dibornyloxamide, while the reaction with diethyl- 
oxalate requires refluxing for three to four hours. Also, the formation of 

Hentschel, Ber., 17, 1286 (1884). 
Natanson, Ann., 98, 289 (1856). 
Cazenetlve, Bull. soc. chim., [3] 15, 714 (1896). 

* Private communication. 
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oxanilide and other derivatives proceeds more rapidly when using the 
phenyl ester. 

By the use of the aryl esters a method of obtaining N-substituted amides 
is available which is much more suitable than the one employing ethyl 
esters, ordinarily used. The phenol formed by the reaction can be removed 
easily by the addition of aqueous sodium hydroxide and filtering off the 
amide from the soluble phenolate. In some cases steam distillation of the 
phenol is possible. Aryl esters are easily obtained by treating a mixture 
of the phenolic compound and the free acid with phosphorus oxychloride. 
Of course, for preparation of the carbonate, phosgene is used. 

COMMUNICATIONS TO THE EDITOR 

PHOTOSENSITIZATION BY AMMONIA 
Sir: 

A research by Parkas, Haber and Harteck' on the photosensitization of 
the oxidation of hydrogen and carbon monoxide by means of ammonia is 
so similar in concept to work a t  present in progress in this Laboratory that 
i t  seems desirable to record immediately our data already obtained. 

The illumination of mixtures of ammonia and ethylene a t  room tempera- 
tures and 100" by a mercury arc produces a rapid reduction in pressure 
which does not obtain with ethylene alone or with ethylene-hydrogen 
mixtures. It is not, therefore, a mercury resonance-radiation effect but is 
determined by the ammonia. During the reaction an oil separates which, 
as it accumulates, slows down the reaction rate. 

By analogy with our earlier work2 with excited mercury one might at- 
tribute the pressure change to a polymerization of ethylene under the in- 
fluence of atomic hydrogen liberated in the photodecomposition of am- 
monia. We have shown, however, that in the presence of ethylene the 
normal decomposition of ammonia is much retarded. In the presence of 
15 cm. of ethylene the photodecomposition of 5 cm. of ammonia is reduced 
to 5% of the normal rate. A further distinction from the work with ex- 
cited mercury is found when hydrogen is present in the reaction system. 
With hydrogen, ethylene and ammonia an equally rapid pressure decrease 
occurs on illumination but no hydrogen disappears. Hence, even in pres- 
ence of hydrogen, the reaction is one of polymerization. 

Parkas, Haber and Hartcck, Naturwissenschaften, 18, 266 (1930). 
2 Taylor and Hill, THIS JOURNAL, 51,2922 (1929). 
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Over a wide concentration range the rate of reaction is independent of 
the ethylene concentration and increases with increasing ammonia con- 
centration. The temperature coefficient is low and of the order of 1.03 
per lo0. The quantum yield is of the order of unity if that for ammonia is 
taken as 0.2. 

We are dealing, therefore, with a polymerization of ethylene photosensi- 
tized by ammonia. The retarded decomposition of the ammonia is of 
very great importance since it has been assumed of molecules showing pre- 
dissociation spectra that absorption leads to decomposition without col- 
lision within sec. In our pressure range (5-15 cm.) the collisions 
occur only after sec. I t  is, therefore, difficult to account for the 
retarded ammonia decomposition on the present accepted ideas con- 
cerning predissociation. We are pursuing this work. 

A CAPILLARY MERCURY-VAPOR LAMP 

Sir: 
A simple mercury-vapor lamp of high intensity has been developed in 

this Laboratory. It is cheap and easily constructed so that one can 
afford to operate it at  a considerable overload for photochemical investiga- 
tions. These lamps have been used in several different researches and 
they have been tested by friends in other laboratories. 

The lamp is made from clear fused quartz tubing, 10 cm. long with an 
inside diameter of 1.5 mm. and an outside diameter of 4 mm. Three 
bulbs are blown, the first 15 mm. from the top, the second 20 mm. and 
the third 40 mm. from the top. The ends are constricted to enclose the 
tungsten electrodes, 0.75 mm. in diameter. The upper electrode is sealed 
in with fused silver chloride, the proper amount of pure mercury is intro- 
duced and the second electrode is sealed in with silver chloride. The 
electrodes are connected to copper wires and covered with de Khotinsky 
cement, which insulates the wires and makes the seals gas tight. The 
upper electrode is long enough to reach through the uppermost bulb and 
nearly to  the second bulb. The mercury reaches to the bottom of the upper- 
most bulb and the remaining air space serves as an expansion chamber. 

The lamp is held in a vertical position over a funnel and a water jet is 
mounted just above it. It is started by adjusting the resistance in series 
with the lamp, closing the circuit (500 or 110 volts d. c.), and separating 
the mercury thread between the second and third bulbs (20 mm. apart) 

3 Commonwealth Fund Fellow. 
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with a small Bunsen flame or an electric heating coil. As soon as the arc 
strikes, a stream of water is immediately run over the lamp. Soft water 
or distilled water should be used. The lamps operate satisfactorily on 3 
to 5 amperes with a potential drop of 60 to 300 volts. The upper electrode 
is positive. 

The intensity varies with the individual lamps but the intensities on the 
different lines have been found to be approximately ten times or more as 
great as those obtained with commercial lamps operating under normal 
conditions. Uranyl oxalate has been decomposed a t  the rate of 0.5 g. 
of oxalic acid per minute using a cylindrical cell around the lamp. Raman 
effects have been observed with shorter exposures than are required with 
other lamps. 

Some lamps have given fifty hours of service but when operated at  very 
high intensity they usually fail after ten hours. Many lamps have shown 
but little decrease in intensity over the first few hours. 

The lamp described here is particularly useful for illuminating spectrome- 
ter slits or for irradiating small volumes of material. Experiments are 
being continued also with metals other than mercury. 

LABORATORY OF PHYSICAL CHGMISTRY LAWRENCE J. HEIDT 
UNIVERSITY OE" WISCONSIN FARRINGTON DANIELS 

MADISON WISCONSIN 
RECEIVED APRIL 29, 1930 
PUBLISHED MAY 8, 1930 
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Einfiihrung in die theoretische Wutschaftschemie. (Introduction to the Principles of 
Economic Chemistry.) By Dr. Phii. RUDOLP KOETSCHAU. Theodor Steinkopff, 
Residenzstrasse 32, Dresden-Blasewitz, Germany, 1929. xii 4- 155 pp. 13 figs. 
15.5 X 23.5 cm. Price, unbound, RM. 12; bound, RM. 13.50. 

Scientists in the past, starting from the known or central truth of phe- 
nomena, have tended to explore outward almost exclusively along the 
straight line of their own discipline. Chemists stuck to chemistry, and 
biologists to biology. 

In  the last few decades, however, there has been a steady obliteration of 
boundary lines, and a continually increasing cooperation among specialists. 
Research in the no man's land between the natural sciences is bringing 
astounding results, now partly embodied in texts on physical chemistry, 
biochemistry, astrophysics and the like. The social scientists have like- 
wise exchanged results among themselves. But the natural sciences and 
the social sciences have generally been thought in the main to lie in different 
strata. 

Dr. Koetschau does not think so. In fact, he believes that a new science 
ought to be recognized: economic chemistry or chemical economics. It 
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conceivably might be the forerunner of a host of hybrid sciences-economic 
botany, economic geology, etc. All such new sciences need analytical 
working tools, concepts unequivocally defined. Such Dr. Koetschau's book 
purports to give for economic chemistry. 

It quite naturally divides itself into three main parts: an introductory 
essay on epistemology, a description of certain alleged economico-chemical 
concepts for which sundry symbols are coined, and a manifesto consisting of 
twenty theses or tentative generalizations, presented in the approved 
medieval manner for verification, modification or nullification. 

The first part (pp. 1-29, 55-65) endeavors to prove that economics and 
chemistry as sciences lie on the same plane, that their concepts are germane, 
and that, therefore, cross-fertilization is possible. The familiar contentions 
of the Neo-Kantians, especially Windelband, Rickert, aGd Cassirer, are 
adduced. The natural sciences and the social sciences both use the 
quantitative-mathematical method of fixing the orbit of their concepts, and 
in so far as that is true, their concepts are not contradictory, but correlative. 
The arguments of Oppenheim in his "Natural Classificatioh of Sciences" 
are also used. In short, no gulf exists between the natural and the social 
sciences. Their laws differ in degree, not in kind. In other words, i t  is 
possible for a science of theoretical economic chemistry to exist. 

The second part (pp. 29-55, 65-86) describes four sets of concepts, sup- 
posedly coordinate, which lie in the domain of economic chemistry. The 
first consists of the totality of chemical and physico-chemical processes in so 
far as they have or can have economic significance. The symbol "ch" is 
used to designate all the laws of homogeneous and heterogeneous chemical 
equilibria for all states of aggregation-the law of mass actipn, the Le 
Chatelier principle, the phase rule, etc. The second set of concepts com- 
prises (p. 45) the totality of changes of matter which are purposively manip- 
ulated to take place in definite amounts during a set period of time. Chem- 
ical processes can now be represented by vectors, which, when combined, 
show a definite quantum of salable product. All the principles which guide 
the chemical technologist, such as the tendency to substitute continuous 
for batch processes, are designated by the Greek letter X. The third set of 
concepts, represented by the letter w, comprises the numerous laws (sic! 
p. 50) which economics has discovered; laws which have reference to de- 
mand, supply, value, credit, and so on; laws which, by assuming that 
business is run to maximize hrofits, formulate the interaction of the forces 
a t  work in a given system of interdependent economic equilibria, and evalu- 
ate their benefit or harm to society as a whole. A superficial attempt is 
made to utilize the results of statisticians and of mathematical economists 
such as Schumpeter and Pareto. The fourth set of concepts, designated by 
the Greek letter 7, logically it ought to come third, represents all those 
principles of procedure, both technological and commercial, which are 
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commonly implied in the phrase, "the present state of the arts." 7 stands 
for all those practices of sound business administration, plant location, 
process costing, etc., which Mr. Chaplin Tyler has so ably elucidated in his 
' 'Chemical Engineering Economics. " 

Thus the transition is made from pure chemistry via chemical technology 
and business technique to economics. A science is mapped out which is 
designed to coordinate the efforts of the chemist seeking the truth for its 
own sake, the endeavors of the chemical engineer interested primarily in 
the technological perfection and dovetailing of the productive processes, 
the energies of the business man worshiping profits, and the theoretical 
and practical programs of the political economist endeavoring to maximize 
social income and general prosperity. 

The third part of Dr. Koetschau's book consists of twenty theses, which 
in part recapitulate, and in part trace interrelationships between, the four 
sets of concepts. The result, as one might expect, is meager. Chemists 
who go into business must keep in mind that chemical processes must be 
adjusted so as to earn maximum profits. Such are the platitudes to which 
the theses can be reduced, so that one has the distinct feeling of being 
all dressed up in formidable terminological clothes, with no place to go. 

F'inally, attention must be called to the extraordinary amount of reading 
which has been epitomized in the book. Over 210 authors are cited, twenty 
of them more than five times, in about 130 pages of text. The volume 
shows not only ingenuity in the coining and defining of terms, but also an 
heroic, even if to the skeptical reader an unsuccessful, attempt to found a 
new science. 

THEODORE J. KREPS 

The American Illustrated Medical Dictionary. A Complete Dictionary of the Terms 
used in Medicine, Surgery, Dentistry, Pharmacy, Chemistry, Nursing, Veterinary 
Science, Biology, Medical Biography, etc., with the Pronunciation, Derivation, 
and Definition. By W. A. NEWMAN DORLAND, A.M., M.D., F.A.C.S., Lieut. 
Colonel, M.R.C. U. S. Army, Member of the Committee on Nomenclature and 
Classification of Diseases of the American Medical Association; Editor of American 
Pocket Medical Dictionary. Fifteenth edition, revised and enlarged with the 
collaboration of E. C. L. MILLGR, M.D., Professor of Bacteriology and Biochemistry, 
Medical College of Alabama. W. B. Saunders Company, Philadelphia, 1929. 
1427 pp. 16 X 23 cm. 

This fifteenth edition of a volume first issudd in 1900 has been amplified 
and brought up to date by the inclusion of many new terms, and is reset 
from new type. The reasons for its popularity may easily be understood. 
The typography and the arrangement of material are excellently chosen. 
making it convenient to consult and read. Some 70,000 of the terms of 
medicine and related arts and sciences are contained in it. The definitions 
are brief, encyclopedic discussions being happily absent. The many illus- 
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trations are for use rather than ornament; and the hundred or so tables are 
admirably selected, sufficiently complete and carefully arranged, whereby 
the user's time and effort are economized. 

Many terms in the borderland subjects of medicine have been included, 
and here lies its value to chemists, for not only may the common terms of 
chemistry be found but also the words and phrases of modern biological 
science with which the chemist of today is increasingly concerned. 

Although in the introduction it is stated that the nomenclature adopted 
by the American Chemical Society (among others) has been followed, this 
is not always true, nor is the chemistry invariably as modern as would 
appear desirable. Soda, for example, is defined as "a loose term which 
generally refers to sodium hydrate, (NaOH)"; and the spelling hydro- 
chinone is preferred to the commonly accepted form hydroquinone. 
Nevertheless, for its borderline terms alone it is valuable and should be 
available to every student and worker in the biological sciences. 

Handbook of Chemical Microscopy. Vol. I. By ~ C M I L E  MONNIN CHAMOT, B.S., Ph.D., 
Professor of Chemical Microscopy and Sanitary Chemistry, Cornell University, 
and CLYDE WALT~R MASON, Assistant Professor of Chemical Microscopy, Cornell 
University. John Wiley and Sons, Inc., 440 Fourth Avenue, New York, 1930. 
xiii -/- 474 pp. 162 figs. 15.5 X 23.5 cm. Price, $4.50. 

"The present Handbook of Chemical Miposcopy is an attempt to pre- 
sent in logical and concise form the principles and methods involved in 
practical microscopy. * * * Altho based on 'Glementary Chemical Mi- 
croscopy,' the present book has been entirely rewritten, and expanded in 
all sections. * * * Much of the material here compiled and discussed for 
the first time in book form is of paramount importance to all microscopists 
* * * . Volume I has been confined to a discussion of optical principles of 
instruments, manipulative methods of general application and the ob- 
servation of physical and physico-chemical phenomena." The purposes 
indicated in the preceding extracts from the preface have been well carried 
out. The first chapters discuss the microscope in general, and the micro- 
scope for chemical use in particular. More attention might well have 
been given to the petrographic microscope, since the more accurate meas- 
urement of properties, as opposed to merely qualitative observation, is 
becoming of increasing importance in general work. Subsequent chapters 
give adequate discussions of illumination methods, ultramicroscopy and 
photomicrography and much detailed information is given of special 
manipulative procedures. The determination of melting points with the 
aid of a hot stage surely is not inherently so inaccurate a procedure as is 
implied in the footnote to the table on page 211: "Melting points as 
observed under the microscope are apt to be several degrees lower than 
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those recorded above." A great deal of attention is given to petrographic 
methods, including the study of crystals in both polarized and non-polar- 
ized light, and, on the whole, the discussion is unusually clear. The diffi- 
cult subject of interference figures and their interpretation is well treated. 
The difference between the "Becke line" and the bright line obtained with 
axial illumination is not clearly brought out, and in subsequent discussion 
leads to some confusion. In practice the Becke test is used far less than 
the axial illumination method, and the remarks on page 374 concerning 
their relative accuracy apply equally well to anisotropic substances. In 
the footnote on page 376 mention should also be made of the publications 
of Winchell, "The Optic and Microscopic Characters of Artificial Min- 
erals," University of Wisconsin Studies in Science No. 4, and Fry, "Tables 
for the Microscopic Identification of Inorganic Salts," Bull. No. 1108, 
U. S. Dept. of Agriculture. The sentence, middle of page 377, beginning, 
"If the material is uniaxial * * ," is misleading; the index for the or- 
dinary ray, w ,  is determinable on every grain, but only when it is oriented 
properly with respect to the polarizer. A grain cannot lie in such a 
manner as to show 6, and appear isotropic, as implied near the top of 
page 378. It does not necessarily follow from ( y  - P) > ( P  - a)  that 
the grain is positive, as stated on page 378; this is a first approximation 
that does not hold when the birefringence is large. 

The increased scope of this book as compared with "Elementary Chem- 
ical Microscopy" will greatly add to its value both as a textbook and for 
general reference, and it is encouraging to think of a generation of chem- 
ists equipped to make use of the powerful aid of the microscope both to 
supplement and to replace chemical analysis. The illustrations are well 
done. The reviewer will look forward with great interest to the appear- 
ance of Vol. 11. 

GEORGE W. MOREY 

Colloid Symposium Monograph. Vol. VI. Papers presented a t  the Sixth Sym- 
posium on Colloid Chemistry, University of Toronto, June, 1928. Edited by 
HARRY BOYBR WEISER, Professor of Chemistry, The Rice Institute. The Chemical 
Catalog Company, Inc., 419 Fourth Avenue, New York, 1928. 346 pp. Illus- 
trated. 16 X 23.5 cm. Price, $6.50. 

Colloid Symposium Annual. Vol. VII. Papers presented a t  the Seventh Symposium 
on Colloid Chemistry, Johns Hopkins University, June, 1929. Edited by HARRY 

BOYER WEISER, Professor of Chemistry, The Rice Institute. John Wiley and 
Sons, Inc., New York, 1930. viii f 300 pp. Illustrated. 15.5 X 23.5 em. 
Price, $4.50. 

The annual Colloid Symposia have been foci of research enthusiasm 
and the annual volumes containing the papers delivered a t  these Sym- 
posia have been and are important factors in the publication of American 
chemical research. The articles thus published are not only useful, but 



in marked contrast with much of our periodieal literature in chemistry 
they are interesting. This is due in part to the great variety of subjects 
covered under the caption of Colloid Chemistry, but chiefly to  the fact 
that these articles are often not merely the report of a single detached in- 
vestigation but are a readable summary of all of the author's researches 
and those of others in the field. 

The two most recent volumes (VI and VII), containing the papers pre- 
sented a t  the annual Symposia on Colloid Chemistry in 1928 and 1929, 
are particularly varied and interesting in their contents. It is perhaps 
invidious to select particular articles for special mention, for such a se- 
lection is a t  once highly subjective and arbitrary. The reviewer cannot, 
however, refrain from calling attention to the brilliant, trenchant and in- 
teresting introductory address in the 1928 volume, entitled "Living Mat- 
ter," by Sir William B. Hardy, and to the very instructive articles in the 
same volume, by Alfred J. Stamm on "The Structure of Softwoods" and 
by A. Baird Hastings on "The RBle of Hemoglobin in the Blood." 

Again in the 1929 volume, the paper by A. Frumkin, entitled "Sig- 
nificance of the Electrocapillary Curve," is an unusually careful and ex- . 
haustive study of this difficult subject. The article by Donald H. An- 
drew~, entitled "Some Evidence on the Nature of Extr-a-Molecular Forces," 
appears to offer a promising and novel avenue of attack to this funda- 
mental problem. 

Attention should be called to the fact that the name of the publication 
has been changed in the 1929 volume from Colloid Symposium Monograph 
to Colloid Symposium Annual, and that the publishing firm has also been 
changed. The editor and publisher are to be congratulated on their 
success in reducing the price from $6.50 to $4.50 for practically the same 
sized volume without any sacrifice of appearance or quality. 

ARTHUR B. LAMB 

Organic Syntheses. An Annual Publication of Satisfactory Methods for the Prepara- 
tion of Organic Chemicals. Vol. X. Edited by HANS T. CLARKE, with ROGER 
ADAMS, JAMES B. CONANT, HENRY GILMAN, C. S. MARVEL, C. R. NOLLER and 
FRANK C. WHITMORE. John Wiley and Sons, Inc., 440 Fourth Avenue, New York, 
1930. vii + 119 pp. 15.5 X 23.5 cm. Price, $1.75. 

Inasmuch as the Editorial Board of Organic Syntheses is preparing a 
revised collection of the material presented in the first nine volumes, volume 
ten is treated as the first number in the second decade of the series and 
contains no index to preceding volumes. "Otherwise no departure has 
been made from the general plan adopted in recent numbers, beyond the 
inclusion of a rather greater proportion of orgaaic preparations of a bio- 
chemical rather than a strictly synthetic character." 

The list of preparations is as follows: acetol, n-amyl benzene, benzene- 
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sulfochloride, benzophenmeoxime, bromoacetone, a-bromonaphthalene, 
casein, a-chlorobenzoic acid, dimethylglyoxime, diphenylmethane imine 
hydrochloride, durene, duroquinone, erucic acid, ethyl fumarate, ethyl 
oxomalonate, glutaric acid, heptanol-2, lauryl alcohol, malononitrile, 
methyl oxalate, m-nitroacetophenone, oxalic acid (anhydrous), a-phenyl- 
8-benzoylpropionitrile, piperonylic acid, 1-propylene glycol, isopropyl 
lactate, pyromellitic acid, P-resorcylic acid, sodium 2-bromoethanesulfo- 
nate, taurine, 1-tryptophane. 

E. P. KOHLER 

Der adsorbierende Bodenkomplex und die adsorbiertenBodenkationen als Grundlage der 
genetischen Bodenklassifikation. (The Adsorbing Soil Complex and the Adsorbed 
Cations of the Soil as a Basis for the Genetic Classification of Soils.) BY Professor 
K. K. GEDROIZ, Leningrad. Translated from the second edition of the original 
Russian by Dip1.-Ing. H. KURON, Assistant in the Agricultural Chemistry Institute 
of the University of Breslau. Foreword by Professor Dr. Paul Ehrenberg. Theo- 
dor Steinkopff, Residenzstrasse 32, Dresden-Blasewitz, Germany, 1929. viii + 112 
pp. 15.5 X 23.5 em. Price, unbound, RM. 5. 

The author discusses the problem of soil classification and genesis on the 
basis of the chemical and physical characteristics of the soil colloid. His 
general conclusion is that such knowledge of soil colloids as we now possess 
is adequate for a separation of the soils into broad fundamental groups but 
it is not adequate for a more detailed classification. The great soil groups 
which he discusses are the chernozem, the solonetz, the podsol and the 
laterite. If this conclusion were the net result of his discussion the book 
was perhaps not worth review, but such is not the case. He not only dis- 
cusses the present state of our knowledge of the genesis of the soils and the 
composition of the colloids derived from widely varying kinds of soil but he 
presents a tactful and critical review of the recent literature on the subject, 
especially that from American and Russian sources. 

He presents a coherent theory of the nature of the soil colloid and sup- 
ports i t  with cogent theoretical and experimental evidence. His ideas are 
cautiously expressed and interspersed with regrets because of the frequent 
lacunae in our information and the paucity of experimental evidence, es- 
pecially of the relationship of the bases in the soil colloid. 

Because of his high positi~n as a soil scientist his ideas are worthy of 
careful consideration and will be found stimulating even though, as he says 
himself, many of them are purely speculative and may not receive general 
acceptance. His consideration of alkali soils is especially important be- 
cause he, if any one, is in a position to speak with a certain authority in 
that field. 

The book is certainly to be commended to the attention of any one in- 
terested in soil research. 

HORACE G. BYERS 
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THE HEAT OF FORMATION OF ZINC OXIDE1 

Tn spite of the recent careful work of Parks, Hablutzel and UTebster3 on 
the heat of solution of zinc oxide in hydrochloric acid, the heat of formation 
of the oxide derivable therefrom by combination with the heat of solution 
of zinc and the heat of formation of water still remained uncertain by 
several hundred calories. Parks and co-workers used the results of Rich- 
ards and Burgess4 for the solution of zinc, but Richards and Thorvaldson5 
made later determinations in solutions of higher final zinc concentration 
which differed by 280 calories when brought to comparable conditions of 
dilution and temperature. This discrepancy is greater than the probable 
error of available free energy and entropy determinations on zinc oxide.h7 

The Pacific Experiment Station of the U. S. Bureau of Mines, in the 
course of its program of study of the thermodynamic properties of metal- 
lurgically important oxides, has carried out redeterminations of the heat of 
solution of zinc and zinc oxide, in order to arrive a t  finally acceptable 
figures. The results, aside from their practical interest with relationship 
to the metallurgy of zinc, are of some theoretical interest, because they 
furnish the last link in a comparison of heat of formation, free energy and 
entropy as derived from widely different experimental methods, and so 
constitute a direct and many-sided check on the third law of thermody- 
namics. Although few would nov question the utility of this law, i t  has 
not as yet attained widespread application to metallurgical processes in 
this country. The use of the Nernst approximation formula is unsatis- 

Published by the permission of the Director, U. S. Bureau of Mines. (Not sub- 
ject to copyright.) 

Metallurgist, U. S. Bureau of Mines, Pacific Experiment Station, Berkeley, 
California. 

Parks, Hablutzel and Webster, THIS JOURNAL, 49, 2792 (1927). 
Richards and Burgess, ibid.,  32, 431 (1910). 
Richards and Thorvaldson, ibid., 44, 1051 (1922). 

6 Maier, Parks and Anderson, ibid., 48, 2563 (1926). 
Millar, ibid.,  50, 2653 (1928). 
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factory for the prediction of even moderately precise reduction equilibrium, 
and the precise methods of Lewis and Randall have been unavailable to  
discussions of oxides, because of dearth of data on these materials. 

The experiments here described were performed in a calorimeter with 
some unusual features. Because of the wide variety of determinations 
included in the originally projected program, an instrument of considerable 
flexibility was desired. The apparatus was designed and constructed 
before the appearance of White'ss catechistical treatise, and i t  was first 
proposed to  render the calorimetric process both adiabatic and isothermal. 
Initial experiments showed, however, that Newton's law of cooling for the 
completed calorimeter was so accurately obeyed that the maintenance of 
neither of these conditions was essential for precise work when the duration 
of the experiments did not exceed a few hours. 

The Calorimeter 
The unusual features of this calorimeter are the use of a specially constructed and 

calibrated copper resistance thermometer for measurements of temperature; the equip- 
ment of the instrument with a special 
heating coil of manganin, and an ethyl 
bromide "boiler" for cooling; and the 
expedient use of tantalum and bake- 
lite for those portions subject to cor- 
rosion. The resistance thermometer 
is described in detail elsewhere.9 De- 
tails of the other arrangements will be 
evident from the diagram of Fig. 1. 

The outer cylindrical shell A is 
of heavy sheet copper, heavily gold 
plated and polished on the inner sur- 
face, and is 24 cm. diameter and 26 cm. 
high. A compression top of similar 
material has a ground seal a t  L, and is 
held in place by twelve screws and 
wing nuts. From the top extend five 
copper chimneys 0-0-0 (three only 
shown). The calorimeter jar, B, is of 
22-gage copper, gold plated and pol- 
ished externally. I t  is separated from 
the shell A by a 2-cm. air space and 
supported on the bottom by three 
bakelite cones. A tightly fitting top 

Fig. 1 .-The calorimeter. J is of a/16-inch bakelite, and carries 
bakelite tubing chimneys, which serve 

as packing glands. Kapok floss, lightly oiled, serves as a nearly frictionless, yet rela- 
tively impervious, packing material. 

W. P. White, Am. Chem. Soc. Monograph 42, Chemical Catalog Co., New York, 
1928. 

Maier, "Resistance Thermometers for Chemists," submitted to J. Phys. Chem., 
but not yet published. 
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The mixing chamber, C, is of 10 mil thick tantalum, with roller welded seams, 
hemispherical bottom and flanged top. It is suspe.~ded from the top by a bakelite 
ring a t  J. 

Reciprocating stirrers I and H are suspended from bakelite tubes or rods. Three 
such tubes support the copper ring I, which is slit to prevent inductive effects in the  
thermometer circuits because of its motion in the earth's magnetic field and t o  render the  
stirring more effective by lack of symmetry, and which has ports for passing the re- 
sistance thermometer F, the "boiler" D, and the manganin heater not shown, but  simi- 
lar in construction to F. The inner stirring head G is of bakelite, and carries the 2.5- 
mil. tantalum stirrer H. The three supporting tuhrs for I, and the single solid rod 
carrying G are attached to a specially designed "splashless" reciprocator (not shown), 
carried by a cross member of the supporting frame M. The actuating cam motion of the 
reciprocator is of such a type that  the velocity a t  the top of the stroke is a minimum 
and a maximum a t  the bottom. The speed is adjustable t o  6-,  3- or 2-second cycles, 
and the stroke is about 5 cm. A bakelite spider P serves as guide for the inner stirrer. 

The sample flask E is blown with thin bulb walls, and fixed into the head G with a 
rubber washer. The attachment of the supporting rod t o  the reciprocator is a quick 
release mechanism, enabling the bulb E to be readily smashed against the  bottom of the 
tantalum can while the stirring mechanism is in uninterrupted motion. 

The boiler D is of thin-walled pyrex glass, connected by a soldered joint t o  the helical 
'/*-inch copper tube coil K. This coil serves to prevent entrainment of ethyl bromide, 
and make certain that  the vapors issuing from D are a t  the temperature of the calorim- 
eter. The extension of K through the chimney is of thin glass, with a soldered joint. 

The frame M, carrying the reciprocator, is suspended above a n  oil thermostat by a 
rack and pinion operated through an irreversible worm drive. Under operating con- 
ditions the entire shell is submerged approximately to  the 0-0-0 level. 

The joint L is made oil tight with a thin coating of a heavy paste consisting of zinc 
oxide and glycerin. The top of the jar is sealed a t  N by winding several thicknesses of 
electrician's rubber tape about it  with considerable tension. The joint a t  J is sealed by  
a coating of heavy stopcock grease. 

The tantalum and bakelite construction of this calorimeter has proved highly 
satisfactory. As compared to a gold or platinum calorimeter, the tantalum shows a 
decided saving in first cost, and its hardness and toughness render it  immune t o  damage 
by rough treatment. After breaking numerous flasks upon the bottom, the surface 
was unmarred, nor has there been the slightest trace of corrosion in 2.7 N hydrochloric 
acid after a total time of contact extending over several months. The bakelite, too, 
has proved to be practically unaffected by the solutions used. Because of plastic flow 
the bakelite top has become slightly concave, but this could have been avoided by better 
design, or perhaps a ribbed construction. The ease with which fairly good screw threads 
may be cut in bakelite, combjned with its low thermal conductivity and ability to  with- 
stand acid corrosion, commends it  highly for calorimetric construction where these 
properties are desired. 

Operation of the Calorimeter 

The thermostat in which the calorimeter is submerged is at  25 * 0.005 O .  

The zero of the resistance thermometer temperature scale is 25.006', and 
within satisfactory limits of error the resistance thermometer reading 
gives the thermal head of heat exchange between calorimeter and sur- 
roundings. The total heat capacity of the calorimeter with 5 liters of 
water in the jar, and 0.6 to 0.8 liter of acid in the can, is between 5500 and 



(i000 calories per degree, and the Newton's law constant is O.OO1° per degree 
per minute. The rate of heat exchange was a linear function of the thermal 
head to within 0.5%, so that the uncertainty of determination of heat 
exchange under unit thermal head for an experiment of 100 minutes' dura- 
tion is about 0.005', or 2.5 calories. 

Because of the exactness with which the heat exchange rate depends 
upon the thermal head, the ethyl bromide boiler was used only for adjusting 
the temperature of the calorimeter in these experiments. The operation 
of the calorimeter, both adiabatically and isothermally, will be described at 
a later date. The sequence of operations in these experiments was as 
follows: (I)  determination of initial heat capacity, (2) adjustment of 
temperature by evaporation of ethyl bromide in preparation for the de- 
termination of the heat of solution, (3) determination of heat of dissolution, 
(4) determination of final heat capacity. 

The determination of initial and final heat capacities was accomplished 
electrically. The manganin heater, previously mentioned as similar in 
construction to the resistance thermometer, had an accurately determined 
resistance of 100.034 International ohms, as compared with a standard 
resistance calibrated by the Bureau of Standards. Energy was obtained 
from thermally insulated polarized alkaline storage batteries, and the 
current measured every five minutes by observing the drop across a stand- 
ardized 0.4-ohm manganin resistance (0.399395 International ohms) 
(kept in the thermostat) with a White double potentiometer. The energy 
rate was 1 to 1.5 cal. per second. The heating periods of from one to one 
and a half hours were measured with a stop-watch which had been com- 
pared to an astronomically checked chronometer, and during this period 
the current variation was less than 1%. If I, is the current a t  any reading 
time = I, + A,, where I ,  is a selected approximately mean value, the 
average square of the current was taken as 12, + [I;z(210A,,)]/n neglecting 
the A: terms, and the total energy calculated as I:,,. Rt, using 4.184 for 
the conversion factor from International joules to 1 5 O  calories. During the 
experiments the temperature range was held within approximately one de- 
gree from the temperature of the surroundings. 

After determination of the initial heat contents, the temperature was 
brought back to a suitable point in preparation for the dissolution experi- 
ment, by applying uniform suction to the outer end of K. With no appreci- 
able difficulty the external pressure in the line to K was maintained con- 
stant, resulting in a uniform cooling rate variable from 0 to 1.5 cal. per 
second. 

When the desired temperature (about 24') had been reached by the 
contents of the calorimeter, no further evaporation of the bromide was 
permitted. Thermal equilibrium was attained in four to six minutes. 
After a preliminary rating period, flask E was smashed a t  a definite instant 
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and the determination completed in a conventional manner. Points on the 
temperature curve were plotted on an adequately large scale and the cor- 
rected temperature rise was calculated by a graphical Regnault-Pfaundler 
method. Before the calorimeter was dismantled, the determination of 
final heat capacity was made. In the calculations correction for the heat 
content of ethyl bromide evaporated was made a t  a rate of 0.193, Is0 
calories per gram, a measured value from experiments to be described 
elsewhere. 

The method of use described above has a number of advantages. Fore- 
most of them is the possibility of direct determination of the temperature 
coefficient (AC,) of the reaction, a matter of considerable importance in 
reactions such as the solution of metals or oxides in acid, where the coeffi- 
cients may be as high as 100 or more calories per degree per formula weight. 
Moreover, the calibration of the resistance thermometer enters only for 
the determination of the corrections of heat to a definite temperature; 
the essential heat determination might be made with a purely arbitrary 
thermometer scale, that is to  say, the direct determination of the electrical 
energy required to carry the calorimeter and contents through the same 
temperature rise as that produced by chemical heat. Since random errors 
in the heat contents determinations are largely magnified in the AC, 
calculated by difference, the concordance of this quantity per formula 
weight in a number of duplicate determinations, especially where different 
quantities of reagents are used, serves as a useful criterion for the authenti- 
cation of the experimental results. Thus any systematic errors will be 
ascribable, in a series of determinations showing good concordance in ACp, 
only to systematic errors in the measurements of electrical energy. In  
these measurements, repeated checks of the resistances and standard cells 
used for the electrical measurements showed the uncertainty in energy de- 
terminations to be less than one-half per mille. 

The Heat of Solution of Zinc Oxide 

In the article by Parks and co-workers the statement is made: "Thus 
the resulting solutions in our experiments had the same concentration of 
hydrochloric acid and zinc chloride as those obtained by Richards and 
Burgess." Since water is formed by the action of zinc oxide and acid, but 
not by metal and acid, i t  is impossible to have identical initial and final 
concentrations in the dissolution of oxide and metal, and the authors of the 
quotation seem to have used identical initial, and not final concentrations. 
Richards and Burgess dissolved 7.3 g. of zinc in 941.4 g. of hydrochloric 
acid, 1HCl to 20H20, and in these low concentrations the heat of dilution 
of the solutions, caused by the formation of water, is not great. Because 
of the large excess of acid used, the heats of dilution of the zinc-containing 
solutions will not be markedly different from that of pure hydrochloric 
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acid, and may be estimated by the methods of Lewis and Randalllo to be 
27 calories per gram atom of zinc a t  these concentrations. In the higher 
concentrations of Richards and Thorvaldson the effect is much larger and 
cannot be satisfactorily estimated. 

In  the experiments here described, the "dry process" zinc oxide used had 
less than 0.05y0 of impurity, the chief impurity being traces of water- 
soluble sulfate. The samples were washed, dried and ignited a t  600' to 
decompose traces' of carbonate. A blank heat of wetting determination 
was made on this material by breaking an evacuated sample bulb containing 
41.13 g. of oxide under 850 g. of carbonate-free water in the calorimeter. 
There resulted a temperature rise of 0.0048", corresponding to a heat effect 
of 53 calories per formula weight of ZnO. This heat represents the sum- 
mation of the heat of wetting of the oxide, the heat to form a saturated 
solution of oxide in water, and the heat of solution of residual traces of 
soluble impurities such as sulfate. 

No better accuracy than 50 calories per formula weight may, thesefore, 
be claimed for experimental results in which the particle size of zinc oxide 
is not determined, and since it did not seem practical to separate the various 
items of heat involved, the following experiments could not be of greater 
accuracy than this. 

TABLE I 

SOLUTION OF ZINC OXIDE, RICHARDS AND BURGESS CONCENTRATIONS 

Expt. 1 Expt. 2 

Weight of Zn0, g.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.2396 8.4495 
Acid lHc1:20H~O, g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  850 850 " 

Heat capacity of calorimeter, cal.. . . . . . . . . . . . . . . . . . . .  6076.0 5950.4 
Uncorrected temperature rise, OC.. . . . . . . . . . . . . . . . . . .  0.2473 0.2542 
Corrected temperature rise, OC.. . . . . . . . . . . . . . . . . . . . .  0.2462 0.2571 
Final temperature, OC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25.03 25.07 
Heat of reaction, cal.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1495.1 1529.8 
A H  a t  final temperature. . . . . . . . . . . . . . . . . . . . . . . . . . .  - 14765 - 14781 
AH298 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -14769 -14791 
Average AH298 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -14780 
Heat of dilution (calcd.). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 

Corrected heat of solution of ZnO.. . . . . . . . . . . . . . . . . . . . . . .  -14753 
R. & B. Heat of solution of zinc (dry gas) a t  20". . . . . . . . . .  -30166 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Correction to 25 O .  555 

Heat of solution of zinc a t  25". . . . . . . . . . . . . . . . . . . . . . . . . . .  -29611 
Heat of formation of liquid Hz0 (in soh.) a t  25". . . . . . . . . . .  -68298 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Sum -97909 
Heat of solution of ZnO.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -14753 

Heat of lormation of ZnO a t  25". . . . . . . . . . . . . . . . . . . . . . . . .  -83156 

lo Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw-Hill Book Co,  New York, 1923, pp. 92, 96, 477. 
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In Table I are given the results of two dissolution tests using concen- 
trations similar to those of Richards and Burgess. Through an error, the 
zinc weighed out in the first experiment was slightly less than should have 
been used to conform strictly to these concentrations. Because of the 
relatively low concentration of zinc in the final solution of these first tests, 
no appreciable error will be introduced because of this. The weights of 
zinc and acid are reduced to a vacuum basis. 

The heat capacities of the calorimeter are 15" calories, and represent the 
thermal content per degree before the reaction. The heat of reaction cal- 
culated, therefore, represents the isothermal heat at  the final temperature. 
Because the dissolution of 8 g. of oxide in 850 g. of acid does not produce a 
marked total change of heat capacity in this calorimeter, the temperature 
coefficient of the reaction was calculated rather than determined experi- 
mentally as in later experiments. Prom the data of Richards, Mair and 
Hall1' the specific heat of the acid used was estimated to be 0.8528 a t  25O, 
and from these data and those of Richards, Rowe and Burgess12 that  of 
the resulting zinc chloride solution, 0.8618. Then AC* = 858.3 X 0.8618 
- (850 X 0.8528 + 0.1013 X 9.65) = 13.7 calories per degree, or 135 
calories per formula weight of ZnO. The figure 9.65 for the molal specific 
heat of zinc oxide is taken from the results of Millar. 

In correcting the heat of solution of zinc given by Richards and Burgess 
as 30,190, 18" calories a t  20 to 2Z0, the difference in heat capacities of final 
and initial solutions was taken from the work of Richards, Rowe and Bur- 
gess (page 1182) as 9 calories for 5 g. of zinc. When this is corrected for the 
specific heat of the zinc, AC* = 8.5 or 11 1 calories per formula weight of zinc. 

The heat of formation of liquid water was taken as AH298 = -68,270 
from Lewis and Randall, with an additional 28 calories as correction for the 
relative partial molal heat content of the water in the acid solutions used. 

The final result of the experiments for the heat formation of oxide, 
= - 83,156 calories, compared well with the result of Parks and co-workers, 
- 83,244, although this latter figure would seem to require a correction of 
27 calories for the heat of dilution of the solutions creditable to the water 
formed by the reaction, resulting in -83,271 calories. The agreement is 
well within the accuracy of 200 calories estimated by Parks. Because the 
author's results are somewhat lower than Parks', the discrepancy of 280 
calories noted between Richards and Burgess' results, and the presumed 
more accurate results of Richards and Thorvaldson for zinc metal becomes 
enhanced in the heat of formation of the oxide, and the desirability of de- 
termining the heat of solution of the oxide in more concentrated solutions 
becomes apparent. 

The first experiments a t  the higher concentrations were failures because 

" Richards, Mair and Hall, THIS JOURNAL, 51, 725 (1929). 
l2  Richards, Rowe and Burgess, ibid.,  32, 1176 (1910). 
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of the formation of insoluble oxychlorides. In one case the oxide was 
stirred for two days in the acid without complete dissolution, and the final 
product was a rock-hard cake. Many expedients were tried, but the only 
one which proved effective was to wet the oxide with water before sealing 
into the bulb E; when this was done the dissolution could be completed in 
less than one hour. At these concentrations the thermal effect of water 
formed by the reaction was not calculable, and subsequent experiments 
were made with a weighed amount of water added to each sample. Since 
the heat effect of the reaction is independent of the path, the determination 
of the heat of dilution of a zinc chloride-hydrochloric acid solution, from 
the concentration used by Richards and Thorvaldson to the final strength 
obtained in these experiments, enables the effect not only of the added 
water, but also of the water formed during the reaction, to be determined. 

In order to determine this heat of dilution, 663.59 g. of a solution identical 
in concentration with Richards and Thorvaldson's final was diluted in the 
calorimeter with 58.61 g. of water, the stoichiometric equivalent of the 
concentrations used later for the water added to and formed by the zinc 
oxide. The uncorrected temperature rise was 0.0355O, the corrected, 
0.0337' and the final temperature 24.80°. The initial heat capacity of 
the calorimeter was 5582.2 calories, the final 5602.5, and ACo per formula 
weight of zinc in solution 39.6 calories per degree. The heat of dilution 
is then AfLq8 = - :359 cal. 

In Table I1 are recorded the results of three successful experiments on 
the dissolution of zinc oxide at  the higher concentrations, the final result of 
which, aB* = - 17.280 calories (corrected for dilution), is to  be considered 
in connection with the data of Richards and Thorvaldson, who gave 32,795 
calories a t  20' for the reaction giving wet gas, or 33,017 for dry gas. 
Their temperature coefficient was 74 calories per degree for the wet gas 
reaction, which with appropriate correction becomes 72.6 calories per 
degree for the dry. Then the heat of dissolution of zinc at  25O, and a t  these 
concentrations, is 32,654, which upon conversion to 1.5' calories is 32,641. 
By combination with the author's figure a t  these concentrations corrected 
for dilution, and using the same heat of formation of liquid water as before, 
the heat of formation of zinc oxide a t  2.5' from these data appears to be 
83,659, as compared to 83,156 from the previous experiments. The dis- 
crepancy of 503 calories between the former figure and that calculated from 
the results of Richards and Burgess is not readily explainable on any basis 
except that the measurements of Richards and Thorvaldson were not, in 
fact, more precise than the earlier data, but rather less so. From the free 
energy determined by cell measurements, and the entropy from low temper- 
ature specific heats, Millar calculated by thermodynamic methods AH298 = 
-83,130 * 100, thus confirming the earlier data, rather than the results 
obtained in concentrations similar to those of Richards and l'horvaldson. 
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T A B I , ~  11 

SOX,UTION OF ZINC OXIDE, RICHARDS AND T H O R V A L D ~ N  CONCSNTRATIONS 
Expt 3 Expt 4 Eupt. 5 

Weight of ZnO, g. 27 OR74 44 3981 54 0857 
Moles of ZnO 0 333280 O 51-563 0 66469 
Weight of acid, 1HC1:20H20, g . . 411 04 673 72 820 73 
Weight of water with oxide, g 32 036 52 535 63 930 
Initial heat capacity 5370 1 5759 5 5959 8 
Final heat capacity . 5608 5 5819 4 0033 3 
AC, for the reaction . . 3 8 4  59 9 73 5 
AC, per formula weight of ZnO 7 15 110 112 
Uncorrected temperature rise, "C 1 O$I8 1.5684 1 9087 
Corrected temperature rise 1 0=0 1 6585 1 9571 
Final temperature, "C 25 32 26 03 25 81 
Heat of reaction . . 5865 3 9552 1 11663 9 
AH a t  final temperature . - 17619 - 17507 - 17508 
AH298 (uncorrected for dilution) - 17656 - 1782.1 - 17639 
Average, - 17639 Heat of dilution, -359 Corrected AH298 - 17280. 

Heat of Solution of Zinc 

Through the courtesy of the New Jersey Zinc Company a sample of 
"spectroscopically pure" zinc, containing less than 0.001a/o impurity was 

. obtained, and its heat of solution was measured at the same concentrations 
used by Richards and Thorvaldson. Because of the extreme purity of the 
metal, much difficulty was experienced in dissolving i t  in the calorimeter. 
Small amounts of platinic chloride added to the hydrochloric acid acceler- 
ated the reaction, but did not give acceptable speed. The metal was 
finally melted in silica, cast into rods, the oxide-containing skin removed on 
the lathe, and the inner part turned into a thin curl-like ribbon some 0.005" 
thick. A sample of the material was weighed, submerged in a nearly neu- 
tral 0.3% platinic chloride solution for a few moments, quickly removed, 
rinsed and dried with absolute alcohol. From the weight after this treat- 
ment the residual mass of zinc was calculable, since the absence of hydrogen 
evolution indicates stoichiometric replacement. Such material was com- 
pletely soluble in a half hour's time. 

In order to insure saturation of the evolved hydrogen with water vapor 
and prevent entrainment of solution, bulb E was slightly modified. I t  was 
made cylindrical, and had a separate thin, slightly convex bottom attached 
by rubber tubing. Instead of sealing the top, a small rubber stopper carry- 
ing a downward extending glass rod was provided. This rod nearly 
touched the convex bottom, so that when the bottom was broken, the rod 
pushed out the stopper. The bakelite head G then served as a bubbler for 
the gas. The zinc was prevented from issuing from the cylindrical part of 
the container by means of rather coarse mesh screens of fine platinum wire, 
held in place by tantalum spring-rings. 

Five determinations of the heat of solution of the pure zinc metal in acid 
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concentrations similar to Richards and Thorvaldson's were made, of which 
the two reported in Table I11 were completely satisfactory. The first 
three were made upon unplated zinc, where the action of the acid on the 
zinc was enhanced in the first by mechanical contact with a platinum wire, 
and in the next two by the addition of small amounts of platinic chloride 
solution to the acid. In the first case complete solution required more than 
four hours' time, and in the following two cases three, and one and one-half 
hours, respectively-. The results obtained were identical with those shown 
in the table to within * 125 calories, but are not reproduced in full because 
they were obviously not completely satisfactory. Large temperature cor- 
rections were involved in this time period, and the uncertainty involved in 
correcting for the platinic chloride added was considerable. The concord- 
ance of ACp values in the two completely satisfactory determinations of 
Table I11 is taken to indicate that further experiments would not change 
the results for the materials used. 

From data of the "International Critical Tables" the vapor pressure of 
water above these solutions at  the average temperature of Expt. 6 (24.9g0) 
is estimated to be 20.3 mm., the corrected atmospheric pressure being 760.0 
mm., including a small hydrostatic pressure on the exit gas. Then 0.0012 19 
mole of water vapor was carried off by the hydrogen; correcting the heat of - 
vaporization of water, 10,450 calories, for the relative partial molal heat con- 
tent of water in these solutions, 28 calories, the heat absorbed in vaporiza- 
tion is 127.7 calories, or 287 calories per gram atom of zinc. From this the 
dissolution of zinc to produce dry gas becomes AHzv8 = -32,190, as com- 
pared to - 32,654 calculated from Richards and Thorvaldson, and the heat 
of formation of zinc oxide from the author's results is then ag8 = -83,208. 
This final figure differs by but 50 calories from the results obtained using 
Richards and Burgess' heat of solution of zinc, and it seems certain that 
Richards' earlier results were the more accurate. The difference between 

TABLE 111 

SOLUTION OF ZINC METAL, RICHARDS AND THORVALDSON CONCENTRATIONS 

Expt. 6 Expt. 7 

Weight of zinc, g . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  29.0737 29.9701 
Gram atoms of zinc. . . . . . . . . . . . . . . . . . . . . . . . . .  0.44476 0.45847 
Weight of acid, 1HCI:20Hz0, g .  . . . . . . . . . . . . . . .  549.17 565.70 
Initial heat capacity. . . . . . . . . . . . . . . . . . . . . . . . .  5630.2 5658.7 
Final heat capacity. . . . . . . . . . . . . . . . . . . . . . . . . .  5663.3 5692.8 
AC, for the reaction.. . . . . . . . . . . . . . . . . . . . . . . .  33.1 34.1 

. . . . . . . . . . . . . . . . .  ACp per gram atom of zinc.. 74.4 74.5 
. . . . . . . . . . . .  Uncorrected temperature rise, "C.. 2.3971 2.5561 

Corrected temperature rise. . . . . . . . . . . . . . . . . . .  2.5127 2.5816 
Final temperature, OC.. . . . . . . . . . . . . . . . . . . . . . .  26.19 25.63 
Heat of the reaction.. . . . . . . . . . . . . . . . . . . . . . . .  14147 14608 
A H  a t  final temperature. . . . . . . . . . . . . . . . . . . . .  -31807 -31862 .. ' 
AH298 (moist gas). . . . . . . . . . . . . . . . . . . . . . . . . . .  -31896 -31909 ' 
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the dissolution of wet and dry oxide as estimated from the blank experi- 
ment was shown to be 53 calories, and if this correction be applied to  the 
results of Expts. 1 and 2, which were performed with dry oxide, the heat of 
formation of wet oxide from these experiments becomes H 2 9 8  = -83,212. 

The concordance is probably fortuitous, and no accuracy better than 50 
calories is claimed. 

In the above calculations, tlie heat of formation of liquid water has been 
taken from Lewis and Randall as AH298 = - 68,270, but Roth has given as a 
more probable figure m 2 9 8  = -68,330.13 If this latter figure is accepted, 
the heat of formation of zinc oxide becomes A H  = - 83,270 .t 50. 

Conclusion 
Except for the work of Parks discussed above, recent thermochemical 

determinations of the heat of formation of zinc oxide are limited to the 
experiments of Roth and Chall," who worked at  50°, and obtained results 
varying from 82,825 to 82,905 calories per formula weight. W. Biltz and 
Wagner15 and Biltz and Hohorst16 determined the heat of solution of me- 
tallic zinc in hydrochloric acid, but their results cannot be regarded as 
significant for the determination of the heat of formation of oxide. By a 
curiously elliptic process of reasoning, these investigators first determined 
the water equivalent of their calorimeter by the use of Richards and Bur- 
gess' heat of solution of zinc, then gave the heat of solution of zinc obtained 
from slightly different quantities of metal, differing from Richards by more 
than 100 calories. 

None of the previous investigators seem to have been much a t  pains to 
correct their results for the temperature coefficients of the reaction, with 
the exception of Richards and Burgess and Richards and Thorvaldson. 
These coefficients are seen from the data given above to be more than 100 
calories per formula weight per degree for the solution of oxide, and may 
result in corrections of several hundred calories in actual cases. In the 
present work such corrections have been made, as well as those resulting 
from heats of dilution. 

Summary 
A calorimeter of some unusual features, including the use of tantalum, 

bakelite, cooling and heating devices, and a precision resistance ther- 
mometer, is described. 

The heats of solution of zinc oxide and zinc metal have been redeter- 
mined, and the result agree with the earlier work of Richards and Burgess 
on the metal, rather than the later results of Richards and Thorvaldson. 

13 Landolt-Bornstein, 5th ed., 1st Erganzungsband, 1927, p. 829. 
l4 Roth and Chall, 2. Elektrochem., 34, 185 (1928). 
15 Biltz and Wagner, Z. anorg. allgem. Chem., 134, 10 (1924). 
16 Biltz and Hohorst, ibid., 121, 16 (1922). 
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The figure for zinc oxide A I l z s s  = -83,270 =I= 50 (15' calories) is proposed 
as most acceptable on the basis of experimental work now available. The 
probable uncertainty of about 50 calories is nearly the same as may be in- 
herent in the heats of formation of water as used. The experimental re- 
sults confirm estimates by thermodynamic methods. 

[CONTRIBUTION PROM THE STERLING CHEMISTRY LABORATORY OF YALE UNIVERSITY j 

THE ADSORPTION OF WATER AND BENZENE VAPORS BY 
MANGANESE DIOXIDE1 

Manganese dioxide is an active catalyst for the oxidation of carbon mon- 
oxide. Bray and his students2 have made a very complete investigation of 
the properties of copper oxide-manganese dioxide catalysts. Bray and 
Draper3 have determined water isotherms for these oxide mixtures a t  25' 
and showed how these vapor isotherms could be used in determining the 
structure of the oxides. Whitesell and Frazer4 have developed a method 
for preparing manganese dioxide, yielding a product which is a more active 
catalyst than the mixtures with other oxides. The present investigation 
deals with the adsorption of water and benzene by manganese dioxide pre- 
pared according to this method. The effects on the adsorption isotherms 
of temperature, temperature of outgassing, and the presence of permanent 
gases have been investigated and the results have been used to draw some 
conclusions with regard to the structure of the oxide and the mechanism 
of the adsorption process. 

Materials 
The manganese dioxide used in the adsorption isotherms was prepared by 

sifting finely powdered C. P. potassium permanganate into concentrated 
nitric acid, according to the method of Whitesell and F r a ~ e r . ~  The sus- 
pension was stirred by a motor a t  a temperature of 25-30'. After complete 
reaction, the oxide was allowed to settle, then filtered and washed until the 
filtrate showed no test for nitrates. The product was dried for seventy- 
two hours a t  110-1 13'. The product was then further washed by decanta- 
tion and on the filter for a week. Different lots of this material were heated 

An abstract of a dissertation presented by J. K. Dixon to the Graduate School, 
Yale University, 1929, in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. 

2 Almquist and Bray, THIS JOURNAL, 45, 2d06 (1923); Hoskins and Bray, ibid , 
48, 1454 (1926); Bray and Doss, i b i d ,  48, 2060 (1926). 

J Bray arid Draper, Prnc Nut. Acad.  Sc i  , 12, 295 (1926); Draper, THIS JOURNAL, 
50, 2637 (1928). 

4 Whitesell and Vrazer, ibid , 45, 2841 (1923). 
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at the temperatures desired, and were then analyzed. The temperatures 
and composition of the oxide after heating are given in Table I.-Man- 
ganese was determined as the pyrophosphate, available oxygen by the oxa- 
late method, water by the Penfield method, and impurities by difference. 

TABLE T 

TEMPERATURE OF HGATINC; AND COMPOSITION OF PRUDUCT 

Temperature of heating, "C. . . 190 390 47.7 
Ratio, 0 :Mn.  1 93 1 8 5  1 51" 
Percentage of H1O 2 81 1 02 
Percentage of impurities (by d~ffcrence) - 0 32 1 64 
" Oxide analyzed after u5r in a water 15otherm 

The benzene used had been washed five times with mercury, four times 
with sulfuric acid, and then recrystallized twice. It was dried over sodium 
and distilled from this metal directly into the adsorption apparatus. The 
boiling point of the benzene was 80.04" a t  760 rnm." 

Apparatus and Experimental Procedure 

The adsorption isotherms wcre determined in an apparatus in which the amount 
of vapor adsorbed was determined by direct weighing It is similar in principle to 
the apparatus described by Zsigmondy, Bachmann and Stevenson.' A diagrammatic 
sketch is shown in Fig. 1. The apparatus was of pyrex glass and  wa.3 evacuated by 
means of a mercury pump which was backed by an oil pump. Pressures above 2 mm 
were determined with a n  accuracy of + O  05 mm by measuring the difference in height 
of the mercury column a t  N, by means of a cathetometer. Pressures from O 001 mm. t o  
2 mm. were determined by means of a modified McLeod gage, L It consisted of a bulb, 
D, of known volume, t o  which was attached the glass tubing, EFGHI. The section of 
tubing, EF, was of 12 mm. bore, FG was of 6 mm , and GHI was large capillary tubing. 
The volumes of the tubing and bulb wcre determined by calibration with mercury and 
water, respectively. The calibration figurcs are given in Table 11. 

TABLE I1 
CALIBRATION DATA 

Volume, cc. per cin I,cngth, cm. 

GH 0 041 12 5 
FG 131 40 7 
EF 585 24 0 
Volume of D (from J to E) = 186 4 cc 

The pressure of the vapor after compression was given by the ciifferellce in heights 
of the mercury columns a t  H and I. Since the volume of vapor before and after com- 

The second long washing noted above was subsequently found to be unnecessary. 
TWO adsorption isotherms carried out with material which had only been subjected 
t o  the first washing showed nearly identical but slightly greater adsorption than the 
more thoroughly washed material. 

We are indebted to Dr. R. P Smith of this Laboratory for thi5 very pure product 
and for the boiling point determination 

Zsigmondy, Bachmann and Stevenson, Z anovg Chem , 75, 189 (1912), Atitlcr- 
son, Z. physik. CIzrm., 88, 191 (1914) 
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pression and the final pressure were known, the pressure in the apparatus could be 
easily calculated. The pressures calculated checked the values found a t  N when they 
were of the order of 1-2 mm. and were accurate t o  2%. Coolidge8 has pointed out that  
such a gage may give erroneous results below 0.01 mm. Our experimental results be- 
low this pressure, however, show no peculiar or irregular behavior and indicate that  the 
pressures are correct. 

The vapor used in the adsorption isotherms was distilled into Q through Q' in a 
vacuum produced by opening stopcock 0. Distillation between the two bulbs a 
number of times, with intermittent pumping, served to remove any permanent gases 
dissolved. 

The bulb, U, which contained the manganese dioxide, had a volume of 14.4 cc. 
X is a ground-glass stopper which was sealed with wax; T ,  a stopcock; and S, a ground 
joint. By unseating the bulb a t  S, after closing T, i t  was possible to  determine the 
weight of the adsorption bulb with its contents. Ramsay grease was used a t  S and re- 
moved with ether before each weighing of U. Any weighing could be checked within 

Pig. 1. 

0.2 mg. after greasing the joint S again and recleaning. A small plug of ignited asbestos 
a t  W, weighing less than 0.2 g., prevented the adsorbent from flying out of the bulb 
when it  was heated and outgassed. A preliminary experiment had shown that  the 
vapor adsorbed by the asbestos was negligible. 

The procedure in determining an isotherm was as follows. The weight of the 
evacuated adsorption bulb was found and from 3 to  4 g. of manganese dioxide intro- 
duced. The asbestos was introduced, the stopper put  in place and sealed with wax, 
and the weight of wax and asbestos determined. By proper manipulation of stopcocks 
T and R and the leveling bulb, N', the adsorbent was pumped free of gases. A small 
platinum-wound furnace was drawn up about U and the bulb containing adsorbent 
was heated a t  the desired temperature while being subjected to  the full vacuum pro- 
duced by the pumps. The temperature was indicated by a calibrated thermometer 
clamped against the bulb, U, and could be kept constant within *3 ". After outgassing 
in this manner, U was cooled and weighed. The actual weight of outgassed oxide could 
then be calculated. 

The bulb, U, was now reseated a t  S and immersed in the thermostat, the tubing 
from R to T evacuated and a suitable amount of vapor admitted to  the system through 

Coolidge, THIS JOURNAL, 46, 596 (1924). 
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0. The stopcock, T, was then opened, The oxide adsorbed the vapor until equi- 
librium was reached, which was shown by a constancy of pressure. The time to reach 
equilibrium was four hours or longer, depending largely on the temperature. The 
weight of vapor taken up was found by removing and a-eighing the bulb, U Each 
successive point in an adsorption isotherm was determined in a similar way, and i t  is 
apparent that either adsorption or desorption curves could be found. The weight of 
vapor adsorbed was corrected for the amount of vapor as such in the bulb. 

Adsorption isotherms a t  25 and 40" were obtained by immersing U in a well- 
stirred water thermostat up to the mark V. Isotherms a t  0 and - 17.46' were found 
by immersing the bulb in ice and water, and in the eutectic mixture of ice and sodium 
nitrate.9 

Attempts were made to determine corresponding isotherms for carbon tetrachloride 
and certain alcohols, but they were unsuccessful, due to oxidation by the manganese 
dioxide. 

The Adsorption Isotherms for Water and Benzene 

The data for a typical adsorption and desorption isotherm are given in 
Table 111. The first column, p, gives the observed vapor pressure in milli- 
meters of mercury and the second column, p/po, is the ratio of the observed 
vapor pressures to that of pure water at  the temperature of the experiment 
(26'). The third column, q, gives the weight of water adsorbed by one 
gram of the outgassed oxide. 

TABLE 111 
ADSORPTION AND DESORPTION OF WATER BY MANGANESE DIOXIDE WHICH HAD BEEN 

OUTGASSED AT 190 O (SEE TABLE I). t = 25 
P P/Po Q P P/Pn q P P/Po Q 

0.0276 0 00116 0.0207 17 30 0 728 0 2166 16 20 0.682 0.2297 
,137 ,00577 .0295 17.60 ,741 ,2204 14.95 .630 ,1885 
,308 .0130 ,0332 17 65 ,743 ,2276 14.80 .623 .I726 
.903 ,0380 .0401 18.50 ,779 ,2539 14.35 .604 .I538 

3.65 .I54 .0561 19.15 ,806 ,2674 13.30 .560 .I302 
7.60 ,320 .0707 20.70 ,871 .2739 10.40 .437 ,1027 

10.45 .440 .0901 21.60 ,909 ,2766 6.70 .282 ,0851 
15.35 ,646 .I432 18.70 .787 ,2700 3.45 .I45 .0737 
1600 .674 .I546 17.10 .720 ,2592 2.10 .0885 .Of368 
16.75 .705 .I799 16.50 .695 .2398 1.50 ,0633 .0626 

The results are plotted in Fig. 2.1° The broken lines between the two 
curves are taken from a subsequent experiment and illustrate the way 
transitions occur from desorption to adsorption curves, or the reverse. 
Hysteresis is present and, as so often in other cases, seems to be due to  
some property of the adsorbent. Lambert and Clark" observed hysteresis 

"International Critical Tables," Vol. IV, p. 259. 
lo The time allowed for the system to reach equilibrium extended overnight in 

some cases, but these points show no regular deviation from points determined in the 
usual way. 

l1 Lambert and Clark, Proc Roy. Sac. (London), 117A, 183 (1927); ibid., 122A, 
497 (1929). 
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in the adsorption of benzene by ferric oxide; with the same apparatus and 
experimental procedure, they found none in the adsorption of benzene by 
silica gel. Since each isotherm exhibited hysteresis phenomena exactly simi- 
lar to that shown in Fig. 2, only the adsorption curves will be considered in 
the subsequent curves and discussion. 

Figure 3 shows the adsorption isotherms of water on the oxide (out- 
gassed a t  190') a t  the temperatures -17.5, 0, 25 and 40'. Here log q 
is plotted against log p, q and p representing, as before, the weight of water 
adsorbed per gram of oxide, and the corresponding pressure. The iso- 

PlPo. Log P. 
Fig. 2.-Adsorption isotherm for water on Fig. 3.-Adsorption isotherms for water on 

manganese dioxide a t  25': 0, adsorption; 0, manganese dioxide: Q, 40"; 0, 25"; 0, 0"; C,  
desorption. - 17.5'. 

therms a t  25 and 40' are each plots of two separate series of determinations 
and show that, with a fixed method of treatment, the oxide gives reproduc- 
ible adsorption curves. The two series a t  25' were determined three 
months apart, showing that the oxide did not change during this time. 
Also, the water used in the later series had been standing in the apparatus 
for two months in the absence of air with occasional intermittent pumping, 
so that the presence of traces of gases from this source is excluded. The 
adsorption isotherms of benzene on the oxide (outgassed a t  190°) were 
determined a t  0 and 25' and the results are shown (together with two 
other isotherms mentioned later) in Fig. 4. 

The isotherms for water and benzene show that these vapors are adsorbed 
a t  lower pressures in the same way that permanent gases are adsorbed by 



June, 1930 ADSORPTION 01;' GI IS~S  BY MANGANESE DIOXIDE: 2175 

charcoal, since the log p-log q curves are nearly straight. It is reasonable 
to assume that pure surface adsorption is taking place over this range of 
pressures. At a value of plpv of about 0.3, the isotherms break rather 
sharply and the amount of vapor adsorbed increases rapidly with a small 
increase in pressure. If this great increase in the rate of adsorption is due 
to condensation in the capillary spaces of the oxide,'-he radii of the capil- 
lary spaces can be calculated by means of Thomson's equation.13 Such 
calculations for water and benzene at different temperatures give values 
which are in good agreement, the 2,0 
capillaries having radii extend- 
ing from 10 to 40 A. Shere- 
shefsky14 has shown that for 
very small capillaries, however, 1.0 

G2 
the surface tension of the con- c, 
densing liquid is not normal, and *O 

8 Polanyi and Goldmannl"ave + 

shown that the density of an ad- O *O.o 
E sorbed liquid is greater than that a 

of the free liquid. For these d 
reasons, it is doubtful if calcula- 3 
tions by the Thornson equation 
have more than qualitative sig- 
nificance. 

Polanyi has d e ~ e l o p e d ' ~ ~ ~ ~  an -2 

expression for the so-called ad- -2.0 -1.5 -10  -0 5 
sorption potential which, so far Log q. 
as i t  is applicable, can be used Fig. 4-Curves showing the adsorption iso- 
to calculate the adsorption iso- therms of benzene on MnOz: a, 0 " ;  0, 25' 
lherms for a given adsorbent (oxide outgassed a t  190° in both isotherms); 6 ,  

and vapor a t  any temperature 25", oxide outgassed a t  290'; @, 25", same as 
last with oxide outgassed two hours more a t  190 O.  

when one isotherm is known. 
Aq, the adsorption potential, is given by the equation: Aq = RT In ( p o I p ) ,  
in which R is the gas constant, TI the absolute temperature and p and po 
have their usual significance. Plotting Ag against (I, the curves should 
coincide a t  all temperatures, if correction is made for the change with tem- 
perature of the density of the adsorbed vapor. When their results were 
uncorrected for density changes, Polanyi and Goldmannl"ound experi- 
mentally that a lower temperature curve fell above a higher temperature 
curve in the cases of chloroform, carbon bisulfide, ether and pentane ad- 

'2 Huckel, "Adsorption und Kapillarkondensation," Part 111. Leiplig, 1928. 
lThomson,  Phzl. Mag., 141 42, 438 (1871) 
' 4  Shercshefsky, THIS JOURNAL, 50, 29fi6, 2980 (1928) 
', I'olanyi and Goldmann, Z. physzk. Chern , 132, 321 (1928) 
'"ce also Lowry and Olmstead, J. Phys Chem , 31, I(i0l (1927) 
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sorbed by charcoal. In Pig. 5 our data for water and benzene, uncorrected 
for density changes, have been plotted in the same way. The coincidence 
of the curves, on the whole, is surprisingly close. The curves for water are 
almost identical except a t  - 17.5' for high values of p/po, where the diffi- 
culties of accurate determination are great. Polanyi's theory postulates 
surface adsorption and, subsequently, liquefaction of the adsorbed vapor, 
which is in accord with the theory of capillary condensation. The two 
theories differ in that they propose different causes of liquefaction. The 
theory of Polanyi has proved to be the more useful. 

The Effect of the Temperature of Outgassing 

Almquist and Bray1' have shown that the catalytic activity of CuO-MnOz 
mixtures decreased as the temperature of dehydration was increased above 

4000 200'. Drucker and Hiittner18 
have shown that when manganese 
dioxide is heated, it loses oxygen 
somewhat irreversibly, forming a 

3000 lower oxide on the outside of the 
particles. We have investigated 

... the effects of the temperature of 
I4 - outgassing on the adsorption iso- 
2 2000 therms in order to show the sur- 
C ... 
M face and other structural changes 
T taking place on heating. 

For this purpose a sample of 
1000 manganese dioxide was heated in 

a vacuum for three hours a t  290' 
and the benzene isotherm a t  25O 
determined. The oxide was then 

0.10 0.20 0.30 outgassed for two hours more at  
Log q. 190' and the benzene isotherm a t  

Fig. 5.-Adsorption potential curves for water 25' again determined. The re- 
and benzene on manganese dioxide. Water: are plotted in Fig. 4, to- 
o, -17.5"; @, 0"; @, 25"; @, 40". Benzene: 
0, 0"; rl, 25". 

gether with two isotherms pre- 
viously mentioned. 

Water isotherms at  0' were determined (a) on a sample previously used 
for a 0' isotherm and which was then heated a t  390' for three hours, and 
(b) on a sample heated a t  475' for three hours. These two isotherms, 
together with one on material heated normally a t  190°, are plotted in 
Fig. 6. The diagrams show that preliminary heating has a marked effect on 
the adsorption curves only when the temperature is so high (475O) that 

'7 Almquist and Bray, THIS JOURNAL, 45, 2305 (1923). 
18 Drucker and Huttner, 2. physik. Chem., 131, 237 (1928). 
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the composition of the oxide is materially changed, as shown by Table I. 
On this high-temperature oxide, both surface adsorption and that attrib- 
uted to capillary condensation are markedly decreased, due to sintering 
or to the formation of an inactive lower oxide, or both. When capillary 
condensation begins on this oxide the capillaries have radii of 54 A. (using 
the Thomson equation), which is three times the value found for the oxide 
outgassed a t  190°. The accompanying decrease in surface area will not 
account for more than one-tenth of the decrease in surface adsorption a t  
low pressures. Hence, the state of the surface as well as its area is irn- 
portant in the adsorption process. The surface adsorption of water vapor 
is a measure of the ability of the I I I I I 
oxide to take up a gas by primary 
adsorption, and Bentonlg has 
pointed out that this adsorption 
is a measure of catalytic activity 5 

0.0 

as far as the oxidation of carbon 
monoxide is concerned. It is 5 
probable that the parts of the 3 
vapor isotherms due to capillary 4 a condensation yield information 
only with regard to surface area 2 
and uniformity of the capillary -2.0 

spaces and are otherwise useless in 
predicting catalytic phenomena. 

The oxide outgassed at  475' 
corresponds closely to Mnz03. Its -2 0 -1.5 -1.0 -0.5 
water isotherm showed very little Log q. 
hysteresis, and for this reason it Fig. 6 -Curves showing the effect of the 
is probable that the manganese temperature of outgassing on the water iso- 
dioxide is the cause of any differ- therms for MnOz a t  0". Temperature of out- 

gassing: 0 ,  190"; @, 390'; ., 475". 
ence between the adsorption and 
desorption curves of an isotherm, rather than traces of any gas. If, for 
instance, adsorbed oxygen coats the oxide particles and causes hysteresis 
at  lower outgassing temperatures, there appears to be no reason why it 
should not do so when the outgassing temperature is increased, with corre- 
spondingly increased oxygen pressure. 

The Effect of the Presence of Permanent Gases 

If a permanent gas is adsorbed on the surface of the manganese dioxide, 
it should cover the most active adsorbing patches and reduce the area 
available for the surface adsorption of a vapor. Capillary condensation 
(or condensation caused by forces acting between adsorbent and vapor) 

l9 Benton, THIS JOURNAL, 45, 887, 900 (1923). 
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should be little affected by the presence of permanent gases. This was 
found to be the case experimentally. The effects of adsorbed carbon mon- 
oxide and carbon dioxide were entirely similar to each other, so the results 
for the former will be given as typical of both. 

Experiment 1.-Carbon monoxide, which had been dried carefully by passing 
through sulfuric acid and phosphorus pentoxide, was admitted to  a sample of man- 
ganese dioxide which had been outgassed as  usual a t  190' for three hours. The equi- 
librium pressure of the gas after adsorption was 29.6 mm. The gas was then removed 
by pumping for one hour and the water isotherm a t  25" determined. 

Experiment 2.-Similar to Experi- 
1.6 1-1 ment 1 ; equilibrium pressure of carbon 

monoxide 88.5 mm. The gas was re- 
moved by pumping for one and one- 
half hours; pressure after standing for 
twelve hours, 0.215 mm. The gas was 
again pumped off for one hour, and the 
water isotherm determined as before. 
The oxide was then outgassed a t  190' 
and the water isotherm redetermined. 
The results of the three isotherms are 
plotted in Fig. 7. I t  is evident that  
surface adsorption has been markedly 
reduced, the effect being greater a t  
lower pressures. There is no effect on 
that portion of the water isotherm 
attributed t o  capillary condensation. 
Very possibly the water displaced some 
of the permanent gas from the surface, 

-2 4 which would mean that  the pressure of 
-2.0 -1.5 -1.0 -0.5 the water vapor was less than that  

Log g. measured, but this would merely de- 
Fig. 7.-Curves showing the effect of the crease the difference between a treated 

presence of carbon monoxide on the water iso- and untreated oxide. This error would 
therms for MnOz at  25": 0, carbon monoxide be negligible a t  pressures where con- 
absent; @, carbon monoxide present; @, car- densation begins. The experiments 
bon monoxide present (greater amount); 6 , with oxygen were carried out similarly. 
same, after outgassing a t  190'. Experiment 3.-(Run in dupli- 

cate.) After outgassing the oxide, dry 
oxygen was admitted a t  a pressure of 135 mm. There was no evidence of adsorption. 
After evacuating and allowing the apparatus to stand for twelve hours, the pressure was 
less than lo-* mm. The water isotherm was then determined as before a t  25'. This 
was identical, within the errors of the experiment, with a n  isotherm run on the outgassed 
oxide, which had not been treated with oxygen, and the hysteresis had not been changed. 

These experiments with the three gases show rather definitely that the 
vapor isotherms run on the outgassed oxide have been measured on an 
oxide surface and not on a surface covered with oxygen. Carbon mon- 
oxide and carbon dioxide cover the active adsorption patches, reducing 
the surface adsorption of water, while oxygen has no effect. Condensation 
of water on the adsorbent (which occurs a t  the higher pressures) is not 
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measurably affected by the permanent gases. Heating removes the per- 
manent gas which is adsorbed, cleaning up the surface of the oxide, and 
restores the surface adsorption of water vapor to its normal value. 

Summary 
The adsorption isotherms of water on manganese dioxide have been de- 

termined a t  - 17.3, 0, 25 and 40°, and corresponding isotherms for benzene 
a t  0 and 25'. The isotherms consist of two parts due to surface adsorption 
and condensation of the vapor on the surface of the oxide. Polanyi's 
theory of adsorption is in agreement with the data. 

When the temperature of outgassing is raised, the surface adsorption for 
water is greatly reduced, due to the destruction of active adsorption patches. 
'17he treatment of the oxide with a permanent gas which can be adsorbed 
reduces the surface adsorption of water vapor and leaves the part of the 
isotherm due to condensation unaltered. The use of vapor isotherms in 
predicting the catalytic behavior of an oxide has been discussed. 

The isotherms exhibit hysteresis and the present experiments indicate 
that this phenomenon is not due to false equilibrium or the presence of 
permanent gases on the surface of the oxide. 

NEW HAVEN, CONNECTICUT 
- 

MEASUREMENTS OF THE ELECTROMOTIVE FORCE OF THE 
CALOMEL ELECTRODE AGAINST THE HYDROGEN 

ELECTRODE AT LOW CONCENTRATIONS OF 
HYDROCHLORIC ACID 

BY JNANDRANATH MUKHERJEE AND KALI KUMAR KUMAR 

Reesrvsn SEPT~MBRR 19, 1929 PUBLISHED JUNE 6, 1930 

Introduction 
It is well known that the calomel electrode is not reliable a t  concentrations 

of hydrochloric acid below 0.03 N .  There is a difference of opinion as to the 
causes responsible for the unreliability of calomel electrodes.? Our observa- 
tions generally corroborate previous authors and deal with the questions 
(a) how far the observed potential can be taken as a measure of the actual 
concentration of the hydrochloric acid in the cell, and (b) the nature of 
the chemical reactions responsible for the observed change in concentration. 

Experimental 
The chemicals used were Merck's "Reagent" or Kahlbaum's "pro analyse" quality 

purified as usual. The hydrogen was obtained from electrolysis of a strong solution of 

Ellis, THIS JOURNAL, 38, 737 (1916) ; Noyes and Ellis, ibid., 39,2532 (1917). 
See Clark, "Determination of Hydrogen Ions," The Williams and Wilkins Co., 

Baltimore, 3rd ed., 1928, p. 309. 



caustic potash. Dolezalek type hydrogen electrodes, prepared from borosilicate glass, 
having ground-glass joints were used. The type of calomel cell was a simplified form 
of that given by Clark.3 Our measurements relate to the e. m. f .  of the system Hg- 
HgCl/HCl(C,)/HCl(C~)/HCl(C2)/(Pt)H2. A set of three to four calomel electrodes 
was set up against a hydrogen electrode. A tall cylinder filled with acid of approximately 
the same concentration was interposed between the two electrode vessels. The side 
tubes of the electrodes dipping into the cylinder were kept plugged except when measure- 
ments were taken. The thermostat was kept a t  35 * 0.1 '. A Leeds and Northrup K 
type potentiometer (bridge wire calibrated in the laboratory) was used. The galvanom- 
eter used was very sensitive up to 0.01 N hydrochloric acid but not so with more dilute 
solutions. The hydrogen electrode vessels after cleansing with conductivity water were 
rinsed several times with the solution in which the electrode was completely immersed. 
Hydrogen was passed into the vessel for two hours, a t  first keeping i t  a t  room tempera- 
ture. The electrode vessel was then removed to the thermostat and the stream of hyr 
drogen was continued for about two hours more, though one hour was found to be 
sufficient for attainment of equilibrium. 

Calomel Electrode.-The paste was prepared by gently shaking for half an hour 
the hydrochloric acid solution with about 1 cc. of mercury and 5 to 8 g. of calomel 
powder in a 100-cc. (wide mouth) stoppered bottle. The bottle was then kept in a 
thermostat for about two days. Jena glass vessels were used for dilute solutions less 
than 0.05 N. The supernatant solution was then removed and titrated against standard 
baryta with phenol red as indicator and the change in concentration was noted. The 
bottle was then refilled with acid solution previously saturated with calomel and the 
whole procedure repeated. Both the calomel electrode vessel and the cylinder inter- 
posed between it and the hydrogen electrode were kept in the thermostat for two days 
before the e. m. f. was measured. 

A. The Observed E. m. f .  and the Concentration of the Acid.-On 
passing hydrogen gas for a long time, the concentration of acid increased 
slightly and to avoid this the e. m. f. within an hour after attainment of a 
steady value was noted. An appreciable fall of the concentration of the 
acid in the calomel electrode vessel was observed even in 0.05 N solution. 
It will be seen from Table I that the concentration was found to correspond 
approximately to the observed e. m. f. In the case of the more dilute 
solutions the change in concentration was considerable and a correction 
(Nernst's formula has been used) for the liquid junction potential resulting 
therefrom was felt necessary. The activity coefficients as generally given 
in the literature refer either to the freezing point or to 25'. The present 
measurements were made a t  35' a t  which temperature Ellis1 gives a value 
of 81.4 for 0.1 N. The values given by Lewis and Randall4 have been found 
to disagree with the results of very careful measurements of Randall and 
co-worker~.~.~ For a proper extrapolation i t  is necessary to know the heats 
of dilution at  different temperatures. The heat capacities6 have been given 

Ref. 2, p. 304B. 
4 Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 

stances," McGraw-Hill Book Co., Inc., New York, 1923, p. 362. 
Randall and Vanselow, THIS JOURNAL, 46, 2434 (1924). 

ti Lewis and Randall, Ref. 4, p. 279. 
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by Randall and Ramage,' but the recent determinations of these quantities 
by Randall and Rossini have not yet been publi~hed.~ An examination of 
the activity coefficients given by Randall and Young

g 
shows that a t  0.1 N 

the activity coefficients a t  the freezing point and a t  25' are, respectively, 
80.22 and 79.56, a differel~ce of 0.66. This difference will evidently be 
smaller a t  the lower concentrations. By extrapolation the value for the 
activity coefficient a t  25' for 0.1055 N is found to be 79.26. We have taken 
the value 79.0 for 35'. The existence of the liquid junction potential 
makes such an approximation permissible and high accuracy is not claimed. 
In Table I are given 61, the concentration of the acid in the calomel vessel 
(as determined after the measurement of the e. m. f.) ; Cz, the concentration 
in the hydrogen electrode; the observed e. m. f. (Eobs.); El, the liquid 
junction potential calculated as above; Ex, the magnitude only of the e. m. f. 
which corresponds to the difference in e. m. f. a t  either electrode if the 
concentration of the acid around it had the same value as that in the other 
electrode and assuming that the activity coefficient is the same for the 
concentrations in the two electrode vessels; E,,, the e. m. f. of the cell (Pt) 
H2/HC1(CI)/HgC1-Hg is given by Eobs. - El + Ex; Ecz, the e. m. f. of 
the cell (Pt) H%/HCl(Ct)/HgCl-Hg is given by Eobs - El - Ex;  y in 
Table I1 denotes the percentage activity coefficients of the acid calculated 
as above. The value of N,, the transport number of hydrogen ions a t  35') 
has been taken to be 0.815.1° 

TABLE I 

EXPERIMENTAL DATA 

Eoba El 

0.3957 0 
.4290 0 
.4771 0.0030 
,4911 ,001 
,5085 .0019 
.5114 Annulled 
5645 [(Sat. ] 
.5667 rated KC1 

Sometimes a t  the lower concentrations the titer of the acid in the elec- 
trode vessel was found to have decreased by as much as@Oyo after the e. m. f .  
measurement. At the last three concentrations, instead of calculating 
the liquid junction potential, a saturated solution of potassium chloride 
was inserted. The activity coefficients given in Table I1 show, in view of 
the uncertainty as to the liquid junction potential, that the change in the 
concentration of the acid is mostly responsible for the observed unreliability 

Randall and Ramage, THIS JOURNAL, 49, 93 (1927). 
See Randall and Young, ibid.,  p. 996, footnote (a). 
Ref. 8, p. 995. 

'0 Zandolt-Bornstein, "Tabellen," 1911, pp. 1122,1124. 



CALCULATED ACTIVITY COEFPICIENTS 

Concn. 0 1085 0 0555 0 02508 0 0209 0 0172 0 0162 
Y (obs.1 (79) 82 5 84 7 85 7 86 6 86 7 
y (R. and Y. a t  2s0 by 

interpolation) 7926 8 2 4  86.4 8 7 3  88.1 8 8 4  

Concn. 0 0126 0.0113 0 0102 0 00403 0.00365 0.00343 
Y (obs.1 88 7 88 8 90.7 92.3 92 3 90.7 (?) 
y (R. and Y. a t  26O by 

interpolation) 8 9 6  9 0 0  9 0 4  93.5 9 3 8  93.9 

of the calomel electrode, and that the slight trace of mercuric chloride 
which may be assumed to be present has little effect. The influence of such 
factors as grain size, surface structure, or incomplete equilibrium between 
the different regions of the system suggested by previous workers2 is of 
minor importance. The procedure used had, however, the effect of mini- 
mizing their influence. 

B. The Chemical Reactions Responsible for the Observed Change in 
Concentrations.-The progressive diminution of the concentration of the 
acid in a mixture containing calomel and mercury is illustrated in Table 111. 
On introduction of electrolytic oxygen, the rate increases markedly, while 
on expulsion of the dissolved oxygen the reaction practically ceases, in con- 
formity with the experience of others. 

In a 500-cc. Jena glass-stoppered bottle about 300 cc. of 0.0108 N hydro- 
chloric acid solution was taken and 13.5 g. of mercury and 5 g.  of mercurous 
chloride were added. The bottle was made air-tight with a coating of 
paraffin, shaken for an hour and kept in the thermostat. A measured 
volume of the supernatant liquid was withdrawn a t  different intervals and 
titrated against a standard solution of baryta (0.0176 N). The bottle was 
made air-tight after each withdrawal of the liquid. The decrease in acid 
concentration has been given as percentage of the original. 

DIMINUTION OF ACID CONCENTRATION 

Days 1 2 3 4 5 8 9 12 26 
Decrease, % 1 .3  6.6 7 2 12.0 20.0 22.8 25.0 41 0 58.8 

On the ninth day the solution (about 200 cc.) was saturated with electro- 
lytic oxygen, shaken and kept in the thermostat. 

The possible chemical reactionsl1 are: (a) the oxidizing action of the 
dissolved oxygen and the action of the liberated chlorine (or of hypochlorous 
acid formed). No evidence could be obtained of this direct oxidation with 
starch iodide. (b) Interaction of acid and mercury in presence of oxygen. 
Calomel is known to be formed from mercury and a solution of potassium 

l1 See Mellor, "A Comprehensive Treatise on Inorganic Chemistry," Vol. IV. 
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chloride in the presence of dissolved air. We have confirmed this and 
reaction (b). Using 50 cc. of 0.01 N potassium chloride and 13 g. of mer- 
cury in a Jena glass bottle, a PH of 7.4 developed iu eight days and simul- 
taneously a gray deposit of calomel became visible. With 50 cc. of 0.01 N 
hydrochloric acid, a 2% decrease was observed in ninety days, but no re- 
action for mercuric ions with hydrogen sulfide was obtained in this case or 
in that of the e.  m. f. measurement. The above measurements were re- 
peated a t  room temperature after driving off the oxygen by boiling, followed 
bx passage of hydrogen a t  room temperature and then boiling once more. 
fro sign of formation of calomel nor any change in concentration could be 
observed. 

(c) Mercurous chloride may react directly with oxygen. Mercurous 
chloride, in contact with the acid and air for a week, shows no change in the 
concentration of the acid. Pure oxygen, however, reacts more quickly 
with calomel, and mercuric ions can be detected by hydrogen sulfide. 

The main reaction thus appears to be (b) above. A mixture of calomel 
and mercury, however, reacts more rapidly than mercury alone, possibly 
owing to the formation of mercuric chloride (from the oxychloride in pres- 
ence of the acid), which disappears as mercurous chloride. Mercurous 
chloride may also have a direct effect on the velocity of the reaction. 

The following experiments (Table IV) show the erratic variations of the 
concentration when the supernatant solutions are replenished. Four 
bottles of ordinary glass, each containing 13 g. of mercury, 5 g. of calomel 
and 50 cc. of 0.024 N hydrochloric acid were kept as usual in the thermo- 
stat; 25 cc. of the acid required 25.8 cc. of standard baryta. In  each case, 
after the supernatant liquid had been withdrawn for titration, as much of i t  
as possible was decanted without disturbing the paste and 50 cc. of the 
original solution was again added. The days are counted since the acid 
was first added to the bottle. 

TABLE IV 

VARIATIONS OP CONCENTRATION 

Interval 4th day 7th day 10th day 
No. of % change % change % change 
bottle Titer I" concn. Titer ~n concn. Titer in concn. 

12th day 14th day 16th day 42d day 
No. ef 0/,  change 7, change % change % change 
bottle Titer in concn Titer in concn. Titer in concn Titer in concn 

I 23.5 8 .9  24 5 5.0 24.8 3.9 22.5 12 7 
I1 22 3 13.5 24 4 5 4 24.0 7.0 19 2 25 5 
111 23.0 10.8 22 5 12.7 24.1 6.6 22 4 13 1 
Iv 24.4 5.4 24.8 3 9 24.9 3 5 20.0 22 4 
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Summary 
To summarize, we find (a) that although presence of oxygen and mer- 

cury are both essential, mercurous chloride plays an important part in the 
reaction leading to the formation of calomel and loss of hydrochloric acid 
and (b) that the observed e. m. f. corresponds within the limits of experi- 
mental error, to the actual concentration of the acid in the electrode vessel. 

92, UPPER CIRCU~AR ROAD 

CALCUTTA, INDIA 
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Although hydrogen persulfide was discovered in 1777 by Scheele,' it 
has not proved an attractive subject for investigation and advances in the 
knowledge of the substance have been made slowly. Sabatier2 succeeded 
in distilling the liquid in vacuo. This line of attack was followed by 
Block and Hohq3 who showed that crude hydrogen persulfide gave on 
fractionation two compounds, H2S2 and Walton and Parsons4 re- 
peated and extended this work, using quartz apparatus in part. 

In  the present work the optimum conditions for the preparation of 
hydrogen disulfide were investigated, a method of purification was de- 
veloped and the physical properties of the pure substance were determined. 

Preliminary Experiments.-Preliminary experiments, which followed 
closely the final procedure, dealt with the effect of varying composition 
of the sodium polysulfide on the yields of the products. The results are 
given in Table I. 

TABLE I 
EFFECT OF COMPOSITION OF REACTANTS ON YIELD OF PRODUCTS 

Polysulfide 

Crude oil, 
g. per 100 g. HPSS HzSz 

Dilutiona total S G.  per 100 g. crude oil 

NazSz 750 47 29.0 7 . 8  
NazSz.26 700 60 21.9 9 . 3  
NazS2.60 700 59 23.6 13.5 
Na2S3 650 81 28.6 5 .6  
NazS4 600 80 25.5 5 . 6  

" Dilution indicates weight of solution per gram mole of sodium polysulfide. 

The crude oils obtained from the different solutions varied considerably 
in appearance and properties. The crude persulfide from NazSz was a 

"Chemische Abhandlung von der Luft und dem Feuer," p. 162. 
Sabatier, Bull. sac. chim., [2] 44, 169 (1885). 
Block and Hohn, Ber., 41,1961 (1908). 
Walton and Parsons, THIS JOURNAL, 43, 2539 (1921). 
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rather mobile liquid, light yellow in color, and sensitive to impurities. It 
had a very sharp odor and the vapor was highly irritating to  the nose 
and eyes. On fractionation it distilled very readily a t  12Q0. 

As the amount of sulfur in the sodium polysulfide solution increased, 
there was a gradual change in the properties of the resulting persulfide. 
That obtained from N%S4 was a dark yellow viscous liquid with only a 
slight odor. It was comparatively stable. The oil distilled very slowly 
a t  120". 

m. 

Beparation of Sodium Polysu1fide.-These preliminary experiments showed that 
N a ~ s ~ . ~ ~  was the most satisfactory polysulfide. I t  was used in all later preparations of 
hydrogen disulfide. The solution used was made by heating on a water-bath a mixture 
containing 150 g. of flowers of sulfur, 725 g. of sodium sulfide crystals and 500 cc. of 
distilled water. A tared 2-liter flask was used and the mouth closed by a rubber stopper 
bearing a Bunsen valve. After solution of the solids was complete, distilled water was 
added to make the total weight of the solution 2650 g. and the flask was tightly stoppered. 

Preparation of Crude Hydrogen Persulfide.-The preparation of hydrogen per- 
sulfide was carried out in a 3-liter pyrex beaker supported on rubber stoppers within 
an insulated battery jar used as a cooling bath. A suitable quantity of acetone was 
introduced into the battery jar and cooled to -40" by the addition of solid carbon 
dioxide. The pyrex beaker containing 1500 cc. of c. P. hydrochloric acid (sp. gr. 1.19) 
was put into position and stirring commenced. When the acid had cooled to -15O 
the sodium polysulfide solution was added from a dropping funnel, the tip of which was 
immersed in the acid to a depth of 2 cm. During the remainder of the operation the 
acetone bath was kept below -25" and the flow of the polysulfide solution regulated 
to keep the acid temperature between L10 and - 15". 

After a liter of the solution had been added, the hydrogen persulfide began to rise 
to the surface as a scum and decompose with evolution of hydrogen sulfide. The addi- 
tion of sodium polysulfide was then stopped, the beaker replaced by one containing a 
fresh portion of hydrochloric acid, and the operation completed with the remaining half 
of the polysdfide solution. 

This preparation resulted in an emulsion of crude hydrogen persulfide with sus- 
pended sulfur, in an acid solution of sodium chloride. The mixture was allowed to 
stand for two to three hours with occasional stirring, the yellow crude oil settling mainly 
to the bottom of the beaker and the finely divided sulfur forming a thick layer just 
above this. The upper layer of liquid was decanted, the mixture diluted with cold 
water to one liter, transferred to a separating funnel and the persulfide layer drawn off 
into a tared Erlenmeyer flask. After the weight of the persulfide had been determined, 
a few grams of phosphorus pentoxide was added cautiously and the flask allowed to 
stand overnight. The phosphorus pentoxide was removed by filtering through as- 
bestos and the filtered oil was fractionated. All apparatus used in this preparation was 
of pyrex and the surface was carefully acidified immediately before use by treatment 
with concentrated hydrochloric acid. 

Fractionation of Hydrogen Persulfide.-The apparatus used in fractionation is 
shown in Fig. 1. It was built from pyrex glass: A, a 100-cc. flask; B, a special flask 
made from a 50-cc. distilling flask; C, made from a 100-cc. flask; G, a capillary con- 
traction in the connecting tube. The inner tube of the condenser was constructed of 
tubing of 9 mm. outside diameter; all other tubing was 5 mm. outside diameter. 

Before setting up, all parts of the apparatus were carefully cleaned and dried. 
The rubber stoppers were soaked in hot beeswax. After setting up, the apparatus was 
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warmed in a current of dry air. Dry hydrogen chloride was then passed through for 
ten minutes, care being taken to fill the funnel F by displacement. The apparatus 
was then pumped out using an efficient water pump which reduced the pressure t o  10 
mm. or less. The flask B was immersed in a bath of glycoline held a t  120'. The test- 
tube D was immersed in acetone a t  -40'. 

To start the distillation, stopcock 5 was closed, Sz being open, and the crude hydro- 
gen persulfide was allowed t o  drop slowly from F. After twenty minutes the flow of 

persulfide was cut  off, though the dis- 
tillation was allowed to continue for 
five minutes. The flask B w s  then 
one-third filled with a dark reddish- 
yellow viscous fluid. This was re- 
moved by opening stopcock Sz and 
closing S, thus drawing the residue 
into A, where i t  solidified to  a lemon- 

1 yellow, semi-crystalline mass. The 

, distillation was then continued as  
before. 

Fig. 1. Two fractions were condensed. 
The first, collected in C, was approxi- 

mately H2S3 by analysis and was considered to be hydrogen trisulfide. The second, 
condensed in D, was HzSz, hydrogen disulfide. The two liquids were removed, weighed 
and placed in quartz bulbs for storage a t  -78'. 

Series of experiments were carried out to determine the effect of tem- 
perature and pressure of distillation on the yields of the two products. 
These results are shown in Table 11. 

EFFECT OF TEMPERATURE AND PRESSURE OF DISTILLATION ON YIELDS OF DISULPIDE 
Sodium Press., Temp., G .  per 100 g. of crude persulfide 

polysulfide mm. "C.  Trisulfide Disulfide 

I t  is evident that decrease in temperature of distillation leads to in- 
creased yields of hydrogen disulfide. The rate of distillation is, however, 
much slower. The most suitable temperature for the persulfide from 
Na2S2.50 is 122'. Increase in pressure leads to greatly decreased yields of 
hydrogen trisulfide. 

Cracking of Trisu1fide.-Observations were made by Block and Hohn 
and by Walton and Parsons to the effect that distillation of hydrogen tri- 
sulfide gave considerable amounts of hydrogen disulfide as a by-product. 
This appeared to offer a second method of obtaining the disulfide. 
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A 100-cc. flask was provided with a 50-cm. reflux condenser and two 
receivers in series, as in the fractionation apparatus. In one experiment 
38 g. of trisulfide was placed in the flask, which was heated to 75" a t  the start 
and to 1 2 5 O  a t  the end. ,Seventeen g. of hydrogen disulfide was obtained. 

Attempts to purify the trisulfide by distillation in vacuo met with slight 
success. The distillation must be carried out at very low pressures and 
below room temperature to avoid decomposition. 

Purification of Disu1fide.-The hydrogen disulfide prepared by the methods out- 
lined above was purified by a distillation in vacuo from phosphorus pentoxide. 

A Pyrex still was used a t  first and the liquid was transferred by pouring. This type 
of still gave satisfactory results but the distilled liquid was hygroscopic and owing t o  
moisture picked up in transfer i t  became turbid on cooling. Trouble was also caused 
by decomposition when the glass was not 
thoroughly acidified by the hydrogen chloride 
passed into the still. 

A quartz still was developed in which the 
hydrogen disulfide was distilled directly iuto T-Y f-)(- 
apparatus in which measurements were made 
and sealed off. This is shown in Fig. 2. A is 
a 100-cc. distilling flask; the neck and side arm 
were drawn down and 7-mm. tubing sealed on 
B is a receiver made from 16-mm. tubing The 
tube a t  E is joined t o  the vacuum line by a 
de Khotinsky joint. After setting up and dry- Fig. 2. 
ing, phosphorus pentoxide was distilled into A. 
The air was displaced by dry carbon dioxide and the impure hydrogen disulfide intro- 
duced. The tube D was sealed off; the atmosphere of carbon dioxide prevented ignition 
of the disulfide vapor even a t  the high temperature needed to work quartz. 

The distillation was carried out a t  10 mm., A being a t  room temperature and B a t  
-78". When the receiver was filled, A was also cooled and the connecting tube sealed. 
The pressure was then reduced t o  less than 1 mm. by a Toepler pump and the stopcock 
t o  the vacuum line closed. The disulfide was distilled from B t o  the piece of apparatus 
attached a t  C. This was then sealed off. 

Method of Analysis.-All analyses were made by the method of Walton and 
 parson^.^ A sample of about 1 cc. was transferred to a quartz weighing tube and 
weighed. The sample was poured into a porcelain evaporating dish and the tube 
washed with 10 cc. of carbon disulfide. Ten cc. of acetone was added, causing a quiet 
decompositio~i of the hydrogen persulfide, The solvents were allowed to evaporate 
overnight and the sulfur was weighed. 

Owing to the small quantities of material available, analyses were made only t o  
check improvements in procedure. The mean results are 

HzS, % 
Crude persulfide from Na& 17.7 
Disulfide from fractionation 47.0 
Disulfide from cracking 48 0 
Redistilled disulfide 51.3 
Theoretical value for disulfide 51.2 
Trisulfide from fractionation 32.4 
Trisulfide from cracking 32.4  
Theoretical value for trisulfide 34.7 
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Containers for Persu1fides.-The problem of keeping hydrogen disulfide and 
trisulfide presented a number of difficulties. The products from the initial fractionation 
decomposed rapidly a t  room temperature, even in all-quartz containers. Long-necked 
quartz bulbs immersed in solid carbon dioxide were satisfactory for short periods. I t  
was possible to keep the carefully purified disulfidk in sealed bulbs for indefinite periods 
without decomposition. 

Cleaning of Apparatus.-The necessity for most rigorous care in cleaning and 
acidification of all apparatus cannot be too greatly emphasized. Aqua regia proved 
very useful in cleaning, as an unusually rapid evolution of chlorine indicated the presence 
of surface impurities. Acidification of apparatus with dry hydrogen chloride was found 
to be necessary in all cases. 

Melting Point.-Two determinations were made of the melting point of hydrogen 
disulfide. The sample was enclosed in a sealed tube which was immersed in a n  ether- 
bath cooled by liquid air.5 The temperature was determined by a platinum resistance 
thermometer. The first sample had stood in pyrex glass for eight days a t  -78"; 
its melting point was -88.6 ". The second sample was condensed in quartz; its melting 
point was -89.8'. e 

Freezing Point Curve with Sulfur.--Thz freezing points of solutions of sulfur in 
hydrogen disulfide were determined in the following way. A quantity of hydrogen 
disulfide was placed in a small quartz tube and weighed. A suitable quantity of sulfur 
was added and the tube immersed in a bath of ether cooled by liquid air. The bath 
temperature was lowered until a solid was precipitated from the solution on stirring 
vigorously. The temperature was measured by a thermometer in contact with the 
freezing point tube. This freezing point was then checked, the temperature being 
varied more slowly. The tube was then removed from the bath, another portion of 
sulfur added and the mixture stirred until solution was complete. The next point was 
then obtained. Solution of the solid, which appeared to be sulfur, was vcry slow unless 

TABLE 111 

FREEZING POINTS OR SOLUTION OR SULFUR IN HYDROGEN DISULFIDE 
Run 1, weight of H2S2, 1.831 g. Run 2, weight of H2S2, 1.7035 g. 
Sulfur S (added) Freezing Sulfur S (added) Freezing 

added, g HlSz point, O C .  added, g H2Sz point, OC. 

0.020 0 011 -91 0.126 0 069 - 46 
.I08 055 - 55 ,271 .I37 -1.7 6 
,156 ,079 -41 ,450 ,209 - 0 9  
,240 ,116 - 23 562 248 6 3 
300 .I41 - 17 .744 ,303 16 6 
3 56 .I63 - 10 ,771 ,312 17.6 

,504 ,216 - 1 .811 ,323 19.4 
,596 ,246 4 r897 .345 22 7 
.689 ,271 7 5 
7% 300 11 7 

,885 ,326 13 5 
1 003 ,354 20.1 
1.045 ,363 21 .0 
1.115 ,378 22 7 

A pentane thermometer was used up t o  A pentane thermometer was used for 
4 and stem corrections were estimated the first point, and a mercury thermometer 
within 2'. for the others. 

Maass and McIntosli, THIS JOURNAL, 36, 738 (1914). 



June, 1930 HYDROGISN DISULPIDE 

the tube was warmed nearly t o  room temperature. The results are tabulated arid are 
shown in Fig. 3. 

The results obtained by Walton and Whitford are also shown in the 
figure. These investigators determined the solubility of sulfur in the 
hydrogen persulfide. They added an excess of sulfm to a sample of the 
persulfide kept in a constant temperature bath. The mixture was stirred 

Ratios (added)/H&. 

Fig. 3. 

until the equilibrium was reached and a sample of the liquid phase ana- 
lyzed. They claimed that the disulfide and the trisulfide gave solutions 
of the same composition when saturated a t  0'. Hydrogen trisulfide was 
used for all points except that a t  -34.72', where hydrogen disulfide was 
substituted. Their results were recalculated to the basis used in the 
present work. 

TABLE I V  
RESULTS OP' WALTON AND WHITFORD 

Sulfur not Sulfur not 
Tenlp , evolved as p- Temp., evolved as C X  - 2)s 

"C. HzS, '3% HzS, OC. HzS, % HzSr 



2190 K. H. BUTLER AND O. MAASS Vol. 52 

The ratios corresponding to the various possible persulfides are shown 
by vertical lines in the figure. 

Point C is the freezing point of hydrogen trisulfide as given by Walton 
and Parsons and by Bloch and Hohn. Point D was obtained by Walton 
and Whitford using hydrogen disulfide. 

Curve A represents the solubility of sulfur in hydrogen disulfide. There 
is no evidence for a break corresponding to the composition H2S2 + S, 
and the freezing point of such a solution is far above the recorded freezing 
point of H2S3. I t  may be stated, therefore, that hydrogen trisulfide is not 
a molecular compound of hydrogen disulfide with sulfur. 

- 35 - 20 - 5  + i n  3-25 + 40 + 53 
Temperature, OC. 

Fig. 4. 

I t  is obvious that Curve B must be drawn to represent the results of 
Walton and Whitford, and that Point D does not fall on this curve. This 
curve represents the solubility of sulfur in hydrogen trisulfide; i t  has a 
break a t  E corresponding to the molecular compound HzS3.3S. 

The evidence is strongly in favor of the existence of two chemical com- 
pounds HzSz and H2S3 and a molecular compound HoSs-3S. 

Density.-Two determinations were made of the density and coeffi- 
cient of expansion of hydrogen disulfide. The first dilatometer had a 
bulb of 2.73 cc. A scale from a Beckmann thermometer was attached to 
the stem. Calibration was carried out with water. 

The dilatometer was filled with hydrogen disulfide by using a pyrex 
capillary funnel. The material had been redistilled, but not from phos- 
phorus pentoxide, and was slightly turbid a t  0'. The density was de- 
termined from S to 51". The values are tabulated below and are shown 
in Fig. 4, Curve A. 
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In the second determination a quartz dilatometer similar t o  the 
first was used. The volume of the bulb was 2.08 cc. and of the stem 0.0446 
cc. per cm. A reference mark was scratched on the stem about 15 mm. 
above the top of the bulb. Readings were made by placing the dilatom- 
eter so that the stem was in a vertical position and measuring the 
distance from the reference mark to the bottom of the meniscus with a 
cathetometer. 

Hydrogen disulfide was distilled into the dilatometer from a pyrex 
still and the apparatus sealed off. A bath of ether stirred by a stream of 
air was used. Temperatures were measured with a mercury thermometer 
correct to  one-tenth degree. The densities were corrected for the buoy- 
ancy of the air. The results are tabulated, and are given in Curve B of 
Fig. 4. This curve was used for calculating surface tension, since much 
greater weight must be given to this second determination. A few points 
lying close to the curves are omitted from the figure. 

TABLE V 

VARIATION OP DENSITY OF HYDROGEN DISULFIDE WITH TEMPERATURE 

Run No. 1 Run No. 2 Run No. 2 
Tenip , Temp, Temp,  

O C  Density OC. Density "C. Density 

7.9 1 .3583 -32 5 1 4074 - 5 8  1.3697 
9 6 1 3557 -31 4 1 4054 - 3 9  1 3669 

11 0 1 3535 -28 8 1 4012 - 2 5  1 3649 
12 5 1 3517 -26 9 7 3986 - 1 1  1 3635 
12 9 1 3515 -24 7 1 3959 0 6 1.3598 
14.7 1 3490 -22 6 1 3921 1 .7  1.3594 
16 3 1 3467 -22 1 1 3918 3 5 1 3563 
22 2 1 3386 -21 1 1 3906 5 6 1.3535 
25 0 1 3360 -19.3 1 3883 7 2 1.3513 
27 3 1 3314 -17 0 1 3853 8 0 1.3503 
32 1 1 3250 -16 1 1 3836 9.7 1.3485 
35 1 1 3203 -15 5 1 ,3826 10.8 1.3463 
38 7 1.3152 -14 7 1 3816 12.4 1.3442 
44 3 1 3072 -13 3 1 3797 14.0 1.3419 
45 0 1 3065 -11 8 1.3776 15.4 1.3401 
47.4 1 3037 -10 7 1.3761 19.5 1.3347 
48 7 1 3015 - 0 1  1 3741 23 4 1.3294 
51 0 1 2992 - 7 8  1 3726 26 3 1.3253 

- 6 9  1 3711 29 0 1.3217 
31 2 1 3185 

The two values for the density a t  15' are 1.341 and 1.348 as compared 
with Bloch and Hohn's value of 1.376. The purer sample has the lower 
density and hence i t  is probable that the disulfide used by Bloch and Hohn 
contained an excess of sulfur. The density a t  0' is 1,3615 and a t  25', 
1.3270; the coefficient of expansion is 0.00104. 
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Vapor Pressures.-For measuring the vapor pressure of hydrogen disulfide a 
special type of apparatus was needed, since the vapor was decomposed by mercury and 
the liberated hydrogen sulfide attacked the mercury surface. The apparatus shown in 
Fig. 5 used a buffer column of air and a soda lime tube in series to protect the mercury 
surface. A is a 100-cc. flask; B, C and D are bulbs made from pyrex test-tubes. B 
is provided with a stirrer consisting of a piece of iron wire enclosed in pyrex tubing. 
C and D are designed so that any liquid distilling from B will collect in the bottom with- 
out blocking the connecting tube. E is a pyrex to soft glass ground joint. The manom- 
eter was constructed of tubing 1 cm. in diameter. One arm was open to the air. The 
paper scale was calibrated against a standard steel scale. 

Two determinations were carried out with hydrogen disulfide. The disulfide was 
distilled from A over phosphorus pentoxide into B and a seal made a t  F. B. C and D 

were then immersed in a four-liter beaker of 
water; the stirrer was put in motion and the 
temperature brought to a suitable point. 

A rough guess was made of the vapor pres 
sure and the manometer set to this point by 
manipulation of the taps K and L. The ap- 
paratus was evacuated by opening H until 
~racticallv all the air had been driven from C 

B C D  

Fig. 5.-Vapor pressure apparatus. and D by the vapor from the boiling liquid. 
Tap H was closed and G opened, thus connect- 

ing the manometer to the system. Equilibrium was reached within a minute and read- 
ings were made of both sides of the manometer and the temperature of the bath. This 
procedure was repeated until several readings were obtained. 

TABLE VI 
VARIATION OF VAPOR PRESSURE of HYDROGEN DISULPID~ WITH TEMPERATURE 

Pirst Series 
Temperature Pressure, 

OC. OK. rnm. of Hg at 0" Log P 1/T X 10' 

0.2 273.3 33.3 1 ,522 36.59 
6 8 279.9 44.2 1.645 35.73 

10.6 283.7 55.5 1.744 35.25 
14.7 287.8 67.1 1.827 34.75 
20.1 293.2 87.8 1 .944 34.11 
24.3 297.4 108.6 2.036 33.62 
29.1 302.2 142 2.155 33.09 
34.1 307.2 204 2.310 32.55 
38 5 311.6 291 2.464 32.09 
41 9 315.0 427 2.630 31.75 

Second Series 
0.1 273.2 23.9 1.378 36.60 

12.6 285.7 54.1 1.733 35.01 
24.1 297.2 91.2 1.960 33.65 
30 .O 303.1 143.6 2.163 32.99 
34.0 307.1 187 2.274 32.56 
37.2 310.3 202 2.305 32.23 
39.8 312.9 277 2.442 31.96 
42.5 315.6 273 2.438 31.68 
44.6 317.7 315 2.498 31.47 
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Greater weight was given to the first determination since the stirring 
was more efficient. Although the observations were carried up to 44 O, those 
above 30' are of little value, due to decomposition of the material in B. 
When the bath was heated above room temperature, there was consider- 
able difficulty in obtaining correct values, since the liquid distilled into 
the connecting tubing and decomposed. 

The temperature of the bath was taken with a standard mercury ther- 
mometer. The readings of the manometer were corrected to 0'. The 
results are tabulated and I / T  x lo4, 
shown in Fig. 6. The pres- 28 30 32 34 36 38 
sure-temperature curve is 3.00 
merely a smooth curve 
through the  observed 400 2.80 
points. The  log P-1/T 
curve is  a s t ra igh t  line 
drawn through the observed 2.60 

points. This line passes 
through the observed value $ am 2.40 

for the boiling point. 2 
The value of the latent 9 

U 
a; 2.20 , 

heat of evaporation is calcu- O 2 
lated from the slope of the 

2.00 vapor pressure curve by the 2oo 
5 formula I,7 SERIES / P  

2.303 log (P1/p2) 3 1.80 MA = 
1/Tl - 1/T2 

It is found that the mo- loo 1.60 
lecular heat of evaporation, 
MX, is 8544 cal. and the 
latent heat per gram, X, is 1.40 

129.2 cal. a 

Boiling Point.-The boil- 0 1.20 

ing point of hydrogen disul- 270 280 290 300 310 320 
Temperature, O C .  

fide was determined by 
Fig. 6 .  

Bloch and Hohn, and by 
Walton and Parsons. Since their materials may have been impure and 
since the vapor came in contact with glass, their values were probably in 
error by several degrees. I t  was decided, therefore, to determine the boiling 
point in an apparatus so designed that the vapor could come in contact 
only with quartz. The platinum in quartz resistance thermometer (Heraeus 
type) was placed so that the rubber connection could not come in contact 
with the vapor. 

A sample of hydrogen disulfide was prepared by distillation in a pyrex 



2194 K. H. BUTLER AND O. MAASS Vol. 52 

still from phosphorus pentoxide and transferred into the apparatus. The 
liquid was heated by a micro flame and boiled quietly for five minutes, the 
temperature remaining constant. Superheating was prevented by frag- 
ments of quartz tubing. Decomposition then started and was detected 
by a sudden drop in temperature and by a change in the size of bubbles 
within the liquid. 

Owing to a hysteresis effect for the type of thermometer used, the cali- 
bration cannot be trusted above room temperature. The platinum ther- 

mometer was, therefore, trans- 
46 

ferred directly from the boiling 
liquid to a bath of water a t  approxi- 
mately the same temperature and 

48 compared with a standard mercury 
thermometer. 

The value obtained for the boil- 
ing point was 69.9' a t  749 mm. A 

50 second determination gave 70.6" 
% at  748 mm. The boiling point a t  
3 
o 760 mm. may be given as 70.7 * 
3 

W C 
0.5 '. 

3 52 From the boiling point and the 
calculated value for the heat of 
evaporation the value 24.9 is ob- 
tained for Trouton's constant. 
This value indicates association of 
the liquid. 

Surface Tension.-The surface 

56 
tension of hydrogen disulfide was 

- 35 - 15 4-5 determined by measuring the rise 

Temperature, O C .  in a capillary tube. The liquid was 
Fig. 7 .  distilled directly into the capil- 

larimeter from a pyrex still and 
sealed off in vacuo. The instrument, built entirely of quartz, is essentially 
that of Richards6 The capillary had an internal diameter of about 1.4 mm. 
and the wide tube about 13 mm. The constant for the instrument was 
obtained by a calibration with benzene over a range of temperature. 

The capillarimeter was completely immersed in an ether-bath cooled by 
addition of solid carbon dioxide and stirred by a current of air. The 
difference in level of the menisci was measured by a cathetometer. Tem- 
peratures were measured by a mercury thermometer. The values of the 
surface tension are tabulated and are given in Fig. 7. 

From the smooth curve for the surface tension one may obtain values for 
Richards, THIS JOURNAL, 37, 1656 (1915). 
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VARIATION OF SURPACE TBNSION OF HITIROCEN DISULFIDE WITH TEMPERATURE 
Temp, Temp, 

"C. Rise, mm. d Y "C. Rise, mm. d Y 

-32.7 1 1 3 5  1 4 @  55.6 - 4 5 10.60 1.367 50.7 
- 29.0 11 30 1 401 55.3 - - 0 . 3  1050 1.361 50.0 
- 26.8 11.15 1.398 54 5 1 5  10.45 1.359 39 .7  

calculation of the molecular surface energy, the total surface energy and 
the Ramsay and Shields constant. The variation of molecular surface 
energy with temperature is shown in Table VIII. 

TABLE VIII 

VARIATION OP SURFACE ~ N E R G Y  OP HYDROGSN DISULFIDE WITH TEMPERATURE 
I Y d -y(?.l/d)'/8 

- 30 55 10 1 4028 719.1 
- 20 53.41 1 ,3890 701.7 
- 10 51.71 1 ,3752 683 9 

0 50 02 1 3616 666.0 
10 48.32 1 ,3477 647.7 
20 46 .63 1.3339 630.4 

This gives for the Ramsay and Shields constant the value of -1.78. 
This is lower than the normal value, -2.12, indicating that the liquid 
is associated. dy/dt = -0.1695 and hence the total surface energy, 
-y + T ( d y / d T ) ,  is 96.3 ergs. The critical temperature may be calculated 
from the surface tension data; the value found is 278", which is in good 
agreement with that calculated from the boiling point. These values 
cannot be considered as exact, since the liquid is associated. 

Heat Capacity.-Measurements were made of the total heats of 
hydrogen disulfide from various initial temperatures to 25" in an adiabatic 
calorimeter. 

TABLE IX 
TOTAL HEATS OF HYDROGEN DISULFIDE BETWEGN 25 AND LOWER TEMPERATURE 

Heat capacity Heat capacity 
Initial to +25 OO" Initial to  +25 00° 

Expt. temp.,  OC. (cal. per g ) Expt. temp., 'C .  (cat. per g.) 
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A sample of hydrogen disulfide was purified by distillation from phos- 
phorus pentoxide in a quartz still. This sample, contained in a quartz 
bulb, showed no evidence of decomposition over a period of ten weeks. 
The apparatus and method of procedure was similar to that of Maass 
and Barnes.' The variation in the temperature of the thermostat in 
which the disulfide was cooled was less than one degree. The total heat 

Specific heat of liquid hydrogen disuEde 0.333 
Specific heat of solid hydrogen disulfide 0.142 
Latent heat of fusion of hydrogen disulfide 27.3 cal. per g. 

of the quartz bulb from the 
0.00 initial temperature to +25' 

was obtained from a mean 
specific heat curve given 
by Sosmaa8 The results 

20.00 of the determinations are 
tabulated and are shown in 
Fig. 8. 

5 .* u The deviation of Expts. 
B '7,s and 10 is much too large 
8 40.00 
+a 

to be caused by the con- 

$ 
tainer not reaching the tem- 
perature of the thermostat. 
It is practically certain that 

60.00 these anomalous results in- 
dicate the existence of a 
metastable crystalline form 

Refractive Index.-The refractive index of hydrogen disulfide was 
measured by an Abb6 refractometer. The prisms were carefully washed, 
using successively benzene, alcohol, hydrochloric acid, water, alcohol and 
ether. Observations were made over five minutes and the curve ex-' 
trapolated to zero time. A typical series was 

80.00 

Maass and Barnes, Proc. Roy. Soc. (London), A l l l ,  224 (1926). 
8 Sosman, "Properties of Silica," The Chemical Catalog Co., Inc., New York, 

1927, p. 315. 

- 200 - 125 -50 +25 liquid without supercooling 
Temperature, OC. to about - 105 O and owing 

Fig. 8. t o  th i s  supercooling t h e  
metastable form can exist. 

These results permit calculation of the specific heats of the liquid and 
solid and of the latent heat of fusion. 

// 

, 
of hydrogen disulfide. It 
was impossible to freeze the 
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Time, minutes 0:30 1:OO 2:OO 2:30 3:OO 4:OO 5:OO 
Refractive index 1.6326 1.6340 1.639 1.643 1.651 1.659 1.675 

The value of the refractive index was found to be n~ = 1.6322 a t  2 2 O .  
The molecular refractive power, R = (n2 - l ) / (n 2 + 2 )  X M/d may be 
calculated and has the value 17.730. 

Conclusions 
The present investigation allows a number of comparisons to  be made 

between H2S, H28, H20  and I12U2. 
HpS HzSa He0 H z 0 2  

Melting point, OC. -82.9 -89.6 0.0 -0.89 
Boiling point, 'C.  -59.6 70.7 100.0 151.4 
Heat of evaporation 5210 8544 9709 11610 
Trouton's constant 24.4 24.9 26.2 27.3 
Specific heat of liquid . . . . 0.333 1 .OO 0.579 
Specific heat of solid . . . . 0.142 0.45 0.47 
Heat of fusion . . . . 1800 1430 2500 
Density a t  20" 0.964 (-60") 1.3339 0.9982 ' 1.4418 
dD/dt 0.00163 0.00138 0.00021 0.00107 
Surface tension a t  b. p. 28.2 38.1 55.9 55.3 
Total surface energy 82.2 96.3 113.1 121.0 
Ramsay and Shields constant 1.91 1.78 1.08 0.92 
Parachor (obs.) 82.9 130.0 52.8 69.6 
Parachor (calcd.) 82.4 130.6 54.1 74.1 
Refractive index, n2: 1.384 1.6322 1.3328 1.4139 
Molecular refractive power (obs.) 9 64 17.730 3.715 5.900 
Molecular refractive power (calcd.) 9.89 17.58 3.725 5.250 

The melting point of hydrogen disulfide is a little lower than that  of 
hydrogen sulfide. The melting point of hydrogen peroxide is slightly 
lower than that of water. The boiling point of hydrogen disulfide is con- 
siderably higher than that of hydrogen sulfide; the boiling point of hydro- 
gen peroxide is considerably higher than that of water. The general 
conclusion is that the change in physical property due to the added sulfur 
atom in the sulfur compounds is followed in an analogous manner by the 
change in physical property due to the addition of an oxygen atom in the 
oxygen compounds. Thus a striking similarity is brought out in the physi- 
cal properties, as well as the chemical, of hydrogen disulfide and hydrogen 
peroxide. 

Association of the liquids increases in the order H2S, Hz%, H20, H202, 
the latter two being much more highly associated, as is shown by the 
Ramsay and Shields constant and the melting point. The agreement 
of the observed values of the parachor and molecular refractive power 
with those calculated for the formula H S S - H  proves that hydrogen di- 
sulfide does not contain a double bond or a coordinate bond. The de- 
viation between the observed and calculated values for hydrogen per- 
oxide indicates a possible coordinate bond in this compound. 
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Summary 
The preparation and purification of hydrogen disulfide have been de- 

scribed and the conditions investigated for obtaining large yields. It was 
shown that the higher persulfides are not formed by the solution of sulfur 
in hydrogen disulfide. The solubility of sulfur in the hydrogen disulfide 
was measured. The melting point, vapor pressures, density of the liquid, 
surface tension, refractive index, specific heat and latent heat of fusion of 
hydrogen disulfide were determined, and related constants were calculated. 
A comparison of the physical properties of hydrogen sulfide, hydrogen 
disulfide, water and hydrogen peroxide brings out the relations existing 
between these compounds. 

MONTREAL, CANADA 

[CONTRIBUTION PROM THE DEPARTMENT OF CHEMISTRY OF STANFORD UNIVERSITY] 

THE NATURE OF THE SORPTION BY CHARCOAL OF GASES AND 
VAPORS UNDER GREAT PRESSURE 

The McBain-Bakr sorption balance1 has enabled regions of sorption 
previously inaccessible to be explored with comparative ease. Nearly all 
studies of sorption have been broken off below atmospheric pressureI2 

1 The microbalance described by McBain and Tanner [Proc. Roy. Soc. (London), 
A125, 579 (1929)l has many points of superiority over the McBain-Bakr balance. It is 
of the beam type, of extreme sensitivity, robust and compact enough to be placed within 
a glass tube and subjected to great extremes of temperature and pressure while in use. 

2 The chief investigations in which higher pressures have been used are: J. Hunter 
[J. Chem Soc., 24, 76 (1871) 1, charcoal with ammonia and cyanogen to 3.5 atmospheres 
and carbon monoxide to 5.3 atmospheres in a Fontana experiment; E. W. R. Pfeiffer 
["Dissertation," Rrlangen, 1882, c f .  Beiblatter, 8,630 (1884)], glass wool or charcoal with 
glass wool in Cailletet's compression apparatus with carbon dioxide or ammonia between 
2 and 8 atmospheres, showing no saturation value; Sir James Dewar [Proc. Roy. Inst., 
18, 437 (1906) 1, 1 g. of charcoal a t  - 185' sorbed 9.3 cc. of hydrogen a t  1 atmosphere 
pressure; this was raised to 13 81, 156.7, 149.3, 145.5 and 138.1 cc. a t  5, 10, 15, 20 and 
25 atmospheres, respectively; Dewar regarded this as constancy. J. I. Graham [The 
Colliery Guardian, 122, 809 (1921)], carbon dioxide, methane and nitrogen by  dry and 
moist coal up to about 30 atmospheres. The moist sorbed about one-third as much as  
the  dry coal dust, I g. of which, together with a small amount of glass wool, a t  30 atmos- 
pheres, sorbed about 10 cc. of nitrogen, the amount still apparently rising with increase 
in pressure. H. Briggs and W. Cooper [Proc. Roy. Soc. Edinburgh, 41, 119 (1921)l 
tested the capacity of steel cylinders partly filled with moist or dry charcoal or silica, 
using nitrogen, oxygen and hydrogen in some cases up to 100 atmospheres. They 
found agreement between their results and the Williams-Henry formula, but in some 
cases the term k2 X n / m  of that formula was negligible. F. A. Henglein and M. Grzen- 
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chiefly because of the rapidly growing inaccuracy and uncertainty of 
measurements where sorption is increasing only slowly with pressure, and 
the amount of gas or vapor in the poorly defined "dead space" within the 
apparatus is rapidly becoming the dominant quantity observed. 

The present communication describes measurements of the sorption of 
nitrogen, nitrous oxide and ethylene a t  pressures up to GO atmospheres, 
which were completed at Bristol University, England, early in 1927. The 
results are of especial interest in that, being carried out with a permanent 
gas and with vapors above and below critical temperatures and pressures, 
they enable a decision to be reached between rival views as to the nature 
of sorption by charcoal. 

Experimental 
Apart from minor modifications introduced to suit each gas studied, the apparatus 

consists essentially of the main experimental glass tube A which contains the vapor or gas 
to be studied and in the upper half of which there is a spiral spring S of fused silica' 
supported from a bent wire C, which is held by friction in the tube, and carrying a t  its 
lower end a platinum bucket B filled with charcoal. The temperature of the charcoal 
is kept constant by means of a thermostat surrounding the upper half of the glass tube. 
The sorption isotherm is obtained by measuring at a series of pressures the weight of gas 
sorbed by the charcoal as determined by the increase in length of the silica spring. 

Kahlbaum's pure sugar charcoal was used in all experiments after activation either in 
steam or in air. The former (referred to in another communication4 as "Wright's 
Steam D" charcoal) was prepared by heating at 700" in a silica flask for thirty minutes, 
a current of steam blown against the powdered charcoal, with frequent shaking, a t  th: 
same temperature for forty-five minutes and the heating continued for ten minutes. 

Another portion of the same sugar charcoal was activated by heating in a porcelain 
tube in an electric furnace a t  1140 for twelve hours. During this time a slow stream of 
air was passed over the charcoal a t  intervals, so that about 20% of the original charcoal 
was oxidized. This is el~ewhere5,~ referred to as "Smith's Air C" charcoal. 

In all cases the charcoal was evacuated after the apparatus had been set up, keeping 
the charcoal a t  450" by an improvised heating coil6 of nichrome wire embedded in a hol- 
low tube of asbestos. The vacuum must be applied very slowly to avoid the charcoal 
blowing out of the bucket. Evacuation was continued until the charcoal had been ex- 
posed to a vacuum of less than mm. for four or five hours. After the charcoal 
had stood in contact with the nitrous oxide, ethylene or nitrogen a t  one atmosphere 
pressure or more for many hours, the evacuation of the charcoal was repeated with the 

kowski [Z. angew. Chem., 38, 1186 (1925)], ammonia, sulfur dioxide and chlorine by 
carbon up to several atmospheres. 

a For details see J. W. McBain and A. M. Bakr, THIS JOURNAL, 48, 690 (1926). 
Silica fibers about 0.1 mm. thick and one meter long are supplied by the Silica Syndicate 

J. W. McBain, H. P. Lucas and P. P. Chapman, communicated to THIS JOURNAL. 
6 J. W. McBain, D. N. Jackman, A. M. Bakr and H. G. Smith, J. Phys. Chem., 

34 (1930). 
6 A strip of asbestos paper about '116 inch thick soaked in water was wrapped once 

around a glass tube and the edges kneaded together. Nichrome wire (15 feet, 15 ohms) 
was wound upon this and covered with further layers of soaked asbestos with the edges 
well kneaded together. The wet cylinder was slid off the tube by firm pressure and dried 
by an electric current of sbout two amperes. 
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same care as before. This is effective in displacing some of the residual impurities in 
the charcoal. 

Sorption of Nitrous Oxide 
The nitrous oxide used was obtained from a small cylinder as supplied for dental 

purposes. 
The sorption tube A, Fig. 1, was 12 mm. in internal diameter, 18 mm. in external 

diameter and approximately 40 em. in length and was carefully sealed a t  the bottom 
before use, the balance being introduced from the top. Sufficient space was left below 
the bucket of charcoal so that liquefied gas could be present in excess and yet be far 
enough from the bucket to allow the temperature of the liquid to be controlled over the 
range -96.5 to +20.g0 without disturbing the temperature of the charcoal. The top 
of the tube was carefully drawn out, while the tube was in the clamp, until the internal 

diameter was 1 to 2 mm., the walls being nowhere thinner than 
5 mm. on the tapering portion of the tube. The completed 
sorption tube was sealed onto an apparatus constructed of glass 
tubing and designed to allow evacuation via tap TI and also to 
allow the admission of nitrous oxide via tap Tz a t  pressures up 
to 80 cm. of mercury. Taps TI and Tz weke mercury sealed, 
and 0 was a mercury trap which acted as a safety valve. 

The general principle of the apparatus described above was 
due to Mr. H. H. M. Wright, who began the experimental work. 
His values for the sorption of nitrous oxide a t  15' by steam 
activated charcoal ("Steam DM), which had been previously 
evacuated to less than 0.0001 mm. a t  470'. were x/m = 0.099 
and 0.106 at  one atmosphere. For the same charcoal evacuated 
only to 0.007 mm. a t  470' the value of x/m was 0.204 a t  19 
atmospheres and 15 O. 

The silica spring was calibrated both before and after the 
experiment, but the latter calibration has invariably been used 
for calculating the results presented. Experience has shown 

Fig. 1.-The sow- that any considerable elevation in temperature produces a 
tion balance connet- change in the length of such a spring, which decreases in magni- 
tions as used for tude with time and may be due to the reattainment of an equilib- 
nitrous oxide. rium of state in the silica disturbed by the heating during bend- 

ing.l The effect is most noticeable in the period of evacuation 
when the charcoal is heated to 450-500 ". In later experiments on nitrogen and ethylene 
the spring was not heated during evacuation, the bucket being hung on a fiber 10 cm. 
long from the end of the spring. It is now our custom to anneal springs for thirty to 
forty hours at 200' before use, as this is found to remove the effect. 

The buckets B were made of the thinnest platinum foil, free from pinholes and 
supplied by Johnston Matthey and Co., London. They were welded upon a carbon 

I. Sawai and 0. Morisawa [Z. anorg. allgem. Chem., 173,361 (1928)l found simi- 
larly that threads of lead borate glass when first heated to temperatures between 180 
and 395' shrink on account of release of the longitudinal strains produced when they 
are being drawn. This effect did not occur if the thread were sufficiently loaded. A 
careful, extensive study of the increase in the elastic constants of fused quartz upon 
heating has recently been published by H. D. H. Drane, Proc. Roy. Soc. (London), 
1224 274 (1929). See also the data of the Bureau of Standards quoted in Ind. Eng. 
Chm.,  News Edition, 8,14 (1930). 
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rod as a form and were about 15 mm. deep and 5 or 6 mm. in diameter, weighing from 
0.09 to 0.12 g. and holding about 0.12 g. of charcoal. 

A Kaye-Backhurst steel mercury pump, backed by a Cenco "hyvac" pump, was 
used, the combination readily producing 10-6 mm. The pumps were joined to a wide 
tube branching into mercury sealed taps, one of which was TI, Fig. 1 ; another led to a 
McLeod gage reading to 10-3 mm. and a Pirani gage, while a third tap led to a tube of 
calcium chloride and phosphorus pentoxide by which air could be admitted when desired 
without admitting moisture. 

After the second evacuation, the charcoal and tube were allowed to cool, while tap 
TI was left open, the length of the spring S read carefully with a Wilson traveling micro- 
scope: three or four concordant values being obtained, and from this value the weight of 
gas free charcoal was calculated. 

In  order to introduce the nitrous oxide into the apparatus, the lower tip of the sorp- 
tion tube A, Fig. 1, was cooled in liquid air, and the gas was supplied a t  about 80 cm. of 
mercury pressure through tap T,. The mercury trap 0 acted as a safety valve, pre- 
venting a rise of pressure when the level of the liquid air fell, or the rate of condensation 
decreased for any other reason. The liquid air level was gradually raised until a column 
of solid nitrous oxide about 4 inches deep was obtained. Tap T?: was then closed and TI 
opened. Tube A was pumped out to about 2 mm. and refilled with nitrous oxide several 
times to remove traces of nitrogen likely to come from the nitrous oxide cylinder. The 
sorption tube was then sealed off at  P under vacuum and set up in the screen, Fig. 2. 
After sealing off the capillary tube, it was found advisable not to allow the internal pres- 
sure to rise above atmospheric for twelve hours. In nearly every 
case impatience led to blowing off the tip at  some stage of the 
experiment. 

The screen, Fig. 2, consisted of a sheet-iron box 6 inches square 
and 18 inches long, having one side removable by undoing nuts 
and opening only a t  one end. A slit U, 0.5 inch wide, was cut in 
the face opposite the removable one, and a sheet of plate glass 0.25 
inch thick fitted behind the slit. The box stood on the open end 
with slit to the front. Above the slit and also in one side about 
6 inches from the bottom, two brass cylinders of 1-inch diameter 
were mounted. They were drilled so that the brass rods QI and 
Qz, 0.25 inch in diameter, could slide in them. Two ends of a steel 
helix were secured to the end of each rod like a spring fountain pen 
clip so that the tube could be slid into them and be firmly held with- 
out straining the glass. Since these rods were at  right angles, it 
was possible to adjust the tube A very easily and allow the spring S Pig. 2.-Protecting 
to swing freely. An asbestos partition R was mounted below the screen. 
level of the bucket and nichrome coils were introduced above the 
partition so that the bucket and charcoal could be warmed to any desired temperature. 
The screen stood upon a bench W about 7 inches high, 15 inches wide and 18 inches 
long, having a hole X cut in the top. In operation a Dewar vessel was raised through 
X to surround the liquid nitrous oxide, and the door of W replaced. 

A Dewar vessel containing carbon dioxide snow and ether was used as a bath for 
maintaining the liquid nitrous oxide at  any desired temperature below 0 ". Stking and 
frequent small additions of solid carbon dioxide sufficed to keep the temperature con- 
stant within 0.5" of the desired value. The temperatures were observed by a pentane 
thermometer which was calibra6ed at  the time of performing the experiment by ob- 

8 W. Wilson, Gourley Works, Seven Sisters Road, South Tottenham, London, E. C., 
England. This microscope could be read to *0.001 cm. 
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serving the freezing points of pure liquids. The vapor tension corresponding to the 
observed temperature of the liquefied nitrous oxide was obtained from the vapor ten- 
sion-temperature graph determined in a previous paper,S and the length of the spring S 
was read by the traveling microscope after an interval of not less than two hours since 
the last change in temperature of the bath. I t  was found that no change in length of 
the spring occurred over longer periods, and values of sorption approached from either 
side of the equilibrium lay on the same curve. Since the same traveling microscope 
was used for calibrating the springs as for taking sorption measurements, no calibration 
of the scale was necessary, as any errors were automatically eliminated. Care was taken 
that all final movements of screws for fine adjustment of height or focus were carried 
out in the same direction. For higher pressures, necessitating baths with temperatures 
above 0 ", mixtures of tap water and ice water were used and were maintained constant 
by occasional addition of small quantities of ice water. 

The data for nitrous oxide are tabulated in Tables 1-111, in which T is 
the temperature of the liquid nitrous oxide in degrees centigrade, and p is 
the corresponding vapor tension in atmospheres. To save space, only the 
first part of Table I is given in full. The apparent weight of gas sorbed, 
given as x uncorrected in Table I, equaled the difference in length of the 
spring at  pressure p and the zero reading (Lp - Lo) divided by the sensi- 
tivity of the spring. The sensitivity of the spring is ten times the extension 
produced by 0.1 g. increase in load. A correction for buoyancy must be 
made. 

TABLE I 
SORPTION OF NITROUS OXIDE BY "STEAM D" CHARCOAL. TUBE I11 

Mass of charcoal, m = 0 1023 g. Sensitivity of spring, S = 15.25 cm /g. Total 
volume of charcoal and platinum bucket, 0.06087 cc. 

0, Lp - Lo, x (uncorr ), Buoyancy, x (corr ), 
T, OC. atm. G Pcc. cm. g. P.. g. x / m  

Temperature of charcoal, 20 ". Zero reading of spring, S = 8.647 cm. 

-96.5" 0 6 0 000923 0 237 0 01554 0 00006 0 0156 0 153 
-87 0 1 1 00204 233 01528 ,00012 ,0154 .I51 
-725-4 ,00449 274 '01797 ,00027 0182 .I78 
-62 0 4 0 00758 ,288 ,01889 00046 ,0194 .I89 
- 505" 6 3  0123 282 .01849 .00075 0192 .I88 
-41 5 8 8 0178 .280 ,01836 .00109 .0195 .I90 
-39.0" 9 7  ,0199 ,289 01895 ,00121 .0202 .I97 
-30.5 1 3 0  .0280 287 01882 ,00170 .0205 ,201 
-18 0" 19 3 ,0460 278 ,01823 ,00274 .0210 ,205 
-18.0" 19 3 ,0450 ,278 .01823 .00274 .0210 .205 
-18 0" 19 3 .0450 .285 ,01869 00274 .0214 .210 
-17 0" 19 8 .0464 ,279 ,01830 .00283 ,0211 .207 
+ 0 5" 31 1 .0814 ,255 .01672 ,00496 .0217 ,212 
+ 0 5 31 1 0814 .251 .01646 00496 ,0214 .209 
4- 3 8 33 4 0895 .246 01613 00545 0216 .211 
+ 7 4 36 3 .I00 233 01528 .00611 .0214 .209 
+ 9 4  3 8 0  ,107 225 01475 00650 .0213 ,208 
4-12 9 41 6 .I22 215 01410 .00741 .0215 .210 
+ I 3 9  4 2 8  127 .205 .01344 ,00772 .0212 .207 

W. T. Britton, Trans. Furaday Soc., 25, 520 (1929). 
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T A B L ~  I (Concluded) 
T, ' C .  0, atm Buoyancy, g. x / m  T, ' C  9 ,  atm 

Temperature of charcoal, 45" 

-84 0" 1 3 0 00013 0 126 + 0 2" 30 8 
-840 1 3  .00013 .I15 $132 4 2 0  
-42.5" 8 5 .00090 167 +I4 3" 43 5 
-40.5" 9 1  ,00096 ,170 + I 4 5  4 3 8  
-22 Ei'" 16 9 00187 17.5 417 5 48 R 
+ 0 2 30 8 00388 186 $19 5 49 7 

Temperature of charcoal, 67 " 
-880' '  1 1  0000106 0.0869 4 - 0 2 "  3 0 8  
-49.5 6 G 00065 ,151 +I2 9 41 6 
-45.3" 7.7 .00076 141 4-20 9 61 3 
-37.0" 1 0 3  .0010'3 ,154 

Ruoyancy, g. r fnz 

0 00360 0 174 
.00506 1 - -  r i a  

00618 172 

" Dcsorption cxperimctlt. 

Mass of charcoal, m = 0.1463 g. Sensitivity of spring, S = 22 50 cm./g. 
volume of charcoal and platinum bucket, 0.08618 cc. 

T,OC. t, atm. Buoyancy, g. x / m  T,T. p ,  atm Buoyancy, g 

Temperatere of charcoal, 20 " 

Total 

" Dcsorption experiment. 

SORPTIOX OOF NITROUS OXIDE BY "STEAM D" CHARCOAL TUBE V 

Mass of charcoal, m = 0 0943. Sensitivity of spring, S = 12 02 cm / g  
volume of charcoal and platinum bucket, 0.05644 cc 
T, ' C .  P, atm. Buoyancy, g i m T,' C g, atnl Buoydncy, g 

Temperature of charcoal, 20 " 
-77 0" 2 0 0 00021 0 162 -18 0' 19 3 0 00264 
-75.5" 2 1 00022 161 -+ 0 la 30 7 00452 
-74 0 2 3 .00024 171 + 1 6  3 1 9  00475 
-64.5 3 5  ,00037 195 + 9 6" 38 1 00605 
-555" 5 2  00056 198 4-109 3 9 4  03636 
-55.5 5 2 00056 191 +15 5 45 1 .00773 
-43.5 8 2 00093 202 + I 7 7  4 9 0  00870 
- 290" 13.7 ,00168 ,209 

Total 



2204 JAMES w. MCRAIN AND GEORGE T. BRITTON Vol. 52 

TABLE 111 (Concluded) 
T, O C .  P, atm. Buoyancy, g. d m  T, OC. 9,  atm. Buoyancy, g. x j m  

Temperature of charcoal, 45 " 
-74.5" 2 .2  0.00021 0.127 -17.5 19.5 0.00204 0.187 
-57.5" 4.8 .00046 .I63 -16.6 20.0 .00210 .I84 
- 53.0 5.8 ,00056 .I50 + 0 . 2 "  30.8 ,00360 ,193 
-45.0" 7.8 .00076 ,169 4 -8 .4  37.1 ,00459 ,192 
-40.5" 9.1 .00089 .I67 +16.6 46.7 .00614 ,185 
-27.0 14.6 ,00147 .I79 +17.0 47.7 ,00629 ,187 

Temperature of charcoal, 67 " 
-77.0" 2.0 0.000179 0.0910 f 0.8  31 .3  0.00340 0.179 
-71.5 2.5 .00022 .I10 + l l . 6  40.1 .00452 ,179 
-57.0 4.9 ,00044 .I29 +16.6 46.7 ,00526 ,177 
+ 0 . 2 "  30.8 ,00334 .I70 +17.16 47.8 ,00538 .I74 
+ 0 . 8 "  31.3 ,00340 ,179 +18.3 48.5 .00545 ,175 

" Desorption experiment. 

Data for the density of the vapor of nitrous oxide are given in a previous 
communica t ion .~rom the plot of @ against p the values of density in 
g./cc. appropriate to the pressures used in obtaining points on the sorption 
isotherm were calculated. These are given as p in Table I. The total 
volume displaced in cubic centimeters (the volume of the platinum com- 
posing the bucket plus the volume of the charcoal it contained) multiplied 
by the density gave the buoyancy correction in grams. This was added to 
the apparent sorption (x uncorrected), and the sum (x corrected) was 
divided by the mass of charcoal m to give values of sorption designated as 
x/m in the tables. The volume of the charcoal was calculated from its 
mass in vacuo by assuming 1.8 g./cc. as its density. 

Sorption of Ethylene 
The apparatus for measuring the sorption of ethylene was essentially the 

same as that used for nitrous oxide. Ethylene condenses very much more 
slowly than nitrous oxide, and hence it was condensed a t  2 to 3 atmospheres 
pressure. Between the sorption tube A and the glass spiral D, Fig. 1, a 
glass T-piece of capillary tubing was introduced. The third leg of this was 
bent downward and again branched (see Fig. 3). At the ends of the 
branches two swellings were made in order that pressure tubing could be 
wired on safely. The swellings were drawn down into thin tips G and GI 
which were sealed and a slight scratch made on them with a file. Tip G 
was connected by pressure tubing Y to a closed-end mercury manometer 
and a cylinder of ethylene, the connecting tubing having first been swept 
free of air by a current of ethylene. 

After the preliminary evacuation ethylene was admitted by turning open 
the valve of the gas cylinder and breaking the tip G. As G was so fine, no 
sudden rush of gas took place. The rubber connection was then trans- 
ferred to the other leg and the fine tip G sealed by a small flame. 
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Following the second evacuation, the sorption tube was drawn off a t  2, 
and ethylene was introduced via GI as before. A Dewar flask of liquid air 
was placed so that the lower end of the sorption tube just 
dipped in it, and the ethylene pressure raised to 2 or 3 
atmospheres. Prom time to time the Dewar vessel was 
raised a little until a suitable depth of ethylene was ob- 
tained. Impurities in the gas were swept out by allowing 

p , 
the solid ethylene to melt and boil off, G having been 
opened. The sorption tube was then sealed off under a 
slight vacuum obtained by slipping over G a rubber con- 
nection to the pumps. 

In order to obtain the sorption isotherm of ethylene a t  
0°, a piece of glass tubing, 2.5 inches in diameter, was I Y 
drawn down to a neck which would just slide over the 
sorption tube. A length of 5 inches was left on the neck, 
and the resulting jacket, which gave a water-tight joint, Fig. 3.--Capil- 

was secured by a short piece of rubber tubing to the sorp- lam tubing intro- 
duced in apparatus 

tion tube a t  the point where the bucket of charcoal was for sorption of 
suspended. This jacket was kept packed with ice. The ethylene. 
spring S was thus a t  room temperature, the charcoal at 0°, 
and the end of the sorption tube containing the liquid ethylene could still 
be kept a t  any desired temperature with carbon dioxide and ether mixtures. 

TABLE IV 
SORP'I'ION OF ETHYLENE BY "AIR c' CHARCOAL. TUBE 11 

Mass of charcoal, m = 0.0789 g. Sensitivity of spring, S = 14.06 cm./g. Total 
volume of charcoal and platinum bucket, 0.04825 cc. 
T, OC. 9, atm. Buoyancy, g. x/m T. OC. 0, atm. Buoyancy, g. x / m  

Temperature of charcoal, 0 " 
-73.0 4.8 0.00031 0.188 -12.5 29.5 0.00274 0.224 
-55.7 9.3 .00063 .209 -10.7 30.8 .00293 .222 
-30.5 19.5 00154 ,225 - 5.5 34.9 .00358 .222 
-28.5 20.5 .00164 .226 

Temperature of charcoal, 20' 

-77.0 4 .1  0.00024 0.176 -32.5 18.6 0.00127 0.214 
-73.0 4.8 .00028 .186 -25.0 22.2 .00158 .210 
- 6 . 0  7.6 .00046 .I86 -16.0 27.3 .00207 .214 
-57.5 8.7 .00054 .I94 - 9.5 31.7 .00254 .208 
-49.5 11.5 .00073 .202 0 39.9 .00358 .209 
-37.5 16.3 .00109 ,203 

Temperature of charcoal, 45 

-79.0 3 .8  0.00020 0.161 -24.5 22.5 0.00143 0.198 
-61 .O 7.6 .00042 .I75 -10.5 30.9 .00213 .200 
-49.5 11.5 .00066 .I82 - 8 . 0  32.9 .00232 .201 
-42.5 14.2 .00084 .I86 0 39.9 .00298 .201 
-34.5 17.7 .00108 .I98 
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TABLE V 

SORPTION OF ETHYLENE BY "AIR CJ' CHARCOAL. TUBE I11 

Mass of charcoal, m = 0.1051 g. Sensitivity of spring, S = 19.94 cm./g. Total 
volume of charcoal and platinum bucket, 0.06288 cc. 

T, OC. C ,  atm. Buoyancy, g x/m T, "C. p ,  atm Buoyancy. g r ' m  

Temperature of charcoal, 0 " 
-78.0 4 0  000033 0.163 -31 7 19 0 0 00194 0 206 
-54.5 9 7  .00087 .I89 - 250  2 2 2  00237 209 
-44.5 13 4 .00126 .I98 - 163  2 7 1  003 14 206 
-42.5 14 2 .00135 .201 - 120  2 9 9  00364 202 

Temperature of charcoal, 20" 

-88 0 2 5  0.00019 0.148 -29.7 19 9 0 00180 0 182 
- 637  6 9  ,00054 ,166 -22.5 23 5 00222 193 
-52.0 1 0 7  ,00088 .I70 -10 7 30 8 ,00318 ,191 
-49.4 1 1 6  .00096 .I74 0 39 9 ,00466 .I91 
-37 0 16 5 ,00144 .I85 + 3 . 0  4 2 9  00524 191 

Temperature of charcoal, 45" 

-82.0 3 3  000023 0.132 -11.7 30.2 0.00270 0 169 
- 4 8 0  1 2 1  .00091 .I48 - 9 5 31 7 ,00287 166 
- 2 8 0  2 0 8  .00170 ,158 0 39 9 00389 169 

The experimental data found for ethylene are given in Tables IV and V. 
Tube I burst, which prevented the calibration of the spring from being 
checked. All calculations were made exactly as for nitrous oxide, and the 
pressure p and the density were obtained from vapor tension-temperature 
and k p v  graphs, respectively, which had been determined in the previous 
communication already mentioned in the case of nitrous oxide. 

Sorption of Nitrogen 

Mr. H. H. M. Wright placed the balance in a steam boiler water-level 
gage secured to a heavy iron stand. A passage in the upper casting com- 
municated from the packing gland to a copper tube leading from a cylinder 
of compressed nitrogen via a constant pressure gas regulator. Another 
passage led to a gas valve by which the apparatus could be connected to the 
vacuum pumps by pressure tubing or isolated from them as desired. A 
passage in the lower casting led to a large brass cylinder bolted by a flanged 
joint to the casting. The silica spring was placed in the glass tube and the 
platinum bucket containing charcoal was suspended inside the brass 
cylinder by a fine fiber from the spring. A small electric heater, made by 
winding nichrome wire on a silica glass tube, fitted inside the cylinder and 
heated the charcoal to the desired temperature. This heater was calibrated 
before use. The leads for the heating current were led through the gaskets 
between the flanges, which were water-cooled to prevent decomposition of 
the rubber in the packing gland. Wright's data for nitrogen are graphed 
in Fig. 4. 
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A better type of apparatus was then devised. I t  was necessary to seek a 
better method of uniting glass and metal with a vacuum and pressure tight 
joint. Many possible jointslorll are described in the literature, but none 
were successful. A much simpler joint, Fig. 5 ,  which is highly efficient and 
very easily made, was developed. A cylinder of brass 7 cm. long was 
drilled out to slide over the given capillary tube N (approximately 7 mm. in 
diameter), and a length of about 5 cm. was drilled out to 1.5 crn. diameter 
and tapped to take a small pack- 
ing nut I, which just slipped over 0,09 
the capillary tube. The copper 
tube Ii' was soldered into H, and 0.08 

the whole inverted. The capil- 0.07 
lary N was placed in position, 0,06 
and the brass warmed to the . 
softening point of a good sealing $ 
wax. Sealing wax was then 0.04 

melted in until the space was 0.03 
filled, and the hot nut I screwed 0,02 a EXPERIMENTV'  

in about four turns, squeezing 0 EXPERIMENTVI 

soft wax between the brass and O.O1 FXPERIMENT VI' 

the glass, where they were a close 
fit. The ioint was allowed to 0 10 20 30 

cool without disturbance and was p in atm. 
Fig. 4.-Wright's data for sorption of nitro- 

then ready for use. Such joints gen by D,9 charcoal at 15". 

have vacuum 0.0°05 mm. ~era ture  of evacuation of charcoal is 500". 
and internal pressures up to 65 In Experiment v', vacuum obtained is 0.6 
atmospheres without any sign of mm. and time of evacuation is nineteen hours 

failure or flowing of the wax. In Experiments VI and VI', vacuum attained 
is 0.02 mm and time of evacuation is twenty- They will stand much vibration 
four hours 

and rough treatment without 
failure. Waterston's "Bee Brand" Prize Medal sealing wax proved highly 
satisfactory. 

The sorption tube used in these experiments for measuring the sorption 
of nitrogen was of the same dimensions as that used for nitrous oxide but 
was carefully drawn out to a thick capillary at  the lower end L, Fig. 6. 
After the introduction of the balance through the top, the upper end of the 
sorption tube was drawn to a thick capillary and fused onto a glass capillary 
N which was joined to a copper tube I? by means of the special joint J 
(compare Fig. 5). 

A small gas cylinder D, Fig. 7, was surmounted by a brass manifold 
carrying two good gas regulating valves V1,V2 and a pressure gage K reading 

lo M. L. Dundon, THIS JOURNAL, 45,716 (1923). 
" E. C. McKelvy and C. S. Taylor, ibid., 42, 1364 (1920). 
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to 150 atmospheres. Vz was connected to a large gas cylinder E, and V1 
was joined to the copper tube F. The valves were carefully packed with 
leather washers and vacuum grease and proved capable of holding a vacuum 
of 0.0005 mm. The cylinders, valves, gages, unions and copper leads were 
supplied by the British Oxygen Company and proved satisfactory in use. 
The nitrogen, which had a purity of 99.5y0, was obtained from the same 

company in cylinders charged to 120 
atmospheres. This method of gas control 
was adopted because the automatic gas 
regulator previously used by Mr. Wright 
was very troublesome, allowing the pres- 
sure to rise slowly. Leaks, which were J 
rare and slight, were readily compensated 
by hand operation before the pressure had 
changed more than a fraction of one 

I atmosphere. 
The glass portion of the apparatus was 

C 

Fig. 5.-A vacu- enclosed entirely in a sheet-iron screen 
urn- and pressure- with a slit covered by plate glass. A sheet 
t i g h t  joint 

O r  of iron l/Ls inch thick was bent into a box 
uniting glass and 
metal by means of of square section 4" X 4" with the open- A 
sealing wax. ing at  the back. The opening was sprung 

out wider to pass the tube and clamp when 
placing the screen in position and was closed by means of 
wire tied around the screen. 

For the evacuation or outgassing of the charcoal the capil- 
lary tube L, Fig. 6, was fused to a tube M leading to the L 
vacuum pumps. The charcoal was heated to 450' by an 
electric heater, and the pumps started up as described for M 
the experiments with nitrous oxide. The valve V1, Fig. 7, Fig. &-The 

was shut during this operation. The time of evacuation was sorption balance 

considerably longer than for nitrous oxide as, owing to small for ni- 
trogen. 

leaks, the pumps were much longer in reaching a low enough 
vacuum. In  view of the number of mechanical joints, any pressure below 

mm. was regarded as satisfactory, and outgassing was carried out for 
four to five hours at  the lowest pressure obtainable. After the first outgas- 
sing, nitrogen was passed in via Vz and Vl from E until the pressure was one 
atmosphere. After fifteen hours the evacuation was repeated, the charcoal 
cooled, and the zero reading taken as for nitrous oxide. The tube L, Fig. 6, 
was carefully warmed up by the blowpipe and sealed off under vacuum, the 
pumps still running to carry off any gases or vapor given off by the glass. 

While measuring the sorption of nitrogen, the valve Vl, Fig. 7, was always 
left open. The main valve of E was opened, and gas admitted by Vz 
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into D and A up to any desired pressure as read on K. The cylinder D 
served to prevent violent inrushes of gas, as its size demanded a consider- 
able quantity of gas to produce small pressure changes. Moreover, any 
snlall leakage a t  valves or unions would be minimized and readily made up 
by small additions of gas by Vp. The length of the spring S was read after 
an interval of not less than one hour. A shorter period can be permitted 
in this experiment than in the nitrous oxide experiment, because there is no 
liquid-vapor equilibrium to establish in addition to the gas or vapor-solid 
equilibrium, the pressure being put at  its final value in a minute or so. 
When equilibrium had been approached 

F 
from both sides, the pressure was lowered 
by undoing a union or the packing gland 
of Vz and allowing gas to leak out. This J 

was more satisfactory than introducing 
S 

another valve. 
'I'he results were calculated exactly as 

for nitrous oxide. The density of the 
nitrogen at  20' was calculated from the 
data On the the gas as 7 lMcthod of gas pressure 

Amagat12 at l 6 O 3  taking trol used ill sorption of nitrogen 
1.1650 as the density a t  20' and one 
atmosphere pressure. By plotting the density-pressure graph up to 60 
atmospheres, the density of the nitrogen at  any pressure could be readily 
obtained. 

'She densities for nitrogen a t  -77' were calculated from the compressi- 
bility data of van Urk.13 The equation of state of nitrogen is given as 

in which AA = 1.00043 (1 + 0.0036618 t), t being the temperature in de- 
grees centigrade. P is in international atmospheres and V is in normal 
volume units a t  0'. A table of values of B, C, Dl etc., is given for various 
temperatures. The values of the constants B, C, D appropriate to the 
temperature of - 7 7 O  were obtained by graphical interpolation. The final 
equation is thus 

0.7206 - 1.115 X 2.682 X p = - v v2 + va 
the fourth term having proved negligible. By commencing with unit 
volume a t  0°, 1 atmosphere pressure and density po and by substituting 
fractions x such as 0.25, 0.025, 0.015, 0.01, etc., for V, the corresponding 
value of P is obtained. Obviously the density p of the gas a t  - 77' under 

l2 E. H. Amagat, "International Critical Tables," Vol. 111, 1928, p. 17. 
13 Th. van Urk, Communications from the Physical Laboratory of the University of 

Leiden, No. 169e, p. 50 (1924). 
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the pressure P is , ~ ~ / x , x  being the fraction of the volume corresponding to P. 
'l'he density of nitrogen under standard conditions has the value of 1.25057 
grams per liter. 

The experimental data obtained from the measurements of the sorption 
of nitrogen by charcoal are tabulated in Tables VII-X, while Table VI 
contains a comparison of the conditions of outgassing the charcoal. 

CONDITIONS OF OUTGASSING THE CHARCOAL BGFORE MEASURING THE SORPTION 0s 
NITROGEN 

Time for Time at Final Temp. of Contact 
const. vacuum, Press., press., press., evacn., cold Na, 

Expt. Charcoal hours mm. hours mm. OC. hours 

E'irst Evacuation 

I Steam D 4 0.0025 2 0.0025 450 16 
I1 Steam D 8 .0003 12 .0025 490 16 
I11 Air C 18 .0002 6 .0002 490 16 
IV Air C 3 .0002 8 .0002 490 60 

Second Evacuation 

I Steam D 3 0.001 4 0.001 450 . . 
I1 Steam D 8 .0005 4 .0005 490 . . 
I11 Air C 4 .0003 6 .0002 490 . . 
I V  Air C 3 . 000 1 4 .0001 490 . . 

I n  the case of Bxperiment IV the charcoal was outgassed for ten hours a t  460' 
and 0.001 mm. vacuum, which could not be improved upon owing to a crack in a glass 
seal. To put this right, air was admitted, and the charcoal was cooled and re-evacuated 
as above ten hours later. 

TABLE VII 

SORPTION OP NITROGEN BY "STEAM D" CHARCOAL. TUBE I 
Mass of charcoal, m = 0.0960 g. Sensitivity of spring, S = 22.55 cm./g. Total 

volume of charcoal and platinum bucket, 0.05859 cc. 
9, attn x (uncorr.). g. x (corr.), g. x/m p,  atm. x (uncorr.), g. x (corr.), g. x/m 

Temperature of charcoal, 20 
1 0" 0.002084 0.00215 0.0224 23.0" 0.005188 0.00676 0.0705 
1 .5  ,002749 .00285 .0297 25.0 .005055 .00677 .0705 
2.0" .003237 .00337 ,0351 30.0" .005011 .00707 .0737 
5.0 ,004169 .00451 .0470 32.0 .005055 .00725 .0755 
5.0" .003991 ,00433 ,0451 37 .O" ,004967 .00751 .0782 
7.0 .003991 .00447 .0466 38.0 .004967 .00758 .0790 
9 .0" .004213 .00483 ,0503 42.7" .004745 .00769 .0801 

10.0" .004834 .00552 .0575 46.0 .004435 .00761 .0793 
11 0 ,004789 .00555 .0578 49.0" .004435 .00782 .0814 
12.5" .004967 .00582 .0607 52.0 ,004257 .00785 .0818 
13.5 .005144 .00607 .0632 56.0" .003947 .00781 ,0813 
16.5" .005188 .00632 .0658 61.0 .003636 ,00784 .0816 
20.0 .005100 .00647 .0674 

" Desorption experiment. 



June, 1930 SORPTION OP GASES ON CHARCOAL 821 1 

TABLE VIII 

SORPTION OF. NITROGEN BY "STEAM D" CHARCOAL. TUBE 11 

Mass of charcoal, .m = 0.0905 g. Sensitivity of spring, S = 19.76 cm./g. Total 
volume of charcoal and platinum bucket, 0.05556 cc. 
9,  atm. x  (uncorr.), g,  x (corr.), g. x / m  p, atm. x (uncorr.), g x (corr.), g. x / m  

Temperature of charcoal, 20 
1 0 0.001063 0 00113 0.0125 16.0 0.004504 0.00554 0.0613 
1 .la .001670 ,00174 .0193 17.0 .004656 .00576 .0637 
3 .O .002075 .00227 .0251 22.5" .005061 .00652 .0721 
5 0" .002429 .00275 .0304 26.5 .005010 .00673 .0744 
6.0 ,003492 .00388 ,0429 31.5 .OM960 .00701 .0775 
6.5 .003036 ,00346 ,0382 35.2" .DO5263 .00756 .0835 
9.0" ,003694 .00428 ,0473 37 0 .005314 .00773 ,0854 
11 .0 .OM049 .00477 .0527 43 5 ,005213 .00806 ,0890 
13.5" .004302 .00518 ,0572 53.0 .004656 ,00812 .0898 

" Dcsorption experiment. 

TABLE IX 

SORPTION O@ NITROGEN BY "AIR C)' CHARCOAL. TUBB I11 

Mass of charcoal, m = 0.0946 g. Sensitivity of spring S = 15.08 cm./g. Total 
volume of charcoal and platinum bucket, 0.06248 cc. 
9 ,  atm. x (~tncorr.), g. x  (corr.), g.  x /m p, atm. x (uncorr.), g. x (corr.), g. x / m  

Temperature of charcoal, 20 " 
1.0 0.002255 0.00233 0.0246 20 8 0.007228 0.00875 0.0925 
4.1" .003448 .00375 .0396 31 0 .007692 ,00996 .lo5 
6.0 .004509 .00495 .0523 33 2" ,007958 ,0104 .I10 
10.8 .005504 .00629 .0665 40 9 .007825 .0108 .I15 
11.0 .005968 .00677 .0716 46.7 .007958 .0114 .I20 
18.5" .007095 .00845 .0893 50.6 .007692 .0114 ,121 
20.6" .007493 .00900 .0951 

Temperature of charcoal, -77 " 
3.5 0.01154 0.0119 0.126 33.5" 0.01558 0.0195 0.206 
10.0 .01499 .0161 .I70 39.2 -01499 .0196 .207 
16.7 .01625 .0181 .I92 48.0 .01412 .0199 .211 
25.7" .01625 .0192 .203 

a Desorption experiment. 

TABLE X 

SORPTION OF NITROGEN BY "AIR C" CHARCOAL. TUBE IV 
Mass of charcoal, m = 0.0851 g. Sensitivity of spring, S = 19.40 cm /g. Total 

volume of charcoal and platinum bucket = 0.05178 cc. 
9 ,  atm. r (uncorr.), g. x (corr.), g. %/m 9, atm. x (uncorr.), g. r (corr.), g. x / m  

Temperature of charcoal, 20 " 
1 .O 0.004897 0.00496 0.0583 19.1 0.008608 0 00976 0 115 
1 .Ox .004433 .00450 .0528 31.0 .008866 .0108 .I26 
6 0" .005979 .00634 ,0745 4O.Oa .009072 ,0115 .I35 
11 1 ,007629 .00830 .0976 50.2" .008866 0119 ,140 
15 5 .007526 .00&10 .0995 58.5 .008918 ,0125 ,147 
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p ,  atm. x (uncorr.), g. 

TABLE X (Concluded) 
x (corr.), g. x/m #, atm. x (uncorr.), g. 

Temperature of charcoal, - 77 " 
0.00921 0.108 25.0 0.01758 

,0155 .I82 29.3" .01861 
.0164 .I92 35.0" .01840 
.0184 .216 35.0 .01814 
.0194 .228 44.0 .01747 
.0187 .220 48.1" .01711 
.0200 .236 54.5 ,01644 

" Desorption experiment. 

Discussion 

The data portray true reversible equilibria, because points on the curves 
obtained by sorption or by desorption are indistinguishable within the 
experimental error. The experiments were always sufficiently prolonged 
for this to  be the case. Somewhat higher values, less affected by high 
pressures, would probably have been obtained had we taken even greater 
precautions in the preliminary evacuation of the charcoal.14 

The first half of the total sorbed material is taken up a t  low pressures, 
almost infinitesimal in the cases of nitrous oxide and ethylene, but we are 
concerned here with the behavior in the higher regions of pressure. Here 
the buoyancy correction for the density of the gas or vapor becomes im- 
portant. This was very clearly shown in the unabridged tables where 
neglect of the buoyancy correction causes the uncorrected values of the 
sorption x to pass through a maximum and then fall off with further increase 
of pressure. To evaluate the correction it is necessary to know the density 
of the charcoal. Unfortunately, this is a matter of extreme divergence of 
opinion, the bulk density, not allowing for pores, being far less than unity. 

The density of diamond is 3.47-3.56,15 and that of graphite is 2.25-2.26.16 
Polanyi,17 like A. M. Williams,18 considers that the density of active char- 
coal may be 1.5, and H. Briggsl9 assumes it to be only 1.33, whereas G. A. 
Hulett20 concludes that it is 2.2, approximating that of graphite. The 
uncertainty arises from the divergent results obtained when the density is 
determined by immersing the charcoal in different liquids. The values for 
the density so derived range from 1.65 to 2.28. Two opposing explana- 
tions are current for this divergence. The first view is that the liquid 
sorbed is highly compressed and much denser than the surrounding liquid ; 

l4 J. W. McBain, Nature, 117,550 (1926), and other communications, loc. cit. 
l5 "International Critical Tables," Vol. 111, 1928, p. 21. 
l6 Ibid., Vol. 11, 1928, p. 592. 
l7 F. Goldmann and M. Polanyi, Z. fihysik. Chem., 132,345 (1928). 
l8 A. M. Williams, Proc. Roy. Soc. Edinburgh, 38,23 (1918); 39,48 (1919). 
l9 H. Briggs, Proc. Roy. SOC. (London), A100,88 (1922). 
20 H. C. Howard and G. A. Hulett, J. Phys. Chem., 28,1082 (1924). 
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hence i t  would displace less than its own weight of ordinary liquid and, 
therefore, must add to the apparent density of the charcoal. According to 
this, the charcoal must be less dense than is ever experimentally observed. 
The contrary interpretation is that the solid framework of the carbon is of 
high density, about 2.2, but that, owing to the extreme fineness of its poros- 
ity, it is not completely penetrated by liquids. When helium a t  atmos- 
pheric pressure and temperature is used as the fluid displaced by the car- 
b~n ,~O the result is unaccompanied by sorption and the density found is 2.2. 

NITROUS OXIDE 

0.20 
ETHYLENE 

0.15 

I NITROGEN 

0.05 1 / 
a -  DENSITY 1 5  
0 - .DENSITY 1.8 
0 - DENSITY 2.0 

I 
0 10 20 30 40 50 60 

p in atm. 
Fig. 8.-Sorption of nitrous oxide, ethylene and nitrogen at 

20" assuming the density of charcoal as 1 5, 1.8 and 2.0, respec- 
tively. The data used are obtained from Tube I11 nitrous oxide, 
Tube I11 ethylene and Tube I nitrogen. 

Although we do not know how completely nitrogen, nitrous oxide and 
ethylene are able to penetrate the finest porosities of the charcoal, the 
exact value of the density does not greatly affect the trend of our results. 
This is illustrated by typical data for all three substances in Fig. 8, which 
shows what the sorption would be if calculated assuming alternatively the 
densities 2.0 and 1.8, as well as the inadmissibly low value 1.5. For all 
three substances it is evident from Fig. 8 that the sorption becomes constant 
for all the higher pressures, irrespective of whether the density is taken as 
1.8 or 2.0. These data, within the experimental error, exhibit a saturation 
value of sorption. 

In Figs. 9, 10 and 11 the values for the sorption are plotted against pres- 
sure, being calculated as in the foregoing tables upon the assumed value of 
1.8 for the effective density of the charcoal. A saturation value is found 
for all the experiments with nitrous oxide and ethylene, whereas with nitro- 
gen the saturation value is observed only for the steam-activated charcoal. 
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However, the uppermost curve in Fig. 11, representing the highest values 
for sorption by air-activated charcoal a t  -77O, leads to an almost constant 

0 .. 20.- T U B E I I I  
.. 20'- T U B E m  
-. 2 0'- TUBE P 

0 .- 45'- T U B E m  
- 4  5'. TUBE P 

n - 6 7'-. T U B E m  

I A - 67'- TUBE P 

0 10 20 30 40 50 
p in atm. 

Fig. 9.-Sorption of nitrous oxide by "Steam D" charcoal. 

saturation value which would become unmistakable if any higher density 
were assumed for the charcoal. 

For nitrogen with air-activated charcoal a t  20° no saturation value is 

0.25 attained. This is not surpris- 
ing when we compare the other 
saturation values correspond- 

0.20 ing to different temperatures 
and note that, although they 
definitely diminish with rising 

0.15 temperature, the highest val- 

i ues for the sorption of nitrogen 
\ 
R a t  20' are only half those of 

0.10 the corresponding saturation 

values at - 7 7 O .  It is evident 
" O' TUBE that appreciably more sorption 

0.05 0'  TUBE^ 

20' T u ~ ~ n  must take place and much 
A 20' TUBE IU 

45. TUBED higher pressures must be em- 
45' T U B E l i T  

ployed before a s a t u r a t i o n  

0 10 20 30 40 value a t  20' could be reached. 

p in atm. Data exhibiting a saturation 
Fig. 10 --Sorption of ethylene by " ~ i r  C" value cannot adequately be 

charcoal. represented by the ordinary 
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"exponential" isotherm, x /m = kpl'*. Neither can they be represented 
by the exacting Williams-Henry formula, log ( x / m / p  = kl - kt X (x/m).  

0.25 
-77- 

0.20 

g 0.15 
-.. 
8 

0.10 

0.05 
0 - TUBE I 
0- TUBE n - TUBE m 
A- T U B E X  

0 10 20 30 40 50 60 
p in atm. 

Fig. 11.-Sorption of nitrogen by charcoal. "Steam D" char- 
coal was used in Tubes I and 11, and "Air C" in Tubes 111 
and IV. 

This formula cannot be legitimately applied where the sorption exceeds a 
fraction of the saturation value. The inadequacy of both formulas is illus- 
trated in Figs. 12 and 13, where the respective formulas demand a straight 

E '-. 
rt 

3 3.5 
0 Z6 T U B E 1  O-~O.-.TUBE I 

20'- TUBED -20'.-TUBE II 
8.1 

0 0.5 1.0 1.5 0 0.02 0.04 0.06 0.08 
Log P. x /m.  

Fig. 12.-Sorption of nitrogen graphed ac- Fig. 13.-Sorption of nitrogen graphed ac- 
cording to the experimental formula, x/m = cording to the Williams-Henry formula, log 
kp1In.  x / n z / p  = ( k ~  - kz) X d m .  

line graph. A saturation value would be indicated by the Williams-Henry 
graph becoming vertical for that range of pressure. However, over a limited 
range either formula can be used to give a fair representation of the results. 
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The question will be raised as to whether some buoyancy correction 
should not have been introduced for the sorbed gas or vapor itself. The 
answer is that no such correction is admissible if the classical conception of 
a compressed film of sorbed material is assumed (de Saussure 1814, Mit- 
scherlich, Bunsen, etc., Polanyi 1917 and 1928). Sorption is defined, both 
practically and theoretically, as the excess of material in the neighborhood 
of the solid over that which would obtain if the surrounding atmosphere 
reached the surface quite unchanged in concentration. 

Nevertheless, from the standpoint of chemosorption or of a monomolec- 
ular film, it is inevitable that one should seek to distinguish between mole- 
cules which are held by sorption and those of the atmosphere which they 
have displaced. Considering an extreme case such as a body of liquid in 
contact with a crystalline surface, where the concentration of the liquid is 
uniform right to the crystal face, by ordinary criteria no sorption would 
have taken place, yet, if the molecules touching the crystal were specially 
oriented, they should be regarded as a sorbed monomolecular layer which 
has displaced an equal bulk of liquid (neglecting here the probable occur- 
rence of oriented chains of molecules reaching into the liquid from a mono- 
molecular layer) .21 

Applying the foregoing considerations to the present cases, the attempt 
may be made to estimate what the correction would be for the atmosphere 
displaced by the sorbed material if it is directly attached to the carbon by 
primary or residual valences. The weight of sorbed material is about one- 
fifth of that of the carbon, but its volume is uncertain. The densities of 
solid nitrogen, of liquid nitrogen a t  - 190°, of liquid ethylene a t  - 102' 
and of nitrous oxide a t  -8g0 are 1.0, 0.8, 0.6 and 1.2, respectively. On 
account of expansion, these densities would be less a t  the temperatures em- 
ployed, but this would be partly compensated by compression a t  the highest 
pressures. Taking 1.0 and 0.6 as fair limits and assuming for these small 
molecules that the true density of carbon is 2.2, the combined density of 
carbon plus sorbed material comes to 1.8 or 1.5. These are equal to the 
lower densities already considered in Fig. 8 with the important difference 
that saturation values might still appear with the lower density, owing to 
the great compressibility which would necessarily accompany so low a 
density of the sorbed material. The higher density is, moreover, more 
probable if each sorbed molecule is attached directly to carbon. In other 
words, the results as portrayed in the graphs are not misleading over the 
pressure ranges so far investigated even if the actual values might have to 
be slightly greater and a saturation value was not quite strictly attained. 
The Langmuir theory supposes that a limiting value for sorption is ap- 
proached asymptotically with great increase of pressure. 

21 J. W. McBain and G. P. Davies, THIS JOURNAL, 49,2230 (1927) ; Sir W. Hardy, 
J. Gen. Physiol., 8, 641 (1927); J. W. McBain, Nature, 120, 362 (1927). 
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In Figs. 14, 15 and 16 the results are graphed in a form derived from the 
Langmuir equation for plane surfaces 

where if a and b are constants, the graphs should be straight lines. It is 
seen from the figures that this representation is in striking agreement with 
all the data. When the results for nitrogen at 20' were calculated with 
alternative densities, it was found that an assumed density of 1.5 did not 
yield a straight line but that 1.8 was satisfactory and 2.0 was even better. 
The intercepts of the straight lines with the ordinate on the left of the 
figures where p = 0 give a 
numerical value of l/ab, 300 
whereas the slopes of t he  
straight l i e s  give a numerical 250 
value of l /b .  

The results for the sorption 
200 

of nitrogen at  room tempera- 
ture, extending as they do up $ 

1. 

to 60 atmospheres pressure, 9 150 '. 
appear to afford the oppor- * 
tunity for a crucial test of the loo 
classical de Saussure or Polanyi 
hypothesis that the sorbed gas o .. 20. TUBE m 

X .20' TUBE m 

is in the form of a compressed 50 20. TUBE P 
0 4 5 ' T U B E I U  . 4 5 ' T U B E P  

atmosphere obeying an ordi- a 6 7 ' T U B E I U  
* - 6 7 ' T U B E X  

nary equation of state such as 
that of van der Waals but 0 10 20 30 40 50 
under an excess compression p in atm. 

due to the forces of Fig. 14.-Sorption of nitrous oxide by "Steam 
D" charcoal graphed according to the Langmuir 

the Knowing the equation, fi/(x/m) = (l/ob) $. ( p / b ) .  
behavior of nitrogen under 
compression from the work of Amagat and others, we can consider 1 cc. of 
the sorption space, that is, the region within which the attractive forces of 
the solid are operative, and calculate directly what the density of the 
nitrogen in 1 cc. would be if the average pressure inside the sorption space 
exceeds that of the surrounding atmosphere by any specified amount. 

For example, using Amagat's data for values of pv a t  16' and various 
pressures as recorded in "International Critical Tables," the density of 
nitrogen a t  1 atmosphere is 0.00118, and if there is an extra pressure of 1000 
atmospheres in the sorption space, the density there would be that corre- 
sponding to 1001 atmospheres, namely, 0.5861. The difference in density 
would be attributed to sorption and would be 0.5849 for a gas pressure of 1 
atmosphere. Now if the pressure of the body of the nitrogen were 60 
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atmospheres, with its density 0.07163, and the excess pressure in the sorp- 
tion space were again 1000 atmospheres, making a total of 1060 atmos- 
pheres, the density then would be 0.5995. Once more the difference 
in density would be attributed to  sorption, and this would amount to 
0.5279 for a pressure of 60 atmospheres as compared with the 0.5849 for 
nitrogen under 1 atmosphere pressure. 

I n  other words, it follows from the known behavior of nitrogen that  if 
nitrogen in the sorption space is like nitrogen in the surrounding atmos- 
phere, except for an extra compfession of 1000 atmospheres in the sorption 

space, we must have observed 
a dis t inct  decrease in t h e  
amount of sorption of nitrogen 

200 . in our experiments a t  60 
atmospheres as compared with 
1 atmosphere. 

. 150 . Actually, the behavior is 
'. 
H 

wholly different. Instead of 
V '. the sorption decreasing when 

the pressure of nitrogen is 
0 -- O* TUBE IS raised from 1 atmosphere to 

. O'TUBE m 
6 .. 20- TUBE II about 60 atmospheres, the - .. 20' TUBE m 
0 - 45. TUBE u sorption increases many fold. 

- 45' TUBE m Hence our experiments a t  high 
pressures definitely disprove 

0 10 20 30 40 the assumption that the nitro- 
p in atm. gen in the sorption space is 

Fig. 15.--Sorption of ethylene by "Air C" char- subject to an extra compres- 
coal graphed according to the Langmuir equation, 
Pl(x/m) = (llab) + ( P l b ) .  sive force of the order of 1000 

atmospheres. 
The same test can be applied to a statement that the excess pressure in 

the sorption space exceeds that in the surrounding space by, say, 100 atmos- 
pheres. Here again a slight decrease is predicted in the amount of sorption 
a t  the higher pressure, in violent discord with the facts. This apparently 
conclusive disproof of a conception which has remained up to the present 
largely a matter of opinion which was held for over a century by almost all 
the men of science who concerned themselves with this subject, is of such im- 
portance that we repeat the experimental data for inspection in tabular form 
in Table XI to compare with the typical calculations exhibited in Table XII. 

It is evident from a comparison of the facts in Table X I  with the known 
behavior of nitrogen in Table XI1 that they are glaringly incompatible with 
the conception of a sorption film differing from the surrounding atmosphere 
merely through compression caused by the attractive forces of the solid. 
It is clear that of the nitrogen sorbed by charcoal, only a negligible propor- 
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TABLE X I  
SORPTION OF NITROGEN AT 20' OBSERVED AT 1 ATMOSPHERE COMPARED WITH THAT 

OBSERVED AT A MUCH HIGHER PRESSURE 
Tube no Pressure, atxn x (uncorr.) x (corr.) Increase 

I 1 0 002084 0 00215 3.5-fold 
61 003636 ,00784 

11 1 001063 .00113 7-fold 
53 004656 00812 

I11 1 ,002255 00233 5-fold 
FiO 0 ,007692 ,0114 

1V 1 004897 ,00496 2.5-fold 
58 5 008918 ,0125 

Wright V' 1 02 ,0063 ,0066 4-f old 
26.67 ,0193 ,0264 

Wright VI and VI' 1 02 ,0059 ,0061 3.5fold 
31.97 ,0152 ,0210 

TABLE XI1 
CALCUI~ATION, FKOM AMAGAT'S DATA, OF THE EXCESS CONCENTRATION OR DENSITY OR 

NITROGEN AT 16' WHICH WOULD OBTAIN AT 1 ATMOSPHERE AS COMPARED WITH 60 
ATMOSPHERES IF NITROGEN IN THE SORPTION REGION IS UNDER ANY STATED EXTRA 

COMPRESSIVE FORCE, F ATMOSPHERES. THE DENSITY OR NITROGEN AT 1 ATMOSPHERE 

IS 0.00118 AND AT 60 ATMOSPHERES IS 0.07163 
Excess over Excess over 

F .  Density density at Density density at 
atm. at 1 f P 1 atm. at 60 + F 60 atm. Remarks 
1000 0.5861 0.5849 0.5995 0.5279 Decrease" 
100 .I199 .I187 .I849 .I133 Decreasea 

10 .0130 .01182 .08353 ,01190 
5 ,007 1 00592 ,07759 .00596 slight 
1 .0023 ,00112 .0729 ,00127 increase" 

a Experiment, on the contrary, shows a many fold increase. 
1 very 

tion can be in the compressed state envisaged in the de Saussure-Polanyi 
conception, even if this compression be estimated at only 1 atmosphere. 
Estimates by various advocates of the compressed film theory have ranged 
up to 37,000 atmospheres. 

Clearly the Langmuir conception, which is the only alternative expla- 
nation ever put forward for the sorption of nitrogen by charcoal, is correct. 
Its essence is the assumption that only such molecules are sorbed as are in 
direct contact with the molecules holding them. The Langmuir conception 
includes the possibility that further molecules may be held by the primary 
monomolecular layer.22 The results and calculations of the present paper 
disprove, moreover, a further alternative hypothesis introduced by Polanyi 

22 This view was put forward by R. A. Smith in 1863 (see Proc. Roy. Soc. (London), 
A112, 301 (1928)). See also, A. B. Lamb, R. E. Wilson, and N. K Chaney, J. Ind 
Eng. Chem., 11, 424 (1919); I. Langmuir, Trans. Faraday Soc., 17, 614 (1921); E. K. 
Rideal [Nature, 117, 627 (1926)l who compares such attraction of a magnet on a string 
of iron filings; I?. G. Keyes and M J. Marshall [THIS JOURNAL, 49, 156 (1927)l who 
especially emphasize it. 
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in 1928 in an attempt to conform the compressed film concept with mono- 
molecular adsorption by assuming a sideways compression of the adsorbed 
layer such that it would be the equivalent of a two-dimensional gas or a t  
lower temperatures form islands of liquid. 

Experiments with active charcoal do not suffice to disprove the possible 
existence of relatively weak forces of molecular attraction at  distances 

greater than a molecular 
diameter. This is due to the 

700 extraordinarily complete de- 
velopment of the "porosity" 

600 of the charcoal. It must, 
from such data as ours, be 

500 regarded as comparable with - that of an open space lattice 
E 3 400 such as dehydrated chaba- 
V 
1 
A, 

zite, which acts as a molecu- 

300 lar sieve for separating large 
from small molecules.23 The 

200 sorbed molecules of nitrogen 
must be so intimately sur- 

100 
rounded by the atoms of car- 
bon with which they are in 
contact that the designation 

0 10 20 30 40 50 60 "adsorption," which implies 
p in atm. a surface, becomes a mis- 

Fig. 16.-Sorption of nitrogen by charcoal graphed nomer. There is very little 
according to the Langmuir equation, p/(x/m) = digerence in such a case be- 
l/ab +- p/b .  "Steam D" charcoal was used in 
Tubes I and 11, and "Air C" in Tubes I11 and IV. tween adsorption and absorp- 

t i ~ n ; ~ ~  and if a precise word 
to describe sorption by charcoal were required, the new term "persorption' ' 
might be coined. Experiments on smooth surfaces, preferably crystal faces, 
are required to examine the residual effects which may occur at  a greater 
distance from the surface. 

23 J. W. McBain, Kolloid-Z., 40, 1 (1926); "Colloid Symposium Monograph," 
Vol. IV, 1926, p. 7; 0. Weigel and B. Steinhoff, Z. Krist., 61, 125 (1924); 0. Schmidt, 
Ebenda, 133,263 (1928); R. Seeliger, Physik. Z., 22, 563 (1921); I?. Simon, Z. physik. 
Chew., 132, 456 (1928). 

24  J. W. McBain [Trans. Faraday Soc., 14, 202 (1919)l found that in experiments 
on the sorption of iodine extending over many years, during which the total sorption 
was doubled, the amounts taken up after the initial sorption conformed with a sorption 
isotherm rather than with a formula for true solution such as Henry's law, although the 
delay must have been conditioned by slow processes of diffusion. The solvent and other 
impurities have to diffuse out of the carbon while the solute is diffusing in and replacing 
them. Modern vacuum technique has not been applied in the study of sorption by 
solutions. 
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Although the preceding discussion has been confined to the gas nitrogen 
as a test case, the result, if recognized as valid, must extend to all cases of 
sorption by active charcoal. 

The critical temperature and pressure of nitrous oxide are 36.5O and 71.7 
atmospheres, respectively, those of ethylene 9.7' and 50.9 atmospheres and 
those of nitrogen -147.1' and 33.5 atmospheres. Nitrogen, therefore, 
has been studied far above its critical temperature, while nitrous oxide and 
ethylene have been studied below and above their critical temperatures. 
The results are all very similar. There is no noticeable influence of this 
critical constant in the form or position of the sorption curves whether one 
compares the graphs above and below the critical temperature for one sub- 
stance or compares the two vapors with nitrogen. This suffices to show 
that capillary condensation plays no role in such cases of sorption by char- 
coal. 

Summary 

1. Using the McBain-Bakr sorption balance, the sorption of nitrogen, 
nitrous oxide and ethylene has been measured at  pressures up to 60 atmos- 
pheres. 

2. The curves for gases and vapors are similar, and no special difference 
is noticed when studying nitrous oxide and ethylene above and below their 
critical temperatures. 

3. The data appear to afford a crucial disproof of the classical concep- 
tion of the sorbed film as a compressed fluid. This was suggested by de 
Saussure in 1814 and is currently associated with the name of Polanyi. 
The disproof extends equally to the modification introduced by Polanyi in 
1928. The behavior predicted by such hypotheses is in flagrant contra- 
diction with the known compressibility of nitrogen and the actual sorption 
a t  60 atmospheres as compared with that at  1 atmosphere. Only a negli- 
gible proportion of the sorbed nitrogen can be in such a state; the remainder 
must be directly attached as postulated in the hypotheses of Langmuir. 
It is, therefore, shown that the terms adsorption and absorption are equally 
misnomers when applied to sorption by active carbon. The dissemination 
of the sorbed molecules between the carbon atoms is almost as intimate but 
is not as uniform as that of a true solid solution. On the other hand, owing 
to so much of the "porosity" of active charcoal being on an atomic or molec- 
ular scale, the conception of a surface disappears. The term "persorp- 
tion" is proposed if a new term is required to describe such phenomena. 

4. When the data are expressed according to the definition of Gibbs or 
of the compressed film conception as the excess in the neighborhood of the 
surface over the amount corresponding to the surrounding atmosphere, 
saturation values are obtained for all except some of the experiments with 
nitrogen. When expressed in absolute amounts, according to the Lang- 
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muir conception, the saturation values become doubtful, tending to show 
slight increase with further rise in pressure. 

5. The data over the whole range of higher pressures are adequately 
represented by the Langmuir formula. 

STANFORD UNIVERSITY, CALIFORNIA 

TWO DELICATE TESTS FOR THE DETECTION OF COPPER AND 
SOME REMARKS ON THE RHODANINE TEST OF FEIGL FOR 

SILVER 

I. Recently, F. Feigll has described a new and very delicate test for 
silver with p-dimethylaminobenzylidene-rhodanine as a reagent (A). Ac- 

HN--CO (A) cording to Feigl, this reagent gives in weakly 
I 1 acid, neutral and ammoniacal solutions, a floc- 

SC c=cHC)N(~H~)' culent red precipitate with silver. In 5 cc. of 
's/ a weakly acid solution, one part of silver in* 

5,000,000 of solvent could be detected. In working with 10 cc. of solution, 
to  which 0.5 cc. of 4 N nitric acid and 0.3 cc. of a saturated solution of the 
rhodanine2 in alcohol were added, the same sensitivity was found by the 
writer. A solution with 1 rng. of silver in a liter produces a distinct reddish 
brown color (10 cc. of solution, conditions as above) ; with 0.5 mg. of silver 
per liter a weakly reddish color was noticed; with 0.2 mg. per liter the solu- 
tion showed a very weak pink color after ten minutes' standing, distinctly 
different from the blank, which was slightly yellow. In ammoniacal solution 
(10 cc. of solution + 1 cc. of 6 N ammonia and 0.1 cc. of indicator) the color 
in the presence of silver is reddish-brown and in very dilute solutions orange- 
brown. The sensitivity in this case is about 2 mg. of silver in a liter. 

In acid medium the reagent is so sensitive toward silver that it even can- 
not be used as an indicator for the titration of iodide with silver solution. 
A weakly acid solution of 0.01 N potassium iodide to which some reagent 
had been added gave a dark red precipitate after addition of a few drops 
of 0.01 N silver nitrate. Even the silver in the complex potassium silver 
cyanide reacts with the rhodanine. According to Feigl, the rhodanine is 
quite specific for silver. This, however, is not the case, as mercury and 
copper salts under the right conditions can react with i t  in a very sensitive 

F. Feigl, 2. anal. Chem., 74, 380 (1928). 
The reagent was prepared in the organic division of this University, according 

to the procedure given by Feigl. It had the same properties as a sample kindly sub- 
mitted by Dr. Feigl. Instead of using a 0.030/0 solution of the rhodanine in acetone 
as  described by Feigl, a saturated solution in alcohol (about 0.0270) was taken. 
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way. In weakly acid solution (10 cc. + 0.5 cc. of 4 N nitric acid -t 0.3 cc. 
of reagent) mercurous mercury gives a red precipitate; 1 mg. of mercury 
per liter gives a faintly red color; the limit of sensitivity is 0.5 mg, per liter. 
Mercurous mercury even reacts in the presence of chloride; therefore, the 
rhodanine compound must be less soluble than mercurous chloride. Under 
the same conditions as described for silver and mercurous mercury, the 
mercuric mercury in well dissociated mercury salts gives a red color (or 
precipitate) with the reagent; sensitivity, 0.2 mg. of ~ g "  per liter (in 
mercuric nitrate). Addition of chloride or bromide decreases the sensi- 
tivity very much. A weakly acid solution of 0.1 N mercuric chloride gives 
a weak pink color the intensity of which depends upon the acidity of the 
solution. The reaction cannot be used for a sensitive detection of mercuric 
nitrate in mercuric chloride. The pink color of the mercuric chloride 
solution becomes gradually stronger on addition of mercuric nitrate or 
perchlorate (complex HgCl+ formation). 

11. Application of the Rhodanine to the Sensitive Detection of Cop- 
per.-With cupric salts the rhodanine produces a reddish-orange color; 
in stronger solutions a precipitate. A solution of 1 mg. of Cu" per liter 
gives a brown-orange color which is distinctly different from the yellow 
color of the blank. If comparison is made with a blank, 0.3 mg. of copper 
per liter can be detected. It should be mentioned that the formation of the 
colored product is prevented in acid medium. Even acetic acid decreases 
the sensitivity greatly. On the other hand, if the copper rhodanine is 
formed in neutral medium (or in the presence of some excess of sodium 
bicarbonate) i t  is fairly stable toward acid. An acid cupric copper solution 
was neutralized with an excess of sodium bicarbonate, then the reagent 
was added, whereupon i t  was acidified with acetic acid. The colors be- 
come more pronounced in the acid medium (orange-brown). Bven 0.5 
mg. of Cu" per liter can be detected in 5 cc. of solution if a blank treated 
in the same way is used for comparison. Lead does not interfere. 

Cuprous copper gives much more pronounced colors with the reagent A weakly acid 
solution of cuprous copper containing 100 mg. of CU' per liter gives a purple-violet pre- 
cipitate; 10 mg., red-brown; 1 mg., orange-brown; sensitivity, 0.1 mg. of CU' per liter. 
The rhodanine is very suitable for the detection of traces of copper in a solution. If 
we start with a cupric copper solution, the divalent ions first must be reduced. This 
can easily be accomplished with potassium cyanide. To 10 cc. of solution, 3 drops of 
1% potassium cyanide and 0.2 cc. of indicator (saturated solution in alcohol) are added 
and the mixture acidified with acetic acid; sensitivity, 0.3 rng. of copper per liter (com- 
parison with blank). The solution may be acidified with nitric acid instead of acetic 
acid; 0.5 mg. of copper per liter can be detected easily; the colors fade, however, much 
sooner than with acetic acid. 

Iron interferes with this copper test on account of formation of ferro- or ferricyanide. 
Therefore, finally, hydrazine sulfate was used as a reagent for the reduction of cupric 
copper t o  cuprous copper. 

Reagents.--Two per cent hydrazine sulfate; 0 02% rhodanine in alcohol. 
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Procedure.-To 10 cc. of the solution add a few drops hydrazine sulfate, sufficient 
6 N ammonia to give 1 to 2 cc. in excess, 0.2 cc. of rhodanine and acidify, after five 
minutes' standing, with 30% acetic acid. The cuprous copper reacts even in the 
ammoniacal medium with the indicator; the color is reddish-violet (100 mg. of copper 
per liter) or orange-brown (10 mg. and less); sensitivity, 0.5 mg. of copper per liter. 
The colors are more pronounced after acidifying with acetic acid. Even a solution con- 
taining 0.3 mg. of copper per liter gives a distinct red-brown color; sensitivity, 0.1 to 
0.2 mg. of copper per liter. The blank shows a yellow to  brownish-yellow tinge. In  
order to reach the maximum sensitivity, it  is necessary to let the ammoniacal solution 
stand for five minutes before adding the acetic acid. The reaction is so extremely 
sensitive that in all samples of distilled water in the laboratory, the presence of 0.2 to  
0.4 mg. of copper per liter could be shown. In the experiments described in this paper, 
conductivity water or redistilled water from glass vessels was used as a solvent. Water 
thus obtained gave a negative test for copper. The reaction according to the above 
procedure is very suitable for the detection of copper in the presence of other cations 
(silver and mercury excepted). One part of copper in the presence of 2000 parts of lead, 
bismuth, cadmium, nickel, cobalt and manganese, respectively, could be detected easily. 
The precipitate formed in the presence of lead or bismuth does not interfere. 

Traces of iron do not interfere. Larger amounts can be made harmless by acidifying 
the ammoniacal solution with phosphoric acid instead of acetic acid. The hydrous 
ferric oxide goes into solution as colorless complex ferric phosphate. A solution con- 
taining 1 mg. of copper and 100 mg. of ferric iron in a liter gave a distinct test for copper. 
It should be mentioned that the color of the cuprous compound of rhodanine is less 
stable in phosphoric acid than in acetic acid. I t  seems that the reaction according to 
the general procedure is very suitable for the detection of traces of copper in &stilled 
and tap water. The copper content can be approximated by using solutions of known 
content for comparison. 

After this work was finished, an abstract of a paper of 0. Punakoshi3 
appeared in Chemical Abstracts. It is only stated there that cuprous copper 
gives a reddish-violet precipitate with rhodanine a t  about the same sensi- 
tivity in neutral or slightly acid solutions. Colors are obtained with con- 
centrated solutions of cupric copper, but the products are much more sol- 
uble in water. 

111. Recently S. G. Clarke and B. Jones4 published a note concerning 
a new and very sensitive reaction for copper. The solution, which must be 
free from chloride, is neutralized and rendered faintly acid (1 drop of dilute 
sulfuric acid in excess) and placed in a 100-cc. Nessler glass. One gram of 
ammonium persulfate is dissolved in the solution; 1 cc. of a saturated 
alcoholic solution of dimethylglyoxime, 0.5 cc. of 0.5% silver nitrate and 
2% of a 10% aqueous solution of pyridine are added and the whole stirred. 
Copper gives a reddish-violet color. The reaction is quite specific and 
sensitive to 0.1 mg. of copper in a liter. The author was able to confirm 
more or less the statements of Clarke and Jones. In working with 10 cc. of 
solution a sensitivity of 0.3 mg. of copper in a liter was noticed. A serious 

a Funakoshi, Mem. Coil. Sci., Kyoto Imp. Univ., 12, 155 (1929) ; C. A., 23, 4644 
(1 929). 

S. G. Clarke and B. Jones, Analyst, 54, 333 (1929). 
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drawback is that chloride must be absent, which limits the application of 
the reaction very much. Therefore, it was thought worth while to  make a 
search for another oxidizing agent instead of persulfate. Potassium perio- 
date6 was found to be very suitable. The high price of this salt is no 
objection, as for each experiment only 4 mg. of potassium periodate are 
used. A systematic study showed that the amount of periodate and di- 
methylglyoxime have a marked influence upon the sensitivity of the reac- 
tion. In the presence of much periodate, the red color of the copper com- 
pound fades fairly rapidly. The periodate probably oxidizes the glyoxime 
to some product which gives the red color with copper. An excess of 
periodate oxidizes this compound further to a colorless product. This 
could be inferred from the fact that if some dimethylglyoxime was added to 
a solution which had become colorless on standing, the red color developed 
again. It would be interesting to know the composition of the compound 
which gives the red color with copper. If this oxidation product of di- 
methylglyoxime could be isolated, it might be expected that i t  would be a 
valuable reagent for the detection of traces of copper. 

Finally, the following procedure was developed for the detection of traces 
of copper in distilled water. 

Reagents.--Saturated solution of potassium periodate in water (0.35 g. of the salt 
in 100 cc. of water); 0.1% dimethylglyoxime in alcohol (the saturated solution which 
Clarke and Jones used contains about 1.6 g. of glyoxime in 100 g. of alcohol and is much 
too concentrated for our purpose). I t  may be mentioned that an old solution of di- 
methylglyoxime which had been kept for some years in an ordinary bottle gave a much 
less sensitive reaction. The reason was that the solution had become strongly alkaline 
to phenolphthalein. 

Procedure.-To 10 cc. of water add 0.2 to 0.3 cc. of 0.1% dimethylglyoxime and 
1 cc. of saturated potassium periodate solution. Observe the color after three to five 
minutes' standing. A violet-red color shows the presence of copper; sensitivity: 0.1 
mg. of copper in a liter (1:107). 

Notes.-(1) I t  makes no difference whether the dimethylglyoxime or the periodate 
is added first. In order to avoid confusion with nickel, it is advisable to add the di- 
methylglyoxime first. (2) The red-violet color develops gradually and attains a maxi- 
mum sensitivity after about five minutes' standing. After long standing, the color 
fades. Still the procedure described can be applied for the colorimetric determination 
of traces of copper in distilled water if comparisons are made within fifteen minutes after 
addition of the reagents. In this way it was found that distilled water in this Labora- 
tory contained 0.2 to 0.4 mg. of copper in a liter. (3) In working with a larger volume 
than 10 cc., even smaller amounts than 0.1 mg. of copper in a liter can be detected. 
(4) Small amounts of alkali chlorides and other neutral alkali salts have no influence 
upon the reaction. Small amounts of sodium bicarbonate (less than 1 g. in a liter) have 
no influence; with larger amounts the sensitivity decreases somewhat, but even in the 
presence of 10 g .  of sodium bicarbonate per liter, 1 mg. of copper in a liter could be de- 
tected easily. (5) Calcium and magnesium, especially in the presence of bicarbonate 

6 Potassium periodate has been applied for the oxidation of manganese to per- 
manganate. Compare especially H. H. Willard and L. H. Greathouse, THIS JOURNAL, 

39, 2366 (1917). 
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(tap water) interfere, as they precipitate with the periodate. This difficulty can be over- 
come by adding to 10 cc. of water 1 cc. of 4 N sulfuric acid and 50 mg. of sodium bi- 
carbonate. In this way it  could be shown that  the Minneapolis tap water contains less 
than 0.1 mg. of copper in a liter. I t  is still more convenient to add a buffer solution to 
the water instead of the combination of sulfuric acid and bicarbonate. The more acid 
the solution the less sensitive is the reaction. Finally, i t  was found that  with an ace- 
tate b d e r  of PH 5.8 * 0.2, good results are obtained. 

Acetate Buffer.-One hundred cc. of N sodium acetate and 7 cc. of N acetic acid. 
Procedure.-To 10 cc. of water, 1 cc. of buffer solution is added and then the 

glyoxime and the periodate as described above; the sensitivity after standing for five 
minutes is 0.15 mg. of copper in a liter. 

The latter procedure can be applied for the detection of copper in tap water if not 
more than traces of zinc or lead are present; 10 mg. of zinc in a liter has very little 
influence (color somewhat weaker than in blank without zinc) ; in the presence of larger 
amounts of zinc, the latter is precipitated as zinc periodate and the sensitivity decreases 
very much. The same holds for lead. A solution with 1 mg. of copper in a liter in the 
presence of 10 mg. of lead per liter gives a distinct reaction though a somewhat weaker 
color than without lead. Ferric iron also interferes. Still 1 mg. of copper per liter in 
the presence of 10 mg. of iron per liter gives a distinct reaction. Addition of 1 to 2 
drops of, N disodium phosphate (Na2HP04) before the addition of the buffer gives a 
great improvement. Under these conditions 1 mg. of copper in the presence of 20 mg. 
of iron per liter can easily be detected. Other cations such as cadmium, zinc or man- 
ganese all interfere, as they precipitate with the periodate. Therefore, the rhodanine 
reaction is of much more general application than the glyoxime reaction. The latter 
can only be applied in these cases in which the solution does not contain more than 
traces of other metal salts. 

Summary 

1. @-Dimethylaminobenzylidene-rhodanine is a sensitive reagent for 
the detection of mercurous mercury and mercuric ions. Slightly ionized 
mercuric salts produce only a slight color or none. 

2 .  Salts of cupric copper give an orange-reddish or orange-brown color. 
The latter is more pronounced in cuprous salts. A delicate and simple test 
based on this reaction and sensitive to 0.1 mg. of copper in a liter has been 
described. The reaction is very suitable for the detection of copper in 
distilled water, tap water and in solutions which contain other metal ions. 

3. The reaction of Clarke and Jones for copper, using dimethylglyoxime 
and persulfate plus silver nitrate, has been modified by using a trace of 
periodate as an oxidizing agent. The reaction is sensitive to 0.1 mg. of 
copper in a liter and is very useful for the colorimetric determination of 
traces of copper in distilled water. A somewhat modified procedure has 
been described for the detection of copper in tap water. The rhodanine 
test can be more generally applied than the dimethylglyoxime reaction. 

MINNEAPOLIS, MINNSSOTA 
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[CONTRIBUTION PROM THE DEPARTMENT OF CHEMISTRY OF PRINCETON UNIVERSITY ] 

THE DIELECTRIC POLARIZATION OF LIQUIDS. IX. THE 
ELECTRIC MOMENTS OF THE ALKYL HALIDES AND 

HALOGENATED METHANES 

The electric moments of butyl chloride, bromide and iodide and heptyl 
bromide have been determined with a view to ascertaining the effect of the 
length of the hydrocarbon chain upon the moment of the molecule and t o  
observing whether the variation from chloride to bromide to  iodide is the 
same in large molecules as in small. At the same time i t  is possible t o  
study the dependence of the mutual orienting effects of the molecules upon 
molecular size. The previously unmeasured bromine and iodine substi- 
tuted methanes have been investigated in order to throw further light upon 
the mutual repulsion of atoms or groups in the same molecule, 

Method of Measurement 
The methods of measurement and calculation used in the present work 

have been described in the first two papers of the series1 on dielectric polar- 
ization, and a subsequently developed cell with four different fixed capaci- 
ties, which was used in some of the measurements, has been described in a 
later paper. The dielectric constants2 were measured with the capacity 
bridge originally used, a frequency of 5 X lo5 cycles, corresponding t o  a 
wave length of 600 meters, being employed as before. The errors were 
similar to  those described in the last mentioned paper, dielectric constant 
values below 5 having a probable error of 0.270 and those above 5 having a 
probable error of 0.5y0. The relative error within a given series of meas- 
urements was much smaller in both cases. Since the same type of pycnom- 
eter was used as in the earlier work, the probable error in the densities was 
the same, being about 0.07% in the low temperature determinations and 
not more than 0.03% in the measurements above 0'. 

Preparation of Materials 
Heptane.-Pure normal heptane was obtained from the Ethyl Gasoline Corpora- 

tion. As the boiling point, refractive index, and dielectric constant of a sample were 
not appreciably different after washing with sulfuric acid, followed by sodium carbonate 
solution and water, drying over calcium chloride and finally distilling over sodium, 
the heptane was used without purification. 

Benzene.-Merck's c. P. benzene was washed three times with concentrated sul- 
furic acid, followed by dilute sodium hydroxide solution and water, dried over calcium 
chloride and crystallized twice; m. p. 5.47 ". I t  was then allowed to  stand over sodium 
and distilled from i t ;  b. p. 80.1 "; n? 1.50135. 

Smyth, Morgan and Boyce, THIS JOURNAL, 50, 1536 (1928); Smyth and Morgan, 
ibid., 50, 1547 (1928). 

Smyth and Stoops, ibid., 51, 3312 (1929). 
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Butyl Chloride.-n-Butyl chloride obtained from the Eastman Kodak Company 
was refluxed gently with concentrated sulfuric acid, distilled, washed with water, dried 
over calcium chloride and distilled; b. p. 77.5"; n 2  1.40148. 

Butyl Bromide.-n-Butyl bromide obtained from the Eastman Kodak Company 
was washed with cold concentrated sulfuric acid, then with sodium carbonate solution, 
dried over calcium chloride and distilled; b. p. 101.0 "; n y  1.43985. 

Butyl Iodide.--n-Butyl iodide obtained from the Eastman Kodak Company was 
shaken once with ice-cold concentrated sulfuric acid and eight times with dilute sodium 
hydroxide, washed with water, dried over calcium chloride and distilled a t  reduced pres- 
sure; d:' 1.616. 

Heptyl Bromide.--n-Heptyl bromide obtained from the Eastman Kodak Com- 
pany was washed with cold concentrated sulfuric acid, sodium carbonate solution, and 
water, dried over calcium chloride and distilled a t  reduced pressure. A fraction boiling 
within a 0.2" interval was taken; d i 6  1.144; n2i 1.44972. "International Critical 
Tables" give d i6  1.133, in good agreement with the value d i6  1.134 obtained for the 
unpurified material. The purified material was treated again in the same way and the 
product obtained had the same density as before, d i6  1.144. This was, therefore, con- 
cluded t o  be the correct value for the pure material. 

Methylene Bromide.-Material obtained from the Eastman Kodak Company was 
washed with dilute sodium carbonate solution and water, dried over calcium chloride 
and distilled a t  reduced pressure; d iO  2.4921; n 2  1.53559. 

Methylene Iodide.-Kahlbaum's methylene iodide was washed with dilute sodium 
hydroxide solution and water, dried over calcium chloride and distilled a t  reduced pres- 
sure; d i 5  3.3104. 

Bromoform.-Material obtained from the Eastman Kodak Company was washed 
with concentrated sulfuric acid, followed by dilute sodium hydroxide solution and water, 
dried over anhydrous potassium carbonate and distilled a t  reduced pressure; dZ0 2.889. 

lodoform.-Kahlbaum's iodoform, which melted a t  119.0°, was used without 
purification. 

Experimental Results 
The densities, which showed but slight departure from a linear depend- 

ence upon temperature, were determined a t  approximately 2 5 O  intervals 
and the dielectric constants a t  15' intervals. The majority of the densi- 
ties, d, and dielectric constants, E, in Table I were obtained a t  10' intervals 
by graphical interpolation, and the polarizations, Pz, of the polar compo- 
nents were calculated from them by means of the equations 

in which Plz is the polarization of the mixture, and CI and c2, MI and Mz, 
and PI and Pz are, respectively, the mole fractions, molecular weights and 
polarizations of the individual components. The solutions of methylene 
bromide, methylene iodide and bromoform were measured a t  the same two 
or three fixed temperatures and, therefore, require no interpolation to  
make them comparable. 

Discussion of Results 
When the Pz-cz curves are extrapolated to cz = 0, the values of P ob- 

tained, designated as P,, give a straight line when multiplied by T and 
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DIELECTRIC CONSTANTS AND DENSITIES OF SOLUTIONS AND POLARIZATIONS OF POLAR 
COMPONENTS 

Heptane-Butyl Chloride 
Mole 
fr. of 

CIH~CI = 0 0.0242 0.0653 0.0889 0.1562 0.2191 0.2617 0.5619 0.8623 1.000 
1, O C .  ,- 

Mole 
fr. of 

ClHoBr = 0.0456 
t, OC. I 

-90 2 349 
-70 2.289 
-50 2.239 
-30 2.193 
-10 2.149 

10 2.107 
30 2.064 
50 2.022 
70 1.979 
90 1.938 

Heptane-Butyl Bromide 
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TABLE I (Continued) 
Mole 
fr. o f  

C,FsBr 
t ,  c. 
- 90 
- 70 
- 50 
- 30 
- 10 

10 
30 
50 
70 
90 

Heptane-Butyl Iodide 

0.0831 0.1698 0.2943 
Mole fr. 
of C4HgI - 

1, O C .  
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T A B L ~  I (Continued) 
Mole fr. 
of CIHoI = 0 0386 0 0831 0 1698 0 2943 0.5462 0 8090 1 000 

1, OC. P m  - Pz(C4HoI) 

-80 136.6 137 Ci 124 G 116 4 107.6 93 1 81 7 74 6 
-60 1271  1 2 3 0  1190  1119 1040 9 1 2  8 0 6  7 4 1  
-40 1209  1 1 6 3  1140  1082 1008  89.1 7 9 6  7 3 5  
-20 1154  1 1 1 2  1 1 0 1  1048  9 8 2  87.4 7 8 6  7 2 9  

0 111 1 107 1 106 3 101 6 95 5 85 9 77 5 72 4 
20 107.6 1 0 4 4  1 0 3 1  9 8 9  9 2 7  8 4 6  7 6 8  7 1 8  
40 103 0 100 3 99 0 95 8 90 2 83 4 76 2 71 1 
60 98 4 96 7 95 9 93 2 88 7 82 5 75 5 70 8 
80 95 6 92 9 93 1 90 5 87 9 81 4 74 5 70 2 

Heptane-Heptyl Bromide 
Mole fr. 

of C7H15Br = 0 0488 0.0889 0 1626 0 3330 0 5327 1.000 
1, O C .  7 

- 70 2 2 9 7  2.491 2862 3704 4 8 0 9  7.385 
- 50 2 247 2.422 2 755 3 515 4 498 6 875 
- 30 2 198 2.356 2 656 3 348 4 214 6 392 
- 10 2.152 2.294 2 567 3.200 3 969 5 957 

10 2 109 2 237 2 489 3 067 3 707 5 582 
30 2 067 2 184 2 417 2 950 3 595 5 255 
50 2 024 2 133 2 349 2 840 3 437 4 970 
70 1 980 2 083 2 278 2 734 3 284 4 711 
90 1 936 2.033 2 210 2 632 3.134 4 476 

d 

- 70 0 7831 0 8039 0 8428 0 9348 1.0243 1 2370 
- 50 .7667 .7871 ,8249 9166 1 0044 1 2160 
-30 .7502 ,7702 8075 ,8981 .9849 1.1944 
- 10 .7333 .7533 7895 ,8793 ,9657 1 1725 

10 .7165 ,7359 ,7712 ,8606 .9456 1.1507 
30 .6988 .7184 .7534 .8420 .9255 1 1285 
50 .6810 .7004 .7354 .8227 .9056 1.1065 
70 ,6632 .6821 .7171 .8032 .8858 1 0847 
90 .6442 .6633 .6978 .7836 .8648 1 0622 

Pm A(C7H1,Br) 
-70 . . . 152 3 146.1 139 0 123.8 115 7 98 5 
-50 149 6 145 3 139 7 133 6 119.9 112 8 97 5 
-30 141 6 138.4 133.7 128 4 116.5 109 9 96.3 
-10 1346  1 3 2 7  128.0 124.0 113.4 107.1 9 5 1  

10 128 3 127 7 123 3 120 5 110 6 105 0 94 0 
30 125.5 124.4 119.6 117.3 108 2 103 4 93.0 
50 . .  . 118.2 115.2 113 9 105.7 101 6 92 1 
70 . . . 112 1 111 6 109 9 103.3 99 7 91 3 
90 . . . 108.4 108.8 106.9 101.0 97.0 90 5 

Benzene-Methylene Bromide 
Mole fr. of 
CHzBrz = 0.0496 0 0947 0.2038 0 5618 0 8114 1 000 

i,"C. , - 
10 2 460 2 596 2 957 4 420 5 884 7 772 
40 2 383 2 502 2 815 4 088 5 335 6 678 
70 2 293 2 401 2 676 3 841 4 848 
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TABLE I (Continued) 
Mole fr. of 
CH2Brz = 0 0496 0.0947 0.2038 0.5618 0 8114 1.000 

L,  O C .  d - 

Benzene-Methylene Iodide 
Mole fr. of 

C H J z  = 0 0268 0 0449 0 0636 0 1337 0 1943 1000 
1, O C .  7 

25 2341 2.384 2 4 2 5  2592  2 7 3 4  5316  
50 2 282 2.322 2.359 2 524 2 646 

Benzene-Bromoform 
Mole fr. of 
CHBr3 = 0.0409 0.0573 0.0718 0.0929 0.2340 0.5047 0.7358 7.000 

1, O C .  7 

10 2.308 2.411 2.438 2.477 2.726 3.232 3.726 4.404 
40 2.315 2.340 2.365 2.399 2.623 3.075 3.506 4.084 
70 2.234 2.258 2.284 2.313 2.522 2.924 3.315 3.816 

Benzene-Iodof orm 
Mole fr. of ,- - 
CHI2 = 0 0.0063 -0.0222 0.0352- 0 0.0063 0.0222 0.0352 

1, OC. 



June, 1930 DIELECTRIC POLARIZATION OF LIQUIDS. IX 2233 

1, "C. 
10 
20 
30 
40 
50 
60 
70 

TABLE I (Concluded) 
Mole fr. of 
CHIS = 0.0063 0.0222 0.0352 
P, ---- P~(CNII)---------, 

. . . 56.5 59.6 53 5 
61.5 63 6 60.1 59.5 

. . . 66.8 61.0 60.1 

. . . 73.2 60.1 59.5 
59.6 87 G 58.8 59.0 
. . . 87.6 57.0 58.1 
... 84.4 55.7 56.4 

plotted against T (Fig. I), as required by the Debye equation: P = a + 
b/T, in which a = PB + PA, the sum of the electronic polarization, PE, 
and the atomic, PA, and b = 4aNp2/9k, N being the Avogadro number, 
6.061 X p, the electric moment, and k, the molecular gas constant, 
1.372 X 10-16. When the equation is written in the form (P, - a)  T = 
b, it is evident that i t  can be tested by the constancy of (P, - a)T, the 
values of which are given in Table 11. 

TABLE I1 
VALUES OE" (P, - a)T 

(Pa - a!T 
C4H9Cl CnHsBr C4HoI 

21810 20290 . . . 
21920 20270 15900 
21920 20220 16180 
21940 20380 15530 
21850 20450 15500 
21800 20130 15540 
21870 20610 15650 
21960 20420 15480 
21880 20330 15520 
22170 20280 15530 
21960 20280 15730 
21920 20330 15650 
22060 20150 15630 
21910 20410 15270 
22000 20120 14660 
21910 20280 15060 
21920 20340 14750 
. . . 20400 14620 

In the case of butyl iodide, a small decrease in the values of (P, - a)  T 
accompanies rising temperature a t  the higher temperatures, probably 
because of slight decomposition of the substance. Below 30' for the butyl 
iodide and over the entire temperature range within which the other sub- 
stances arc liquid, the values of (P, - a)T  are constant, giving further 
proof, if further proof is needed, of the applicability of the Debye equation 
to polar liquids highly diluted by non-polar. 
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The best values of a and b were obtained from the curves in Fig. 1 and 
the electric moments were then calculated from b. The values of PE at  
infinite wave length were calculated from the molar refractions given in 

Landolt-Bornstein (5th ed.) 
by means of the equation, 
P E =  [I - x ~ / x ~ ]  [(n2 - l)M/- 
(a2 + 2)d] ,  in which n is the 
refractive index for light of 
wave length X, Xo is the wave 
length corresponding to a 
characteristic vibration fre- 

C; quency in the ultraviolet re- 
8 

& gion, and d is the density. 
-1 , _- As dispersion data were not 

available for heptyl bromide, 
the value of PE at  infinite 
wave length was estimated 
by subtracting 1.0, a differ- 
ence analogous to those found 
for the other halides, from 
42.20, the molar refraction 

O 50 loo 150 m. 200 250 300 350 for the sodium D-line. The 
L. 

Fig. 1.-Variation of P, T with T. result, 41.2, should be within 
0.3 of the correct value. The 

atomic polarization, PA, has been obtained by subtracting Pa 'from a .  
The results are shown in Table 111. 

The values of PA are surprisingly high and may be considerably in error, 
as a small change in the curve has a large effect upon a and, consequently, 
an even greater effect upon the difference, a - PB, but the accuracy of the 
curves is such as to render a small PA for these substances highly im- 
probable. Moreover, a value of 12.3 has been determined with some ac- 
curacy for ethyl iodide2 and a rough value of 11 has been found for ethyl 
br0rnide.l Preliminary measurements carried out in this Laboratory upon 
heptyl bromide in the solid state indicate a value for PA of the same order 
of magnitude as that here found. In the hutyl halides, the values increase 



June, 1930 DIELECTRIC POLARIZATION OF LIQUIDS. IX 2233 

from chloride to bromide to iodide, but, in view of the uncertainty of 
the values, great significance cannot be attached to this. 

The substituted methanes were measured over too limited a range of 
temperature to permit of an accurate determination of a and b by plotting 
P, against I jT.  As is very commonly done, a was assumed equal to 
MR,, the molar refraction for the D-sodium line, and the electric moment 
was calculated from P, - MKD. The values of MRD for methylene 
bromide and bromoform were taken directly from Landolt-Bornstein (5th 
ed.), while those for methylene iodide and iodoform were calculated as the 
sum of the atomic refractions, the accuracy of the values thus obtained 
being quite sufficient for the purpose. Values of the electric moments 
calculated a t  different temperatures showed very close agreement except in 
the case of iodoform, the results for which are less accurate than the others 
because of its low solubility and decomposition in solution. The small 
values of the difference P ,  - MRD for this substance increase the relative 
error of the moment. At 20' the value obtained was 0.84 X 10-15, and 
a t  70°, 0.77 X 10-la. The necessary neglect of PA in calculating this 
moment causes the mean value 0.8 X 10-Is given in Table IV to  be too high. 
Indeed, if iodoform had a value of PA comparable to those given in Table 
111, its moment would be zero. It seems probable that the true value of the 
moment of iodoform is little more than half the value given in Table IV, 
while the values for methylene bromide and iodide and bromoform are also 
a little high because of neglect of PA, which, however, affects these mo- 
ments less than that of iodoform because of their higher values. As most 
investigators have neglected PA

3 in calculating the moment, i t  seems best, 
for the sake of comparison, to use these values, bearing in mind the fact 
that they are a little high, rather than to subtract fictitious values of PA of 
reasonable size, which might be expected to give more nearly correct values 
for the moments. The good agreement of the values a t  different tempera- 
tures, except in the case of iodoform, indicates that they are not far from 
the true values. The significance of the results shown in Table IV, together 
with the moments of other similar molecules, will be discussed presently. 

Earlier papers have discussed the variation of the polarization with con- 
centration as evidence of the mutual effects of the polar molecules in pro- 
ducing orientation or ass~ciation.~ It has been shown that the orienting 
effect of the molecules of a liquid upon one another depends not only on the 
size of their electric doublets, but also upon the location of the doublet or 
doublets in the molecule and upon the geometrical shape of the molecule. 
It is interesting to compare these effects in the closely related molecules 
investigated in the present work. 

See Smyth, THIS JOURNAL, 51, 2051 (1929). 
' See particularly Smyth and Stoops, ibid., 51, 3330 (1929); also Smyth, Chem 

Reviews, 6, 549 (1929). 
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The molecule of an alkyl halide may be regarded as containing a single 
electric doublet located in the neighborhood of the bond between the halo- 
gen and the carbon chain. The effect of this doublet upon neighboring 
molecules depends upon its moment and upon the sizes of the halogen and 
the hydrocarbon chain which screen its force field. The deviation of the 
PIZ-cz curves from linearity has been used as a qualitative indication of 
association or orientation. The effect is so great in hexane-ethyl bromide 

mixtures1 that the cur;e actually 
passes through a maximum, which 

120 flattens out with rising tempera- 
ture as increased thermal agitation 
reduces the molecular orientation. 

110 The moment of the ethyl iodide 
molecule is slightly smaller than 

100 that of the bromide and the screen- 
ing effect2 of the iodine is somewhat 
larger than that of the bromine. 

90 Consequently, the mutual effect of 
the molecules is not sufficient to 

a4" cause a maximum in the Plz-cz 
80 curves as in the case of ethyl bro- 

mide. When butyl chloride, bro- 
mide and iodide are compared with 

70 one another, the differences are not 
pronounced as the screening effect 
of the large butyl groups so reduces 

60 the intermolecular action that the 
differences between the effects of 
the halogens are small. 

50 In comparing the Plz-cz curves 
for different substances, it must be 

0.2 0.8 borne in mind that differences in 
Lz. PE affect the relative rate of change 

Fig. 2.-Variation of P2 with concentration 
at 10'. of PZ with cz and hence the shape 

of the.Plz--c2 curves. Indeed, this 
seems to be the principal cause of the differences in these curves, for the 
Pz-c2 curves in Fig. 2 show only small differences in curvature. The heptyl 
bromide curve has the smallest slope. The butyl halide curves have a 
slightly greater slope and lie close together. The ethyl bromide and ethyl 
iodide curves are very similar, the slope of the latter being slightly less. 
Differences in PE and PA for the different substances are responsible for 
the spacing of the curves. 

At the bottom of the diagram lie the curves for methylene bromide and 
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bromoform, which, because of the small size of their moments and the 
screening of the doublets by the bromines, show little intermolecular action. 
The corresponding iodine compounds are not shown, as some of their Pz 
values are in error because of decomposition. 

The temperature variation of Pz for the pure substance gives further 
evidence of the intermolecular action. The values of Pz for pure ethyl 
bromide increase slightly with rising temperature until the boiling point is 
approached, instead of decreasing according to the requirements of the 
Debye equation, because increasing thermal agitation decreases the inter- 
molecular action which reduces the polarizatio~i. In  ethyl iodide the inter- 
molecular action is enough smaller to permit decrease of polarization with 
rising temperature even at the lower temperatures where its effect is greater. 
In the butyl halides the decrease of Pz with rising temperature is greater 
and, in heptyl bromide, still greater. 

The moments calculated from the values of P, are given in Table IV 
together with a number of values previously determined, the latter being 
followed by their literature references. 

TABLS IV 
ELECTRIC MOMENTS OF HALOGEN COMPOUNDS X 10'8 

X = C1 Br I 

CH3X 1.7" . . 1.31b 
CzHsX 2.0" 1.86" 1 .  66d 
C4HsX 1.88 1.81 1.59 
CTHISX . . 1.83 . . 
CHzXz 1.6' 1.39 1 .08 
CH& 1.05" 0 .99  0 . 8  
'2x4 ow . . . . 
CHaCHX2 2 .  05f . . . . 

" Sircar, Indian J.  Phys., 12, 197 (1928); Mahanti and Sen Gupta, i z d . ,  12, 
181 (1928); ' Smyth and Morgan, Ref. 1; Smyth and Stoops, Ref. 2 ;  " Sanger, 
Physik. Z., 27, 556 (1926); Ghosh, Mahanti and Sen Gupta, 2. Physik, 54,711 (1929). 

The influence of the length of the carbon chain upon the moment of the 
molecule has been discussed previously, but a quantitative treatment of 
the theory has been attempted in the present inve~tigation.~ As the result 
of the treatment is not conclusive, the details are not given. The moments 
induced throughout the molecule by the principal doublet at  the end of the 
chain and the moments induced in turn by these induced moments are 
calculated from the polarizabilities of the different parts of the molecule, 
which are obtained from the refractions associated with the bonds6 The 
calculated increase in moment due to the direct effect of the principal 
doublet is very small in the third carbon of the chain and negligible there- 
after, which is in agreement with the absence of any increase in the observed 

6 Smyth, THIS JOURNAL, 51, 2380 (1929). 
6 Cf. Smyth, Phil. Mag., 50, 361 (1925). 
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moments with increase in the size of the alkyl group beyond ethyl. How- 
ever, the secondary moments induced by those already induced by the prin- 
cipal doublet are calculated as continuing with decreasing size through a 
chain much longer than two carbons. This would cause an increase in 
moment with increase in the size of the alkyl group far beyond ethyl, which 
the agreement of the values for the ethyl and the butyl halides and, in the 
case of the bromides, the heptyl as well, shows to be non-existent. The 
rough approximations necessary in these calculations are much more apt 
to  cause serious error in the case of the secondary moments. Indeed, they 
are quite sufficient to cause the not inconsiderable values calculated for 
these secondary moments, which the experimental results show to be 
negligible in the longer molecules. In view of this, i t  may be concluded 
that the results of theory and experiment are not irreconcilable, but the 
failure to obtain positive agreement is unsatisfactory. 

The moments of the chlorinated methanes were considered a t  a time 
when very inadequate values were a ~ a i l a b l e . ~  It was shown that, if the 
tetrahedral structure of the molecule remained undistorted, the moment of 
methylene chloride should be 1.15 times that of methyl chloride, which 
should be identical with that of chloroform, while that of the symmetrical 
carbon tetrachloride molecule should be zero. The same relations should, 
of course, hold among the bromine and iodine compounds. Sanger ob- 
tained a higher value for methyl chloride than that given in Table IV, but, as 
Sircar's value 1.69 X 10-l8 agrees well with an unpublished result obtained 
by Dr. S. 0. Morgan, the value 1.7 X has been adopted as correct. 

The deviations of the observed values from those calculated on the basis 
of an undistorted tetrahedral structure may be conveniently explained by 
resolving the system of charges making up the methylene halide molecule 
into two doublets with their axes in the two imaginary lines joining the 
halogen nuclei to the carbon nucleus. The moment of the molecule, as a 
whole, is the resultant of the moments of these two doublets and is, of course, 
smaller the larger the angle between the axes of the doublets. The distance 
between a carbon nucleus and the nucleus of an attached chlorine atom IS 

calculated to be 1.70 A.8 If there were no distortion of the tetrahedral 
structure of methylene chloride, the angle between the axes of the two 
doublets would be 110° and the distance between the two chlorine nuclei 
would, therefore, be 2.78 tf. The radius of the chlorine atom calculated by 
Huggins

g 
from x-ray data is 0.97 A., from which the distance between the 

outermost electrons in the two chlorines, a very vague quantity, would be 
calculated as 0.84 tf. A quantity more significant for these considerations 
is the atomic diameter obtained from the kinetic theory of gases, which 

Smyth, Phil. Mag., 47, 530 (1924). 
Pauling, 2. Krist., 67, 377 (1928). 
Huggins, Phys. Rev., 28, 1086 (1926). 
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might be expected to set a limit to the distance of nearest approach of the 
chlorine nuclei in the absence of strong forces of compression. Approximate 
values for this diameter may be calculated by an indirect method. The 
radius of the collision sphere of the argon atom determined by Rankine and 
Smith1o from viscosity measurements is 1.44 A. as compared with an atomic 
radius 0.93 A. calculated by Huggins. If a proportionate difference exists 
for the chlorine atom, the latter has a collision sphere of radius 1.50 A., 
which necessitates a distance of 3.0 A. between the chlorine nuclei in methyl- 
ene chloride if the spheres are in actual contact and uncompressed, instead 
of the 2.78 A. calculated for the undistorted tetrahedral structure. A widen- 
ing of the angle between the doublet axes from 110 to 124' is, therefore, 
required and, as a result, the moment of the molecule, as a whole, is reduced 
from the value calculated for the undistorted molecule, 1.15 X 1.7 X 10-18, 
to0.94 X 1.7 X 10-la = 1.6 X 10-18, in agreement with the observed value. 
Similarly, in methylene bromide, the distance between the nuclei of the 
bromines and that of the carbon is given as 1.85 A., from which the separa- 
tion of the bromine nuclei may be calculated as 3.02 A. in the absence of 
distortion of the tetrahedral structure. The bromine radius given by 
Huggins is 1.09 A. and that of krypton is 1.06 A., while the radius of the 
collision sphere of krypton found by Rankine and Smith is 1.55 A., which 
figures give a radius for the sphere of repulsion of the bromine atom of I .60 
. The nuclear separation of the bromines in methylene bromide should, 
therefore, be 3.20 A. instead of 3.02 A., the angle between the doublets 
would be widened to 120°, and the resultant moment would be identical 
with that of methyl bromide. No accurate value for the latter is available 
in the literature, but an unpublished value determined by Dr. S. 0, Morgan 
agrees within the limit of the experimental error with the moment of 
methylene bromide in Table IV. For methylene iodide, the distance be- 
tween the carbon and iodine nuclei is taken as the sum of the atomic radii, 
1.96 W., and the calculation carried out as before. The angle between the 
doublet axes is found to be 135O and the resultant moment, therefore, 0.78 
times that of methyl iodide, or 0.78 X 1.31 X 10-l8 = 1.02 X 10-18, in 
excellent agreement with the value in Table IV. 

In similar fashion the chloroform molecule may be resolved into three 
doublets with their axes in the imaginary lines joining the carbon nucleus to  
the three chlorine nuclei which lie a t  the apices of an equilateral triangle. 
If there were no compression of the spheres of repulsion used in the calcula- 
tion for methylene chloride, the carbon-chlorine bonds would be stretched 
even if the tetrahedral structure were so distorted that the carbon and the 
three chlorine nuclei were in the same plane. I t  appears reasonable to  
suppose that the hypothetical atomic spheres are somewhat compressed, 
but it is evident that the distortion of the tetrahedral structure of the mole- 

lo Rankine and Smith, Phil. Mag., 42, 601 (1921) 
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cule is greater than in the case of the methylene compound, which should 
cause the decrease in moment below that calculated for the undistorted 
tetrahedral structure to be greater. The separation of the chlorine nuclei 
is still considerably greater than the atomic diameter estimated from x-ray 
data, so that there is no need to suppose that the electron shells are ap- 
preciably deformed. This is in harmony with the fact that the atomic re- 
fraction of chlorine shows no significant variation between molecules con- 
taining one, two, three and four chlorines attached to the same carbon,ll 
which would certainly not be the case if the electron shells of the halogens 
suffered increasing deformation as the number of halogens attached to 
one carbon increased. 

Calculation leads to similar conclusions for bromoform and iodoform, 
although the distortion of the tetrahedral structure in the bromoform 
molecule should be less than in the molecules of the other two substances. 
Table I V  shows the much lower values for the trihalogenated molecules. 
The moment of bromoform differs from Morgan's unpublished value for 
methyl bromide, to which it should be equal if the tetrahedral structure 
were undistorted, by an amount smaller than the differences observed for 
the chlorine and iodine compounds, thereby conforming with the result of 
the calculation. As the inductive effect of a doublet in one part of the 
molecule upon the rest of the molecule has been disregarded in these calcu- 
lations and in view of the speculative nature of the argument concerning 
the atomic dimensions and the possible errors in some of the experimental 
values of moments quoted, the excellence of the agreement between the 
observed and the calculated moments of the methylene compounds must be 
somewhat fortuitous. It is evident, however, that the theory of the dis- 
tortion of the molecule by repulsion explains satisfactorily the moments of 
the halogenated methanes. 

Summary 
The dielectric constants and densities of several alkyl halides and 

halogenated methanes in heptane or benzene have been determined over 
a wide range of temperature, and the data have been used to calculate the 
polarizations of the substances and the electric moments of their molecules. 

The polarizations show that the orientation or association of the polar 
molecules depends upon the size of the electric moments of the molecules 
and the screening of their doublets by the molecular structure. 

In  the alkyl halides no measurable increase of electric moment accom- 
panies increase of the number of carbon atoms beyond two. 

In  the di- and tri-halogenated methanes, repulsive forces between the 
halogens distort the structures and reduce the moments of the molecules. 

PRINCETON, NEW JERSEY 

l1 Cf. Smyth, Phil. Mag., 50, 361 (1925). 
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During investigations on the removal of tartrates from certain grape 
products, it became necessary to determine the solubility of tartrates under 
certain conditions. Potassium bi-tartrate and neutral calcium tartrate 
were the salts particularly concerned. 

A review of the literature indicates that considerable data already exist 
on tartrate solubilities, although much of the data desired in our studies 
could not be found in published form. 

The change of solubility with temperature has been determined for the 
range from 0 to 100°' for both salts. Solubilities in the presence of certain 
ions and in certain acids have been determined to some extent. The 
published data indicate that ions common to the salt concerned usually 
depress the solubility, and that neutral ions have little effect on the solu- 
bility. 

No information could be found on the effect of neutral potassium tar- 
trate on the solubility of potassium bi-tartrate. In this case the added salt 
has two ions in common with the salt studied. I t  would be expected that 
the solubility of the potassium bi-tartrate would be decreased to  an ap- 
preciable extent by the presence of neutral potassium tartrate. The results 
tabulated below and shown in Fig. 1 indicate this to be the case to  a very 
marked degree, especially a t  the lower concentrations of the neutral tar- 
trate. 

TABLE I 
SOLUBILITY OF KHCJLOa I N  THE PRESENCE OF K z C ~ H ~ O ~  AT 20 O 

Mole of Mole of Mole of Mole of 
KH(kH&Os/liter Kz(kH+Os/liter KHC4H4Oe/Liter KaC4H4Oe/liter 

0.0284 0 0.00667 0.00443 
.0218 0.000443 .00540 .00714 
.0176 .000886 .00360 .0143 
.0124 .00177 .00280 .0214 
.0096 .00266 ,00264 * .0286 
.00805 .00354 .00260 .0357 

The fact that very small concentrations of neutral tartrate greatly affect 
the solubility of the bi-tartrate may explain the formation of large deposits 
of cream of tartar in juice from mature grapes, and in grape juice after 
standing for some time, since under these conditions the acidity is decreased, 
forming the neutral tartrate which depresses the solubility of the remaining 
bi-tartrate. 

Seidell, "Solubilities of Inorganic and Organic Compounds," Vol. I, pp. 221, 
564. 
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0.01 0.02 0.03 0.04 
Moles of added K2C4H406 per 1000 cc. of soln. 

Fig. 1.-The effect of K2C1H40a on the solubility of KHC,H406 
in water at  20°. 

Tartaric acid was found to have some effect on the solubility of potassium 
bi-tartrate in concentrations up to about 0.01 mole per liter. This is 
shown in Table I1 and Pig. 2. 

TABLE 11 
SO~UBILI~Y OF KHCJX~OB IN TARTARIC ACID SOLUTIONS AT 20' 

Mole of KHC1H4Oe/liter Mole of HaCLH40s/liter 
0.0284 0 

.0268 0.0030 

.0260 .0055 

.0240 .0105 

.0238 .0335 

.0238 .0485 

d d 6 2 0.03 

$ ?  
W Y  
U 0 
0 0 

2 2 - g g 0.02 

0.01 0.03 0.05 
Moles of H2C4H408 per 1000 cc. of soln. 

Fig. 2.-The effect of tartaric acid on the solubility of potassium 
bi-tartrate in water a t  20 ". 

From the data of Table I1 considered in comparison with Table I, it 
would seem that the effect of tartaric acid is due chiefly to the ions pro- 
duced, rather than to the tartaric acid molecule itself. 
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The solubility of potassium bi-tartrate was also determined in invert 
sugar solutions. The results appear in Table 111 and in the solid curve of 
Fig. 3. 

TABLE I11  TABLE I V  
SOLUBILITY OF KHC4H*o6 IN INVERT SOLUBILITY OF CALCIUM TARTRAT* IN TAR-  

SUGAR SOLUTIONS AT 20 O TARIC ACID SOLUTIONS 

Sol of Soly. of Percentage Mole of Mole of Mole of 
KH&H~OB qHC4HlOe invert HsC4HaOa CaC4HlOe CaC4H406 

in mole m mole sugar by per per liter per liter at 
per liter per 1000 g. soh. weight liter at 20" la0 (Paul, 1915)" 

0 0284 0.0284 0 0 
.0276 .0260 15 0 0067 
.0264 ,0232 30 .0134 
.0240 .0198 45 .0268 
,020 .0156 60 .0402 
,0124 .0087 80 .0469 

.0536 

.0670 
" Ref. 1, pp. 221, 222. 

The dotted line in the curve indicates the theoretical solubility curve, if 
the solvent action were due solely to the water present. Thus i t  can be 

0 25 50 75 100 
Percentage sugar by weight. 

Fig. 3.-The solubility of potassium bi-tartrate in invert sugar 
solutions at 20 ". 

seen that the presence of the sugar has a slight solvent action on the po- 
tassium bi-tartrate. 

For calcium tartrate the solubility in hydrochloric and tartaric acids2 

has been determined for 18'. The solubility in tartaric acid solutions was 

Ref. 1, pp. 221, 222. 
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determined for 20° and the results are given in Table IV and in Fig. 4. 
The two curves seem to agree quite well. 

0.002 0.004 0.006 
Moles of H2CdH406 added per 1000 cc. of soln. 

Fig. 4.-The solubility of calcium tartrate in dilute tartaric acid 
solutions: solid line is solubility at  20"; dotted line is solubility at  
18' (Ref. a, Table IV). 

Method of Paalysis.-In all cases the salt of which the solubility was 
to  be determined was added to the solution in excess. The mixture was 
stirred for at least an hour with a mechanical stirrer, and allowed to settle 
for several hours a t  20' before filtering and analyzing. No precaution was 
taken to exclude the presence of carbon dioxide from the air, but since the 
solutions were all acid it was believed that carbon dioxide would have little 
effect. All of the data for the potassium bi-tartrate were obtained by ti- 
tration with N/10 sodium hydroxide. For the calcium tartrate solubilities, 
ash determinations were made on the solutions. 

Summary 

The solubilities of potassium bi-tartrate in the presence of some of the 
substances with which it is associated in grape juice were determined. 
Some of these, especially the neutral tartrate, have a rather striking effect 
on the solubility of the bi-tartrate and this fact may help to explain the 
rather peculiar behavior of cream of tartar in grape juice. 

Some solubility data on calcium tartrate were obtained which seem to 
agree well with previously published data. 

BERKELEY, CALIFORNIA 
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THE ELECTRICAL CONDUCTANCE OF AQUEOUS SOLUTIONS OF 
BARIUM CHLORIDE AS A FUNCTION OF THE CONCENTRATION 

Introduction 

This is the third of a series of papers on the properties of solutions of 
barium chloride and is part of an extensive experimental investigation of 
the properties of these solutions covering a wide range of concentration 
which was undertaken in the hope that the data when studied in the light 
of the new Debye-Hiickel theory of electrolytes would reveal new laws for 
the variation of these properties with the concentration or new relation- 
ships between the properties. Barium chloride is well adapted for this 
purpose because the theory and the known facts indicate that the influence 
of interionic attraction increases greatly with the valence. The first paper1 

in this series records data on the transference numbers of the barium ion 
covering the range 0.01 to 1.0 molal which resulted in the discovery of a 
new law for the variation of the transference numbers with the concentra- 
tion. The second paper2 contains new data on the viscosity of these solu- 
tions covering the range 0.005 to 1.0 molal and a new general law for the 
variation of the viscosity of solutions of electrolytes with the concentration. 
In this paper are recorded data on the conductance of this salt covering the 
range 0.001 to 1.0 molal which have suggested an equation for the variation 
of the conductance with concentration. All of these properties of these 
solutions turn out to be functions of the square root of the concentration. 

Experimental Part 

The barium chloride was purified as already de~cribed.~ To  prepare 
neutral solutions of known composition the salt was dried by heating to a 
low red heat in a current of hydrochloric acid in a Richards4 bottling appa- 
ratus, and cooled in a vacuum. The solutions were made by weight, using 
conductivity water of known conductance. After the salt had dissolved 
and had been well mixed by shaking, a portion was withdrawn to test its neu- 
trality. It was found that methyl red when added to soIutions of barium 
chloride was sensitive to a trace either of hydrochloric acid or of barium hy- 
droxide. Therefore, methyl red was added to the sample of the solution 
prepared as described above and also to a solution of approximately the 

1 Grinnell Jones and Malcolm Dole, THIS JOURNAL, 51, 1073 (1929). 
Grinnell Jones and Malcolm Dole, ibid., 51, 2950 (1929). 
Grinnell Jones and Malcolm Dole, ibid., 51, 1074 (1929). 
T. W. Richards and H. G. Parker, Proc. Am. Acad., 32,59 (1896). 
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same composition prepared from crystallized unheated barium chloride and 
the solution was rejected if the two could be distinguished. After the 
proper technique of drying the salt had been developed the solutions always 
gave the same color. 

The stopper was then replaced by a special ground-glass stopper provided 
with two tubes, one of which extended to the bottom of the bottle and was 
connected by a ground joint with the conductivity cell. Air which had 
been bubbled through a barium chloride solution of approximately the 
same concentration was then blown into the bottle through the other tube. 
thus forcing the solution into and through the conductivity cell until the 
cell was well rinsed without danger of changing the composition of the solu- 
tion by evaporation. The cell was then tightly closed by its own glass 
stoppers and placed in the thermostat a t  25.00° and its resistance measured. 
It was then refilled and measured again. Only rarely was any change noted 
and in such cases the rinsing was repeated until successive fillings gave con- 
cordant results. The density of the solution was then determined by an 
Ostwald pycnometer to permit calculation of the concentration in moles 
per liter. The resistance measurements were made by the special bridge 
already described by Jones and Josephs5 using all precautions recommended 
in that paper. The results with 1100 cycles and with 2500 cycles agreed 
within 0.01%. 

All solutions more dilute than 0.01 molal were prepared by dilution by 
weight of a 0.01 molal solution. 

Three different cells of the Washburn pipet type with cell constants of 
144.65, 51.4953 and 1.2326 were used. The cell constants of the first two 
were determined by means of a 0.01 N solution of potassium chloride in 
accordance with the suggestion of Kraus and Parker? The cell constant 
of the third cell was found by intercomparison with the second. The 
standard reference solution had 7.4945 g. of potassium chloride dissolved 
in 1000.00 g. of water (both weighed in air uncorrected to  vacuum). The 
specific conductance of this solution was taken to  be 0.0128988 plus the 
specific conductance of the water used. This value corrects for a slight in- 
consistency in Kohlrausch's figures for the N KC1 and the 0.1 N KC1 stand- 
ards of reference but it is based on Kohlrausch's absolute measurements. 

We are aware that H. C. Parker and E. W. Parker7 have concluded as 
the result of a careful investigation that the absolute measurements of the 
specific conductance of the standardizing solutions by Kohlrausch are in 
error by more than 0.1%. Parker and Parker have utilized fully the best 
of the earlier technique and have made important improvements in the 
details of procedure and valuable suggestions as to  definitions of units, 

Grinnell Jones and R. C. Josephs, THIS JOURNAL, 50, 1049 (1928). 
C. A. Kraus and H. C. Parker, ibid., 44,2422 (1922). 
H. C Parker and E. W. Parker, ibid., 46, 312 (1924) 
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but their bridge assembly has since been shown to be imperfe~t ,~  and the 
pipet cells of the type used show an apparent variation of cell constant 
with the resistance of the solution being measured, which was discovered 
by H. C. Parker%nd Randall and S ~ o t t . ' ~  This Parker effect is ascribed by 
him to absorption a t  the electrodes and walls but he did not succeed in find- 
ing a practical means of avoiding the effect. Parker and Parker believe that 
this effect was present in the cells used in their absolute measurements (Ref. 
7, p. 324), and although they attempt to minimize this error by the device of 
subtracting the measured resistance of two cells, they show a commendable 
lack of enthusiasm for this procedure, which is based on the unproved (and in 
our judgmentunprovable) assumption that the electrodeeffectscause an equal 
error in the resistance of two cells of different cell constant and design. It 
therefore seemed to us premature to adopt the figures of Parker and Parker 
for the specific resistance of solutions of potassium chloride as a basis for 
determining the cell constant unless and until their results are confirmed by 
an independent investigation. Our opinion in this matter is not altered by 
the fact that the figures of Parker and Parker are used as the basis for con- 
ductance data in Vol. VI  of the "International Critical Tables," which has 
been published during the final stages of the preparation of the manuscript 
of this paper. 

It is believed that uncertainty of greater than 0.02% in the data on 
barium chloride solutions due to the Parker effect

g 
was avoided by always 

selecting a cell which would give a resistance of above 1000 ohms and by 
the use of the Jones and Joseph's bridge.ll 

The data are recorded in Table I ,  in which each horizontal row repre- 
sents a different solution and in which the columns give in order (I) the 
concentration in gram molecules (BaC12) per liter, c, based on weights in 
vacuo (the molecular weight of barium chloride being taken as 208.284) ; 
(2) the square root of the concentration, 4;; (3) the density, d, absolute 
with vacuum corrections applied; (4) density computed from the formula 
given below; (5) the difference between the observed and computed 
density ; (6) the measured molecular conductance, A obs. ; (7) a correction 
to  give the conductance a t  the nearest round concentration, An; (8) the 
corrected values a t  the round concentration indicated, Ar. The density 

Compare Parker and Parker, Ref. 7, p. 314, with Jones and Josephs, THIS JOUR- 

NAL, 50, 1058-1062, 1070-1074 (1928). 
H. C. Parker, ibid., 45, 1366, 2019 (1923). 

lo M. Randall and G. N. Scott, iW., 49, 636 (1927). 
l1 The question of the cause and cure for the Parker effect has been investigated 

further in this Laboratory since the experimental work described in this paper was 
completed. This later work has disclosed that although the cells used in the research 
described in this paper embodied all principles of good design known a t  the time, they 
are not as free from Parker effect as some cells built in this Laboratory subsequently. 
A paper on cell design including a discussion of the Parker effect is now in preparation. 
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data when treated by the method of least squares gave d = 0.99707 + 
0.18224~ - 0.00421c2. The maximum deviation between the observed 
results and computed results is 0.00006 and the average deviation is 
0.00003. 

TABLE I 

MOLECULAR CONDUCTANCS OF BARIUM CHLORIDE SOLUTIONS AT 25 
Density, A obs., *A ~r 

Gram moles d, Density con- Correctton to Conductance at 
per liter 4; obs. computed Difference ductance round concn. round concn. 

0.0009827 0.031348 ..... 0.99725 . . . . . . .  264.70 - 0.13 264.57 
.0009701 .031146 . . . . .  .99725 . . . . . . .  264.72 -0.23 264.49 

Mean A at c 9 0.001 264.53 
.0024547 .049545 . . . . .  .99752 . . . . . . .  256.46 -0.19 256.27 

. . . . . . .  .0024969 .049969 . . . . .  .99753 256.25 - 0.01 256.24 
Mean A at c = 0.0025 256.25 

.0049940 ,070668 0.99801 ,99798 $0.00003 248.14 - 0.02 248.12 

.0051560 .071805 . . . . .  ( .99801) ....... 247.70 f 0.40 248.10 
Mean A at c = 0.005 248.11 

.009999 ,099995 0.99890 .99889 4- .00001 238.273 -0.001 238.27 

.009999 .099995 . . . . .  ( .99889) ....... 238.274 -0.001 238.27 
Mean A at c = 0.01 238.27 

.025002 .I5812 1.00163 1.00163 . . . . . . .  223.25 -0.00 223.25 

.025000 .I5811 ..... (1.00163) . . . . . . .  223.24 0.00 223.24 * 
Mean A at c = 0.025 223.25 

..... .049986 .22358 . . . . . . .  210.656 -0.005 210.65 
.049998 .22360 1.00621 1.00617 + .00004 210.652 -0.001 210.65 

Mean A at c = 0 .05  210.65 
.100009 .31624 1.01531 1.01525 + .00006 197.358 +0.002 197.36 
.099995 .31623 ..... (1.01525) . . . . . . .  197.370 -0.001 197.37 

Mean A at c = 0.10 197.36 
.250044 ,50004 1.04240 1.04238 + .00002 178.388 $0.004 178.392 
.249992 .49999 1.04236 1.04237 - .00001 178.398 -0.001 178.397 

Mean A at c = 0.25 178.39 
.50000 .70715 1.08711 1.08714 - .00003 161.184 +O.OOO 161.184 
.50000 1.08708 1.08714 - .00006 161.226 161.226 

Mean A at c = 0.50 161.20 
.97476 ,98730 1.17066 1.17071 + .00005 138.982 -1.039 137.94 

1.00527 1.00263 1.17601 1.17602 - .00001 137.764 +0.217 137.98 
M e a n A a t c  = 1.0 137.96 

The uncorrected data shown in Col. 6 are represented in Fig. 1 by the 
center points of the circles. In most cases the two independent determina- 
tions on solutions of nearly the same concentration are shown by a single 
circle because the slight differences are not visible on the scale which can 
be printed. 

The corrections to bring the values to round concentrations were deter- 
mined by plotting A against G, the slope of the curve dh/d& was found 
a t  each point and the correction M = (dA/d<c) computed and 
applied. I t  will be noticed that after correction to a common round con- 
centration each pair of solutions of similar concentration agree very well, 
the average deviation being only 0.025 ohm. These differences are greater 
in the most dilute solutions, as is to be expected on account of the greater 
experimental difficulties in working with dilute solutions. 
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Interpretation of the Data 
Having obtained a set of data covering a wide range of concentration 

it becomes of interest to attempt to find an equation for the molar conduct- 
ance as a function of the concentration which is in harmony with the data 
and of a form which is as simple as possible and which shows no abnormal or 
improbable behavior as the concentration approaches zero; and to use the 
best equation which can be found to estimate the limiting conductance a t  
zero concentration. It seemed hardly necessary to carry out the laborious 

0.2 0.4 0.6 0.8 1.0 
4; 

Fig. 1 . ~ 1 ,  Kohlrausch, A = 278.75 - 449.9 4;; 11, Debye-Hiickel- 
Onsager, A = 280.64 - 550.12 4; + 1265.1 c; 111, Walden, A = 278.69/ 
(1 + 1.715 4;); IV, Lattey, A = 281.22 - [602.8 &/(I + 4.069 d i ) ] ;  
V, Jones and Dole, A = 282.13 - [636.3 1/;/(1 + 4 628 4;) ] - 31.13 c. 

calculations with all of the numerous equations which have been proposed 
because nearly all of the empirical equations which antedate the Debye- 
Hiickel theory are now known to be inaccurate or to be in harmony with the 
facts only within a quite limited range of concentration. 

Recently Debye and Hiickel12 have proposed a theory of electrolytes 
based on the hypothesis that ionization is substantially complete and that 
the electric forces between the ions which Arrhenius assumed to be negli- 
gible play a significant role. 

The mathematical complexities of deriving definite equations on this 
lP P. Debye and E. Hiickel, Physik. Z., 24, 185 (1923); 24,305 (1923); E. Hiickel, 

Ergebnisse der Exakten Wissenschaften, 3, 199 (1924). 
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basis are very great and compel them to neglect some known physical fac- 
tors in the problem and to introduce some relatively simple approximate 
mathematical relationships instead of using the rigid but more complicated 
functions. Their conclusion is that the equation 

A = A o - A d  (1) 

is the limiting law to which the measured conductance will approach more 
and more closely as the concentration approaches zero. The constant A 
has a very complicated theoretical significance, being dependent upon the 
dielectric constant of the solvent, the temperature, the mobilities a t  infinite 
dilution and valence of all of the ions present, as well as several universal 
constants. However, the value of A as well as A. is in practice chosen to 
fit the data. It should be noted, however, that the theory predicts that the 
most important factor in determining the variation of A from salt to salt is 
the valence type and this prediction is borne out in practice. Indeed i t  has 
long been known that the conductance-concentration curves of all salts of 
the same valence types (in the absence of abnormalities such as complex 
formation) tend to ruii parallel and near together, whereas the curves for 
salts of different types diverge markedly. 

This Equation I was discovered long ago by Kohlrausch,13 was much 
used by him in extrapolating to zero concentration and is commonly called 
Kohlrausch's square root law. The most convenient way to  test the va- 
lidity of this law is to plot the observed values of the conductance against 
the square root of the concentration and observe how closely the points fall 
on a straight line. A straight line (I in Fig. 1) having the equation A = 
278.75 - 449.9 4 2 ,  passes through the values of A a t  0.001 and 0.0025, 
but this line deviates greatly from the data a t  all higher concentrations. 
Kohlrausch's law can, therefore, only be regarded as a limiting law which is 
approximately obeyed in very dilute solutions. This is evident from Col. 5 
of Table I1 and from Fig. 1, in which our data are plotted as points within 
the circles and Curve I represents the equation given above. Space does 
not permit a detailed recapitulation and analysis of the evidence from other 
cases in the literature but much can be found. The case of barium chloride 
cited from our own data is typicalrather than exceptional or peculiar. 

But although Kohlrausch's law can only be regarded as a limiting law, 
the experimental evidence in its favor and the theoretical support which i t  
receives from the work of Debye and Hiickel make i t  extremely probable 
that the true equation expressing the conductance as a function of the 
concentration when plotted A against .\Tc will be asymptotic a t  c = 0 
with a straight line having finite negative slope. In attempting to  find an 

l3  F. Kohlrausch and M. E. Maltby, Wiss.  Abh. Phys. Techn. Reichanstalt, 3, 
156-227 (1900); F. Kohlrausch and E. Griineisen, Berl. Ber., 1215-1222 (1904); 
F. Kohlrausch, 2. Elektrochem., 13, 336 (1907); 13, 645 (1907); F. Kohlrausch, 
"Gesammelte Abhandlungen," 1911, Vol. 11, pp. 901, 1083, 1127, 1148. 
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equation which is valid up to as high a concentration as possible, we have 
applied this criterion and rejected all forms of the function which do not 
meet this test. 

TABLE I1 

CALCULATED AND OBSERVED VALUES 
I 11 

A Kohlrausch Debye-Hilckel 
Obs. A - 280.64-550 12 41 

conduc- A = 27875-449 9 4; + 1265.1~ 
Concn. c I l i .  AA A comp. A A  tance A comp. 

0 001 0.031623 264.53 264.53 $000 26451 +O .02 
,0025 05 256 25 256.25 +0.00 256.30 -0 05 
.005 .070711 248.11 246.94 +1.17 248.07 +0 04 
01 .lo00 238 27 233.76 . +4 51 238 28 -0 01 
025 15811 223.25 207.61 $15.64 225.29 -2 04 

.05 22361 21065 178.15 f32.50 22089 -10 24 

.1 .31623 197.36 136.48 4-60 88 233.19 - 35 83 

.25 .50000 178 39 53 80 $124 59 321 86 -143 46 
50 .70711 161 20 -39 38 $200 58 

1 00 1 00000 137.96 -171 15 f309 11 

I11 IV v 
Waiden Lattey Jones and Dole 

A=282 13- 
Obs 278 69 602 847 636 34; 

1+4.06942 l+4.6284E-35.13c conduc- A = 1 + 1.715 4;: A=281'22-- 
Concn 4; tance A comp. AA A comp. 4 A comp. 4 A  

0 001 0.031623 264 53 264 25 +0.28 264 33 $0.20 264 55 -0 02 
.0025 .05 256 25 256.65 -0.44 256 16 f 0  09 256.22 + .03 
.005 ,070711 248 11 248.56 -0.45 248 10 +0 01 248 03 + .03 
.O1 ,1000 238.27 237.89 4-0 38 238 37 -0.10 238 32 - .05 
,025 15811 223 25 219 24 4-4 01 223.22 +0 03 223 26 - .O1 
.05 ,22361 210 65 201.44 $9 21 210 64 $0 01 210 65 + 00 
.1  31623 197 36 180.69 +16 67 197 86 -0 50 197 36 + .02 
.25 ,50000 178 39 150.04 +28 35 181 90 -3 51 178 35 + 04 
.50 .70711 161 20 125 95 f35 25 171 28 -10 08 161 28 - .06 

1 .OO 1 00000 137 96 100 03 +37 93 162 30 -24 34 137.94 + .02 

The next form of the conductance function to be considered was a modi- 
fication of Kohlrausch's law having the form 

A = Ao - A-\/G + BC (11) 

This equation obviously meets the asymptotic test given above. It was 
first suggested by Debye and Hiickel in their early paper and used as a 
means of extrapolating to infinite dilution, but since the last term has no 
theoretical basis i t  may be regarded as an empirical equation. Debye and 
Hiickel chose values of Ao, A and B empirically to fit the data. Onsager14 
points out that the space lattice arrangement postulated by Debye and 
Hiickel must be disturbed by Brownian movement and has worked out a 
mathematical technique to make allowance for this disturbance and t o  take 
account of the combined relaxation of the ionic atmospheres due to  the 

14 I,. Onsager, Physik. 2.. 27, 388 (1926); 28, 277 (1927); Trans. Faraday Soc., 
23, 341 (1927). 
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diffusion of the ions in respect to one another and to enable the effect of 
electrophoresis to be calculated without a knowledge of ionic radii. On- 
sager's derivation leads to an equation of the form of Kohlrausch's square 
root law in which the slope A is a complicated but explicit function of the 
dielectric constant and viscosity of the solvent, the temperature and the 
valencies and mobilities at  infinite dilution of all of the ions present, as well 
as several universal constants. Ionic radii are, however, not involved 
directly. Assuming the conductance of the ions a t  infinite dilution to be 
known, Onsager has computed the slope of the A-dZ curves for many 
salts with results which agree within about 10% with the slopes found 
experimentally; but although this does not solve the problem of extrapola- 
tion to infinite dilution, because for this purpose we need to know the slope 
with an uncertainty of much less than 10% in order to find the limit of the 
conductance at  infinite dilution, nevertheless it is of much interest. 

Onsager recognizes that an equation of the form of Kohlrausch's law 
which he has derived is only valid as a limiting law and in order to extend 
its range of validity he follows Debye and Hiickel in adding a term, +Bc, 
linear with the concentration. The equation 

A = A o - A f l + B c  (11) 

is an improvement over the Kohlrausch equation but no claim is made by 
its proponents that it is valid above 0.01 molal. We have found that an 
equation of this form 

A = 280.64 - 550.12dZ + 1265.1~ 

fits our data on barium chloride fairly well up to 0.01 molal (see Curve I1 
in Fig. 1 and Cols. 6 and 7 in Table 11) but i t  fails badly in higher concen- 
trations. This is the equation of a parabola (when plotted A against 4 2 )  
with a minimum value of A at dc = 0.217 or c = 0.048, whereas the data 
show no indication of the occurrence of a minimum. Beyond this mini- 
mum this equation gives grossly erroneous results. It is quite evident from 
the curves and computations that the term 3- Bc is at fault. 

The complicated and difficult derivations of this equation evidently and 
admittedly fail to account adequately and fully for all of the factors in the 
problem. In these circumstances we thought it best to attempt to find a 
valid equation by inductive methods from the data themselves rather than 
by deductive reasoning from hypotheses. 

Walden15 has proposed an equation of the form 
no A = -  

1 + N *  (111) 

and has presented considerable evidence in its support, especially for non- 
aqueous solutions. I t  is easy to show by differentiation that this equation 
conforms to the asymptotic test described above. The Walden equation 

I5 P. Walden, 2. physik. Chem., 108, 341 (1924). 
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can be readily transformed into l / A  = l / A o  + N/Ao v'?, which permits its 
validity to be tested by plotting l,/A against \/c, and the coefficients to  be 
readily determined. We used our data on barium chloride a t  c = 0.01 and 
below to evaluate the constants and thus obtained A = 278.69/(1 + 1.715- 
d c ) .  This equation comes much nearer to the experimental values a t  
the higher concentrations than either of the forms already discussed but, 
nevertheless, it is not within the experimental errors either a t  low or high 
concentrations and indeed is not as good at low concentrations as Equation 
I or I1 (see Curve I11 in Pig. 1 and Cols. 8 and 9 in Table 11). 

Lattey16 has recently suggested the form 

where V = l / c  and A and N are dependent on the salt chosen and the 
temperature. This may be readily transformed into 

A = A o -  '4 .\Tc 
1 + N,/Z (IV) 

Lattey in a brief paper gives calculations showing that an equation of 
this form, = 130.01 - t89.47 dZ/(1 + 1.82 d?) ] ,  agrees with the data 
of Kohlrausch and Maltby on potassium chloride up to 1 molal. He states 
that he has tested i t  on many other univalent salts and finds that i t  con- 
forms to the facts up to  0.1 molal, but does not publish the proof in detail. 
His paper contains no indication that he has tested his equation on salts of 
higher valence types. This equation is obviously asymptotic to  A = A0 - 
A d 6  as 4 2  approaches zero. We then applied the method of least 
squares to the data on barium chloride up to 0.05 to determine the best 
values of the coefficients with the result A = 281.22 - [602.8 z/c/(l f 
4.069 .\/E)]. As will be seen from Cols. 10 and 11 of Table I1 and Curve 
IV in Fig. 1, this equation is a very substantial improvement over the other 
forms already discussed. The I,attey equation agrees with the data within 
the experimental error up to 0.05 molal, but if the constants are chosen so 
as to give good agreement a t  these concentrations the computed values of 
A a t  the higher concentrations are too great. 

We noticed that these deviations of the Lattey equation seemed t o  
be proportional to the concentration and this suggested to us that they 
might be remedied by adding a term, -Bc giving an equation of the form 

The constants of this equation were determined by the method of least 
sauares to be 

l6 R. T. Lattey, Phil. Mag., [7] 4, 831 (1927). 
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This equation fits the data within 0.06 mho a t  all points from 0.001 to 
1.0 molal. The average deviation is only 0.014%. Curve V in Fig. 1 is 
the graph of this equation and the experimental points are the centers of 
the circles. The deviations are much too small to be apparent in the graph 
on the scale which can be printed but are shown numerically in the last 
column of Table 11. 

A discussion of the general validity of Equation V will be postponed until 
new data on many salts covering a wide range of concentration can be 
obtained. In view of the fact that important improvements in the design 
of cells for the measurement of conductance have recently been effected in 
this Laboratory, it seems inadvisable to undertake the laborious calcula- 
tions necessary to test this equation by means of the data existing in the 
literature. The correlation of these conductance data with our transfer- 
ence data will be discussed in a separate paper by the junior author. 

The Viscosity Correction 
In the above theoretical treatment no attempt has been made to apply 

to the conductance data a viscosity correcti~n.~' During the course of the 
experimental work, measurements were made to determine the viscosity 
of barium chloride solutions. These results have already been publi~hed.~ 
Although these data were originally obtained in the expectation of using 
them to correct the conductance values for the viscosity changes, a careful 
consideration of the question suggests that a large part if not all of the vis- 
cosity correction should not be applied. By studying our viscosity data 
we discovered that the relative fluidity ((p) of the solution could be ex- 
pressed accurately by an equation of the form 

p = I  - A d ?  - B(c) (VI) 
or for viscosities in dilute solutions 

7 = 1 + A , / \ / G + ( B + A 2 ) ( c ) + .  . .  (VII) 
A and B are constants chosen to fit the data. For barium chloride solutions 
a t  25O, A = 0.02013 and B = 0.20087. The square root term suggested 
to us that this part of the viscosity increase might be due to the electric 
forces existing between the ions. 

Falkenhagen and Dole18 have deduced from the Debye theory of inter- 
ionic attraction that the distortion of the symmetrical ionic arrangement by 
means of viscous flow increases the macroscopic viscosity of the solution in 
proportion to the square root of the concentration; but the friction en- 
countered by an ion moving in an electric field is determined by the micro- 
scopic viscosity of the water molecules in its immediate path and this 
microscopic viscosity is probably not identical with the macroscopic vis- 
cosity as determined in a viscometer. 

l7 See C. A. Kraus, THIS JOURNAL, 36, 35 (19141, for a historical review of this 
question. 

I8 H. Falkenhagen and M Dole, Physik, Z., 30, 611 (1929). 
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If the electric forces between the ions really change the microscopic vis- 
cosity, then this would influence the motion of the ions and would need to  
be taken into account in considering the variation of conductance with con- 
centration. In such a case i t  would be fallacious to use Stokes' law without 
allowing for the change in viscosity. But if the microscopic viscosity is 
unaffected by the interionic attraction, it would be erroneous t o  apply a 
viscosity correction to the data for the change in macroscopic viscosity due 
to the interionic attraction represented in our viscosity equation (VII) by 
the term -442. 

This may also be true for the Bc term of Equation VI. Thus MacInnes 
and Cowperthwaitel%ave found that the conductance of the chloride ion is 
exactly the same in 0.1 normal solutions of sodium chloride and of potas- 
sium chloride although the measured macroscopic viscosities differ by 2%. 
This identity of the mobility of the chloride ion in the two solutions indi- 
cates that the effective or microscopic viscosity of the medit~nl in the path 
of the moving ion may be the same in the two solutions. 

This evidence against applying any viscosity correction is not entirely 
unambiguous since the junior author has discovered in some unpublished 
work that ions apparently affect macroscopic viscosities quite independ- 
ently of each other, a t  least as regards the B terms of Equation VI. If this 
is true, then it is possible for the chloride ion to migrate in an environment 
whose microscopic viscosity is determined only by the chloride on itself. 
and thus have the same conductance either in sodium or potassium cihloride 
However, new experiments must be carried out before this question can be 
entirely settled. 

Grateful acknowledgment is made for an appropriation from the Milton 
Fund of Harvard University for the expenses of this work. 

Summary 
1. Measurements of the density and electrical conductance of aqueous 

solutions of barium chloride a t  25' covering the range 0.001 to 1.0 molal 
are recorded. 

2. Numerous functions which have been suggested to express the varia- 
tion of the conductance with the concentration are discussed and a new 
function having the form, A = A. - [A  -\/;/(I + N V / G )  J - Bc is shown 
to be in harmony with the facts in this case, over the range 0.001 t o  1.0 
molal. 

3. The propriety of applying a viscosity correction to  measurements of 
conductance is discussed. 

4. In  this and the preceding papers of this series i t  is shown that  the 
properties of aqueous solutions of barium chloride at 25' can be expressed 
as a function of the concentration up to I molal by the equations 

1' ID, A. MacInnes and I. A. Cowpertbwaite, Trans. Faraday Soc., 23, 400 (1927). 
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Activity coefficient 

Transference number of the barium ion 1.4476 
= 1 + 0.07010& 

- 1 

Relative fluidity = 1-  0.020134~ - 0.200876 
Density d = 0.99707 + 0.182246 - 0.00421c2 

Molal conductance A = 282.13 - 636.3d7 - 31.13~ 
1 + 4.628* 

CAMBRIDGE 38, MA~SACHUSETT~ 

[CONTRIBUTION FROM THE CHEMISTRY DEPARTMENT OF THE UNIVERSITY OF 

WASHINGTON] 

THE OXYGEN ELECTRODE: AN ADSORPTION POTENTIAL 

The problem of the oxygen electrode arose, for the most part, from the 
study of the Grove cell: Pt, HNOE, HzS04, Zn. This cell gives, when 
freshly made, a potential of 1.6 to 1.7 volts. It is extremely sensitive to 
polarization effects, which change the potential over a considerable range 
and render it irreproducible. The cause of this polarization was supposed 
to be some reaction involving the transfer of oxygen from the gaseous t c  an 
ionic or combined state. The outcome was that the study of the oxygen 
electrode was approached from the standpoint of polarization reactions. 

One very prevalent explanation of the behavior of this electrode is the 
formation of various oxides of platinum and their hydrates; the so-called 
"oxide theory."' Another theory is that the potentials are due to the 
formation of unstable products in the electrolyte about the e lect r~de.~ 
The experimental work described in the literature just cited affords abun- 
dant evidence that the oxygen electrode is irreversible, and cannot be classed 
with the hydrogen electrode or metal electrodes against solutions of their 
ions. As a matter of fact, there is no experimental evidence to show that 
there is any chemical reaction a t  the electrodes. 

Recently, efforts based upon purely empirical considerations have been 
made to use the oxygen electrode in electrometric titrations involving 
oxidizing  solution^.^ 

G. Grube, 2. Elektrochem., 16, 621-632 (1910); R. Lorenz and co-workers 
ibid., 15, 206-212, 293-297, 349-355 (1909); P. Foerster, 2. physik. Chem., 69, 236- 
271 (1910); Spielman, Trans. Faraday Soc., 5 ,  88-102 (1909); G. Grube and B. Dulk, 
2. Elektrochem., 24, 237-248 (1918); E. P. Schoch, J. Phys. Chem., 14, 665-677 (1910). 

F. Haber, 2. Elektrochem., 7, 441448 (1901); E. Bose, 2. physik. Chem., 34, 
726-730 (1900); E. Bose, ibid., 38, 23-26 (1901); Bornemann, 2. Elektrochem., 15, 
673-679 (1910); G. N .  Lewis, THIS JOURNAL, 28, 164 (1906). 

N. H. Furman, ibid., 44, 2685-2697 (1922); Tilley and Ralston, Trans. 
Am. Electrochem. Soc., 44, 31 (1923); A. K. Goard and E. K. Rideal, Trans. Faraday 
Soc., 19, 740-747 (1924); W. T. Richards, J.  Phys. Clzem., 32, 990-1005 (1928). 
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Work in this Laboratory has shown4 that the value and steadiness of the 
potential of the oxygen electrode are influenced markedly by the flowing 
of the electrolyte. Further investigations have brought the writers to the 
belief that these potentials are due largely, if not wholly, to the adsorption 
on the platinum of ions from the solution; an adsorption potential. The 
object of this paper is to present this explanation of the anomalous behavior 
of the so-called oxygen electrode. 

Apparatus.--The apparatus used for all the experiments except those 
under reduced pressure was entirely analogous to that customarily em- 
ployed for the measurement of hydrogen electrode potentials. Cells having 
a capacity of about 50 cc. were used with stoppers which provided for gas 
inlet and outlet, bridge connections and electrode. Bright platinum wire 
was used for the most part as electrodes, though some measurements were 
made with platinized wire and both bright and platinized foil. Commercial 
oxygen was used after being passed through acidified potassium perman- 
ganate, dilute sodium hydroxide and distilled water. The cells were sup- 
ported in a thermostat which was maintained at  a temperature of 25 * 
0.02'. The potentials were measured with a Leeds and Northrup student 
type of potentiometer, and a Leeds and Northrup lamp and scale galvanom- 
eter. Readings of potentials were made on neutral, acid and alkaline 
solutions. These were made using chemicals of "c. P. analyzed" quality. 
The potentials presented are referred to the standard molal hydrogen elec- 
trode, taking the value of the normal calomel electrode equal to -0.283 
volt. They therefore represent the potential of the cell 

P t  - 02, electrolyte, KC1 (1 N), H +  (1 M), Hz - Pt 

For the sake of brevity, readings have been reported a t  rather long time 
intervals. About twice as many readings were taken as appear in each 
table; the complete data are not essential to showing the characteristics of 
the various runs. 

The investigations on the effect of removing dissolved gases from the 
electrolytes were conducted by means of the apparatus shown in Fig. 1. 
A water-jet filter pump was employed which reduced the pressure suf- 
ficiently to cause boiling of all the solutions used. A manometer, con- 
nected in the system, gave an average reading of 18 mm. The connecting 
bridge between the two cells was filled with a stiff agar jelly made with 
tenth molar potassium sulfate solution. This was found necessary to 
prevent sucking out of the conducting medium between the two cells. 
A similar jelly made up with molar potassium chloride was placed up to the 
stopcock in the connecting tube of the calomel electrode vessel. The stop- 
cock was kept closed throughout the evacuation. Electrical contact could 
be readily maintained in this manner and the inconvenience and possible 

* Tartar and Wellman, J. Phys. Chem., 32, 1171-1177 (1928). 
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source of error associated with evacuation of the calomel electrode vessel 
were thus avoided. 

Adsorption the Cause of the Potential.--The writers propose the 
following explanation to account for the potential of the oxygen electrode. 
Tlie platinum preferentially adsorbs ions from the solution and thus pro- 
duces a potential difference between the electrode surface and the bulk of 
the solution. To elucidate, let us suppose that there is in solution a uni- 
univalent salt, the cations of which are adsorbed by the electrode in greater 
amount than the anions, making the electrode positively charged with 
respect to the solution. The ions do not form two distinct layers a t  the 

Fig. 1.-A, electrode; B, electrolyte; C, agar-filled 
bridge; D, KCl, about 1 M; E, connecting bridge filled 
with agar to stopcock; M, to manometer and suction 
pump; N, to  normal calomel electrode; P, to  potenti- 
ometer. 

surface of the electrode, the "electrical double layer" inference found many 
times in the literature, but are arranged so that the concentration of each 
ion gradually changes with increasing distance from the metal until they 
finally become the same as in the bulk of the surrounding medium. The 
diagram in Fig. 2 will probably aid in making the conception clearer. 
Between o and a, the cations are in excess; and between a and d, the anions. 
From o to  d the number of cations is equal to that of the anions, but for a 
lesser distance o to b, the cations are in excess. The adsorption of ions by 
the metal produces a potential gradient between the surface of the electrode 
and the point d, the magnitude and the steepness of which depend entirely 
upon the excess of cations preferentially adsorbed. For a negatively 
charged electrode the arrangement of the cations and anions would be inter- 
changed. 

This concept of the potential of the electrode is consonant with the dc- 
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ductions of Debye and H u ~ k e I , ~  G o u y , V ~ w i s , ~  M ~ B a i n , ~  and Burton" 
regarding the distribution of ions in a Helmholtz double (?) layer. 

The effect of the oxygen gas on the potential is due to its influence on the 
adsorption of ions. When the gas is dissolved in the solution, some oxygen 
molecules are adsorbed on the surface of the metal, thereby causing a 
change in the adsorption of ions from the electrolyte. 

In support of the above explanation the writers submit the following 
evidences. 

Evidence from the Drift of the Potential.--One characteristic of the 
electrode is that the potential changes or drifts with time. The rate of 
drift depends upon the electrolyte being greater with alkaline than with 
neutraI or acid solutions Furman3 states, and work in this Laboratory 

o a b d 
Distance from electrode. 

Fig. 2. 

confirms his  observation^,^ that the drift is from 30 to 60 millivolts per hour 
in alkaline solution and from 5 to 10 millivolts per hour in acid solution. 
Furthermore, the change is in a given direction for a particular electrolyte 
and is toward a greater potential difference between the electrode and the 
solution. 

This uni-directional drift rnay be considered as a consequence of the slow 
adjustment in the outer fringe of the ionic layer, i. e . ,  of the part b to d, Fig. 
2. This is substantiated by the fact that with time, the drift becomes 
appreciably slower and the potential approaches a steady value. This time 
element is not surprising when i t  is considered that the ionic layer through- 
out which the potential gradient exists is probably many ions deep, and the 
forces holding the outermost ions in position become very weak. 

Debye and Hdckel, Physik Z., 24, 185 (1923). 
Gouy, J. Phys. [4], 9, 457 (1910). 

' Powis, Trans. Faraday SOC., 11, 160 (1916). 
8 McBain, J. Phys. Chem., 28, 706 (1924). 

Burton, "Colloid Symposium Monograph," Chemical Catalog Co , New York, 
1926, Vol I V ,  p 13%. 
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Influence of Movement of Electrolyte upon the Steadiness of the 
Potential.-It has been shown by Tartar and Wellman4 that the poten- 
tial becomes more steady, ceases to drift, when there is a uni-directional 
flow of the electrolyte past the electrode. The potential becomes fairly 
constant for a given electrode in a given solution provided the rate of flow 
remains unchanged. This phenomenon can be explained as being due to 
the effect upon the distribution of the ions from the surface of the electrode. 
In the region a, Fig. 2, the distribution is maintained by electrical forces 
sufficiently great to be but little influenced by the movement of the elec- 
trolyte. Forces of less magnitude operate in the region b to  dl which are 
more easily overcome by the movement of the solution. Thus the flow 
gives a shearing force opposing the electrical forces tending to maintain 
the potential difference from o to d and the fringe, say b to d, is swept away. 
This results in a more constant potential and the elimination of the drift. 

Effect of Jarring the Electrode and of Small Electric Currents.-With 
some solutions the potential shifts markedly when the electrode is gently 
tapped. This effect may be accounted for in the same way as that pro- 
duced by the movement of the electrolyte. The tapping moves the elec- 
trode with respect to the solution, thereby producing a change in the ar- 
rangement of the ions, particularly in the outer portion of the ionic layer 
(b to a). 

Difficulty was experienced in reading the potentials in neutral and acid 
solutions. The potentiometer could be set anywhere within a range of 40 
to 60 niillivolts and the galvanometer show no deflection if the connecting 
key were tapped frequently enough. This apparent "balance," obtained 
both above and below the actual potential, is due to modifications in the 
ionic layer by the small electric current to  and from the electrode when the 
potentiometer was "off balance." 

Evidence from the Effects of Gases Other than Oxygen.-It has been 
suggested earlier in this paper that the influence of the oxygen gas on the 
value of the potential is due to the modification of the electrode surface by 
the adsorption of oxygen molecules. This modification is not limited to  
oxygen alone but should occur with other gases as well. Accordingly, 
investigations were conducted with nitrogen and hydrogen. 

In the case of hydrogen, a neutral electrolyte was used, oiz., a saturated 
solution of potassium sulfate. The electrode was of bright platinum, which 
accounts for the difference between the tyl;e of readings obtained and that 
usually associated with the hydrogen electrode. Table I gives a set of 
readings, together with notations indicating manipulations of the gas and 
the electrode. The data show that the potential drifted markedly and 
was extremely sensitive to the effects of jarring and of other disturbances 
in the immediate vicinity of the electrode. This would indicate that hy- 
drogen gas has a very pronounced modifying influence on the adsorption 
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of ions by the platinum-an indication which is hardly more than would be 
expected in view of the relatively high adsorption of hydrogen itself on 
platinum. Hence the potentials are of an electrode which is functioning 
in part only as a hydrogen electrode, and where the predominating influence 
is still that of ions adsorbed from solution. 

POTENTIAL WITH BRIGHT P L A T I N U ~ ~  IN SATURATED POTASSIUM SULFATE I N  THE PRES- 
ENCE OF HYDROGEN GAS 

Ti,me, Potential, Time. Potential, 
mln. volts Manipulations mxn. volts Manipulations 

0 - 0.368 Hydrogen bubbled in 102 0.367 
10 + .I62 105 .352 Hydrogen bubbled directly on 
30 .207 Electrode shaken electrode 
40 ,257 107 .382 
50 .I82 110 .362 
80 .312 115 .342 Electrode shaken 

100 ,337 Hydrogen bubbled di- 130 .427 
rectly on electrode 

The second gas (nitrogen) was chosen because of its inertness and com- 
paratively low adsorption on platinum. By analogy, we expected that the 
potential with this gas would drift more slowly than with either oxygen or 
hydrogen. The data, which appear in Table 11, seem to bear out this pre- 
diction. 

TABLE 11 

POTENTIAL WITH BKIGHT PLATINUM I N  SATURATED POTASSIUM SULFATE I N  THE PRES- 
ENCE OP NITROGEN GAS 

Time, minutes 0 5 10 15 35 65 
Potential, volts -0.395 -0.383 -0.338 -0.328 -0.300 -0.386 

Time, minutes 95 125 190 310 370 
Potential, volts -0.278 -0.265 -0.248 -0.223 -0.193 

The readings were continued for periods up to twenty hours without a 
definite cessation of the drift, though the rate of change became extremely 
slow. For the first 300-400 minutes the potential seemed to  be affected 
but little by external disturbances, but thereafter became much more sensi- 
tive. A similar run was conducted with normal sulfuric acid and nitrogen 
gas, which gave the same type of results; e. g., at  the end of nine hours the 
potential was still drifting a t  the rate of 12-13 millivolts per hour. 

Evidence from Potentials in the Absence of Gases.-If the suggested 
interpretation of the effect of gases on this potential is correct, the charac- 
teristic drift should exist when no gas is present. To show this, investi- 
gations were conducted using the apparatus already described and shown 
in Fig. 1. 

Previous to evacuation, the electrolyte was saturated with the desired 
gas and readings of potential taken for some time. Oxygen, hydrogen and 
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nitrogen were used. The electrolyte was a saturated solution of potassium 
sulfate, so that no difficulty arose due'to changes in concentration during 
the course of evacuation. Table I11 gives a summary of these results. 

TABLE 111 
POTENTIALS WITH BRIGHT PLATINUM IN SATURATED POTASSIUM SULFATE DURING 

REMOV~~I, OF DISSOLVED GASBS 
Potential, volts 

Tin~e, (satd. with 
IIIL~I. oxygen) 

Potential, volts Potential, yolts 
(satd. with (satd. w ~ t h  
hydrogen) nitrogen) 

iz ) (5 5 hours) 157 ) 2 hours 
,163 

" Oxygen bubbled in. Bvacuation begun. Hydrogen bubbled in. Nitrogen 
bubbled in for seven hours. 

These data indicate that the cessation of the drift appears to be in no 
way hastened by the removal of dissolved gases from the electrolyte. 
Similar work of more limited extent was performed with saturated oxalic 
acid as the electrolyte with confirming results. 

Evidence from Potential with "Immobile" Electrolytes.-If the ionic 
layer is of the thickness suggested, i t  should be possible to  stabilize i t  by 
making the electrolyte less mobile or else by packing a sufficiently finely 
divided material about the electrode. 

An attempt to steady the potential in this way was made by imbedding 
the electrode in finely powdered silicon dioxide covered with the electrolyte. 
Bright platinum electrodes were used. Oxygen was bubbled continuously 
through the electrolyte with the tip of the gas inlet tube below the surface of 
the powdered material and a t  a distance of not more than 8 mm. from the 
electrode. Neutral, acid and alkaline solutions of varying normalities 
were used in order to determine the dependence of the steadiness of the 
potential upon the concentration. In general, the more concentrated 
solutions gave the more stable potentials but the difference in the type of 
readings was not sufficiently pronounced to warrant the inclusion of all the 
data. Hence, potentials for only one concentration of each electrolyte will 
be reproduced. In  each case a series of readings in the same electrolyte 
and without the silicon dioxide was taken simultaneously and the results 
of these are also given in Table IV. 
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TABLE IV 
POTENTIALS WITH BRIGHT PLATINUM IN NEUTRAL, ACID AND ALKALINE ELECTROLYTES 

WITH AND WITHOUT SILICON DIOXIDS POWDER 

Potential in Potential in Potential in Potential in Potential in Potential in 
electrolyte electrolyte electrolyte electrolyte electrolyte electrolyte 

without with SiOz without with SiOz withont with SiO, 
Tinle, powder, powder, Time, powder, powder, Time, powder, powder, 
min. volts volts mln. volts volts mln. volts volts 

M/10 KnS04 N HzS04 N KOH 
10 -0 490 -0 516 10 -0 814 -0 696 10 4-0 159 +O 119 
30 .458 ,515 20 .818 .fig3 30 .I53 ,116 - - 
I D .435 ,516 60 ,816 ,683 100 .I46 .I14 

105 ,425 516 140 825 6 130 .I44 .113 
120 .433 ,515 210 ,811 .683 160 .I42 .I13 
165 ,428 .518 210 .I40 .I13 
190 .430 .518 
300 ,432 .521 

The results show that in all cases the addition of the powdered material 
had a stabilizing influence, more so in the alkaline and acid solutions than 
in the neutral. The above experiments were repeated with a coarser 
medium employed as a stabilizer, namely, Ottawa sand. It was found that 
this material had the desired effect in the alkaline and acid solutions but 
was of little assistance in the neutral electrolyte. Three sets of readings 
are given in Table V. It will be noted, however, that while the presence 
of the sand does not render the potential with the neutral electrolyte steady, 
it does stop the tendency to drift continuously. 

Potential in Potential in 
Time, M/10 K~SOA, Potential in N HeSO4, 
m ~ n .  volts N KOH, volts volts 

The effect of powdered silicon dioxide on the potential with platinized 
platinum electrodes in alkaline and acid solution was observed; i t  was 
found that with this type of electrode surface the amount of stabilization 
produced in this manner was negligible. 

Further experiments were made by placing bright platinum electrodes in 
agar jelly containing the electrolyte; tenth molar potassium sulfate and 
tenth normal sulfuric acid were used. The potentials were very steady and 
did not drift. Because of the indefinite nature of the agar jelly, i t  is not 
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possible to say that the steady potentials were due wholly to the stabiliza- 
tion of the ionic layer. 

Evidence from the Effect of Substances Reducing Interfacial Ten- 
sion.-Another method for showing the role played by adsorbed ions in 
producing these potentials was based on the effect obtained when the inter- 
facial tension between the electrode and the electrolyte was reduced. Two 
types of substances were employed; one polar and the other non-polar. 
These were potassium pelargonate and amfl alcohol, respectively. Since 
the former would interact with the acid solution, readings were taken with 
i t  only in neutral and alkaline electrolytes. The data appear in Table VI. 
The concentration of the pelargonate was about 0.25 g. per 100 cc. of elec- 
trolyte. 

TABLE VI 
POTENTIALS WITH BRIGHT PLATINUM IN NEUTRAL AND ALKALINE ELECTROLYTES WITH 

POTASSIUM PELARGONATE 

Time, minutes 15 75 135 195 250 255 
in N/lOKzSOc -0.566 -0.566 -0.566 -0.566 -0.566 -0.566 
in NjlOKOH $0.181 +O. 203 4-0.205 $0.205 f 0.205 1-0.205 

In  the case of amyl alcohol, all three electrolytes were used, and were 
made about 1% with respect to the amyl alcohol. Table VII contains 
readings taken in this manner. 

TABLE VII 
POTENTIAI,~ WITH BRIGHT PLATINUM IN NEUTRAL ACID AND ALKALINE ELECTROLYTES 

WITH AMYL ALCOHOL 
Potential in Potential in Potential in 

Time, N/10 KsSO4, N/10 H604, N/10 KOH, 
mln. volts volts volts 

The experiments with amyl alcohol were repeated with platinized plati- 
num with even more gratifying results; e.  g., in the case of sulfuric acid 
(N/10) the potential showed no change whatever, after the first twenty 
minutes, during 500 minutes of observation. 

Summary 

1. The behavior of the oxygen electrode has been explained as being due 
largely to  the adsorption of ions; an adsorption potential. 

2.  Experimental evidence has been presented to support this explana- 
tion. 

SEATTLE, WASHINGTON 
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The chemical potential, or partial molal free energy, of sodium or potas- 
sium chloride in a mixture of ethyl alcohol and water varies with changing 
solvent as should be expected if the deviation from ideality were due en- 
tirely to electrostatic effects. The very different behavior of hydrogen 
chloride may be explained simply by the existence of the hydrogen ion in 
solution in the form of the m~nohydrate.~ So it is of interest to study 
calcium chloride, which has a heavily solvated solid phase in equilibrium 
with its solution in either solvent. Measurements were made of the elec- 
tromotive force a t  25' of the cell Ag, AgCI, CaClZ(I), CaHg,, CaC12(II), 
AgC1, Ag (double cell). Such measurements in aqueous solution have 
been published by I,ucasse3 and, since the presentation of the thesis on 
which this paper is based, by F~sbinder .~  To study more closely the be- 
havior of the amalgam electrodes, measurements were also made on the cell 
CaHg,, CaC12, AgC1, Ag (single cell). It was expected that the chief 
difficulty would be due to chemical action a t  the amalgam electrode and 
that alcohol would be less reactive than water, so that a technique which 
proved satisfactory for aqueous solutions would work well in the alcohol 
mixtures. The expectations were not realized. Successful determinations 
were made in water, and fairly accurate ones in 46% (25 mole %) alcohol, 
but the behavior with 72% (50 mole %) alcohol was so different that no 
determinations could be made and no attempt was made to work a t  higher 
alcohol concentrations. 

Apparatus and Materials 
The double cell was essentially the same as that of MacInnes and Beatties except 

that the amalgam droppers were bent into a U shape and were about 5 mm. in diameter. 
The single cell was half the double cell, with an amalgam dropper having a single outlet. 
Droppers were used with tips varying from 1 to  11 mm. 

Measurements were made in an atmosphere of hydrogen. Tank hydrogen was 
passed over copper a t  about 300". That which was to be used over the solutions was 
then bubbled through some solution of the same composition; that which was to be used 
over the amalgam was dried by passing over calcium chloride and phosphorus pentoxide. 

The water used for all solutions was twice-distilled "conductivity" water. Com- 

1 From a thesis submitted in May, 1928, by Ralph F. Tefft in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy. 

Scatchard, THIS JOURNAL, 47, 2098 (1925). 
Lucasse, ibid., 47, 743 (1925). 

4 Fosbinder, ibid., 51, 1345 (1929). 
MacInnes and Beattie, ibid , 42, 1123 (1920). 
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mercial alcohol was refluxed with lime for several days and then distilled. The middle 
portion was redistilled from aluminum amalgam, and the water content was determined 
from the density. 

Calcium carbonate was prepared by precipitation from a solution of c. P. calcium 
chloride with C .  P. ammonium carbonate, and was washed until free from chlorides. 
The stock solution of calcium chloride was prepared by the action of constant-boiling 
hydrochloric acid on an excess of this calcium carbonate. After the action had subsided, 
hydrogen was passed through for several hours. The hydrogen-ion concentration of this 
solution was between the methyl orange and phenolphthalein neutral points; the calcium 
chloride concentration was determined gravimetrically as silver chloride. The solu- 
tions of calcium chloride were prepared by weight dilution of this stock solution with 
water or with water and alcohol. A stream of hydrogen was passed through the diluted 
solution for five or ten minutes to remove any air admitted during the handling. 

Mercury was purified by being passed eight times through a tower containing dilute 
nitric acid and mercurous nitrate, and then twice distilled in a current of air under re- 
duced pressure. In recovering mercury from used amalgams, the distillations were 
omitted. The calcium amalgam, which contained 0.02-0.05% of calcium, was prepared 
by the electrolysis of the stock solution of calcium chloride with a mercury cathode. 
It was then rinsed, dried and stored in an evacuated pyrex container. 

The silver-silver chloride electrodes were prepared by the method of MacInnes and 
Beattie,b and chloridized in the solution in which they were to  be used except that for 
solutions more concentrated than 0.3 M they were chloridized in 0.1 M solution, because 
electrolysis in the more concentrated solutions gave a compact non-conducting layer. 
At  least 5 electrodes were prepared in each case, and that one used which was nearest 
the average in electromotive force. No electrode was considered in the average which 
differed from the others more than 0.05 mv. 

The apparatus was placed in a water thermostat maintained a t  25.00 * 0.01 ". 
The potentiometer was a Leeds and Northrup Type K with an unsaturated cadmium 
sulfate reference cell. This cell was frequently checked against a series of saturated 
cadmium sulfate cells. 

Measurements with the Single Cell 

The cell CaHg,, CaC12, AgC1, Ag was used with approximately 0.02% 
calcium amalgam and 0.1 M calcium chloride in water with a series of U- 
shaped amalgam droppers having tips about 1, 3 ,7  and 11 mm. in diameter. 
The rate of flow was varied from less than one drop per second to a con- 
tinuous stream, and the electromotive force was also measured after flow 
was stopped. The electromotive force after stopping the flow was prac- 
tically independent of the size of the tip. It decreased one or two-tenths 
of a millivolt per minute. 

The 1-mrn. dropper showed considerable fluctuation while the amalgam 
was flowing, and the electromotive force with streaming amalgam was 6 
mv. less than with no Bow. The 7-mm. dropper was much steadier and 
decreased only 2.5 mv. The 3-mm. dropper was intermediate in its be- 
havior. The ll-mm. dropper behaved quite similarly to the 7 mm. one 
except that a bubble of hydrogen which formed on the surface was not 
carried away even with rapid flaw and, presumably for that reason, the 
results were more erratic, 
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Measurements were also made on the cell ZnHg,, ZnClz, AgCl, Ag with 
about 0.05y0 zinc amalgam and about 0.1 Ad aqueous ZnC12, and with a 5- 
mm. dropper. The electromotive force a t  15 drops per second (almost 
continuous flow) was 0.5-0.6 mv. less than that immediately after the 
flow was stopped. 

With the double cells the rate of flow was varied greatly, keeping the 
two rates as nearly equal as possible. That value was accepted which 
held over a large range of rates. The changes noted were probably due to 
small differences in the two rates, for there was no trend of the difference 
with the rate and visible differences between the two rates did give large 
changes in electromotive force. This technique was satisfactory with 
aqueous solutions if the rate was not too great (fast streaming) and the 
amalgam concentration not too small (less than 0.01570). 

The direction of the change in electromotive force with changing rate of 
flow is surprising. Chemical action a t  the electrode would decrease the 
calcium concentration and increase that of calcium ion, and so decrease the 
electromotive force. The effect would be smaller the more rapid the flow, 
so that rapid flow should give the largest electromotive force. 

The only cause which occurs to the authors which would give an electro- 
motive force decreasing with the rate, and decreasing the more rapidly a t  
high rates, is failure to obtain equilibrium between the surface and the bulk 
of the amalgam. If the interfacial tension decreases with increasing cal- 
cium content of the amalgam, the calcium will be adsorbed a t  the interface, 
and calcium will have a smaller chemical potential in a fresh surface than 
in the bulk liquid from which i t  is formed. The resulting decrease in elec- 
tromotive force should be greater the more rapid the flow. This explana- 
tion also accounts for the fact that the difficulty is greater the more dilute 
the amalgam, for the relative unsaturation would be greater, but that it is 
practically independent of the salt concentration. 

No measurements have been made of the interfacial tension between 
calcium amalgams and solutions of calcium salts. Schmidthnd Oppen- 
heimer7 have measured the surface tensions of amalgams in vacuo. The 
first found that lithium and the alkaline earth metals increase the surface 
tension of mercury greatly and that zinc does a little, while sodium and 
potassium give large decreases. The second found that lithium decreases 
the surface tension even more than sodium, and that calcium gives a con- 
siderable decrease. Meyers measured the interfacial tension of zinc and 
the alkali amalgams against aqueous solutions of their salts. He found that 
all decrease the interfacial tension, lithium enormously. His results paral- 
lel those of Oppenheimer. The effect is in the proper direction to  account 

Schmidt, Ann. Physik, 39, 1108 (1912) 
Oppenheimer, Z anorg. allgem Chem, 171, 98 (1928). 
hleyer, 2. physik. Chem., 70, 315 (1910). 
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for our observations with zinc amalgam and, if the parallelism to Oppen- 
heimer's results may be extended to calcium amalgam, i t  should give a 
much larger effect in the same direction. This is also in accord with our 
observations. 

Our double cell technique gave measurements in 46% alcohol reproduci- 
ble only to 0.5 mv. instead of 0.1-0.2 mv., but they still seemed fairly satis- 
factory. With 7201, alcohol, however, the discrepancies were so great that 
measurements were again attempted with the single cell, using a 5-mm. 
dropper. Two runs were made. In the concentrated run the amalgam 
concentration was about 0.04% and the salt concentration about 0.2 M. 
I n  the dilute one the amalgam was about O.O1yo and the salt about 0.02 M .  
I n  both cases a scum, probably calcium hydroxide, formed on the surface 
of the amalgams. The fluctuations were very large, particularly at the 
slower rates of flow with the concentrated amalgam. The electromotive 
force increased with rate of flow, about 35 mv. for the concentrated and 
about 45 for the dilute. In both cases the increase was large even after 
the flow was continuous. 

Since the effect of the rate of flow is so enormous, there is little chance of 
maintaining the two rates of flow in the double cell near enough equal to 
give significant results. Measurements with aqueous solutions on one 
side and alcoholic solutions on the other are quite out of the question since 
the electromotive force is changed in opposite directions by changing the 
rate. For this reason work on alcoholic solutions was discontinued. 

Wolfenden and his co-workers
g 

made measurements with a single jet 
electrode with sodium amalgam and a methyl alcoholic solution of sodium 
chloride. With 0.04y0 amalgam they found that the electromotive force 
increased about 4 mv. when the rate of flow was increased, and that the 
effect was independent of the salt concentration They concluded that 
the cause was not chemical action because the increase persisted with large 
rates of flow. With 0.003% amalgam they found that increasing the rate 
of flow sometimes increased the electromotive force somewhat more than 
with the concentrated amalgam and sometimes gave a decrease of the 
same order of magnitude. 

The argument of these authors against chemical action as the cause of the 
effect of changing rate applies equally to our results. If adsorption is the 
cause, it must be adsorption of the metal ion, and it is surprising that they 
found practically no change for a hundred-fold increase of salt concentra- 
tion. The difficulties of any explanation are enhanced by the magnitude of 
the effect which must be explained, for the change in electromotive force with 
the alcoholic calcium chloride solutions corresponds to a twenty- or thirty- 
fold increase of calcium ion. That such a change can result from chemical 
action, adsorption or the combination of the two is scarcely to be expected. 

Wolfenden, Wright, Kane and Buckley, Trans. Faraday Sac., 23, 491 (1927). 
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Measurements with the Double Cell 
Since the accuracy of measurement decreases for very dilute solutions, 

a 0.1 M solution in water was chosen as comparison standard. Table I 
gives the results of the measurements with aqueous solutions. The first 
column gives the exact concentration of the reference solution (in moles 
per 1000 g. of solvent) ; the second column, the concentration of the second 
solution; the third column, the measured electromotive force; and the 
fourth column gives this value minus the value calculated from the Debye- 
Hiickel equation with the constants given below. In Fig. 1 these devi- 
ations are shown graphically together with the corresponding deviations 

0 0.5 1 .O 1.5 2.0 
4%. 

Fig. 1.-Electromotive force of calcium chloride cells. 

of the measurements of Lucasse and of Posbinder, both of whom used a 
0.01 M solution as reference standard. The measurement of Fosbinder a t  
0.0897 M and all his measurements above 1 M are omitted because the 
deviations are larger than the scale of the figure. The average deviation 
of our measurements is 0.41 mv.; below 1.0 M that of Lucasse is 0.71 mv., 

TABLE I 
ELECTROMOTIVE FORCE OP CALCIUM CHLORIDE CONCENTRATION CELLS IN WATER 

+nl m z  E(meas.) E(meas. - calcd.) 

0.09989 0.009921 0.0761 +0 .0004 
.09978 .010509 .0742 + .0007 
.I0041 .02594 .0439 - .0003 
.09983 ,02758 .0412 - .0007 
.09989 ,04113 02892 - .00010 
.09993 ,12634 - 0078 + .000l 
,10029 ,4420 - 0558 + ,0007 
09968 ,6589 - 0768 - ,0002 

.lo056 ,9301 - 09615 + .00043 
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and of Fosbinder 1.45 mv. The agreement between these independent 
observations gives some assurance that the electromotive force of the cal- 
cium chloride concentration cell with aqueous solutions does measure the 
free energy of transfer of the salt. 

A concentration cell such as [Ag, AgC1, CaC12(1), CaHg,], CaC12(II), 
AgC1, Ag in which the composition of solution (I) is kept constant during a 
series of measurements while solution (11) is varied may be treated as 
though that portion of the cell in brackets were a single electrode. This 
treatment is particularly convenient when the variation in solution (11) 
is a change in the solvent. By the theory of Debye and Hiickel, the elec- 
tromotive force, E, of such a cell is given by 

m '4 k log ------ - - 
l + w m + l + a d ~  

m is the number of moles of salt per kilogram of solvent, c the moles per 
liter of solution (both in solution 11), and w is one-thousandth of the average 
molecular weight of the solvent multiplied by the number of ions in one 
mole of salt.1° Eo depends upon the temperature, the nature of the solvents 
on the two sides and on the concentration of solution (I). The computa- 
tion of the numerical constants need not be repeated here, but it is sufficient 
to  say that for a bi-univalent electrolyte a t  25O k is 0.088725 volt and k' 
is 0.01781 volt; if the solvent is water, w is 0.054, A is 0.1550 volt, and 
a = 0.568 a, where a is the diameter of the mean collision sphere of the 
ions in Angstrom units; in 25 mole % alcohol, w is 0.075, A is 0.310 volt, 
and a = 0.716 a. 6 is a function of the solvent composition and the 
temperature which must be determined from the data. 

If the solvent is the same on the two sides, the constants a and P may be 
determined from two measurements, and Eo is given from the fact that E 
must be zero when the two concentrations are equal. If the solvents are 
different, three measurements are necessary to determine the three con- 
stants. Equation 1 was used to  determine the small correction necessary 
because ml was not exactly 0.1 M, and to determine the difference in EO 
between our measurements and those of the other workers, who used 
different standard concentrations. 

For aqueous solutions the volume concentrations were computed by the 
equation c/m = 0.99707 - 0.0214 m - 0.0019 m2, and the constants used 
are a = 2.1, which corresponds to a = 3.70, B = 0.04 volt, and Eo = 

-0.13217 volt when ml = 0.1 M. Values of y computed with these 
constants are given in the following paper." 

The results in 25 mole per cent, alcohol, with solution I in water, are given 
in Table 11. The first column gives the concentration of the aqueous solu- 

lo For any one solvent, then, m / ( l  + wm) is proportional to the mole fraction 
of either ion. 

l1 Scatchard and Tefft, THIS JOURNAL, 52, 2272 (1930). 
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tion, the second that of the alcoholic solution in moles per kilogram of 
solvent, and the third column gives the measured density, from which the 
volume concentrations were calculated. The fourth column gives the 
measured electromotive force, and the fifth EO calculated from Equation 1, 
Giving a the same value as in water, a is 2.65, and the data are fitted best 
by taking /3 = 0.05 volt. The average ED is -0.2247 volt. The average 
deviation is large, 2 millivolts, but this is not surprising in view of the ex- 
treme difficulty with 50 mole per cent. solutions. 

According to Debye's theory of salting out, etc.,l2s2 the change in EO 
with changing solvent should depend upon the molecular weights of the 
two solvents, their dielectric constants, and the electrical radius of the ions, 
b, according to the equation (for a bi-univalent electrolyte) 

For water and 25 mole per cent. ethyl alcohol, the first term is 0.01266 volt, 
leaving 0.0799 volt for the electrical term. The coefficient of l / b  is 
0.1605 volt. This gives b = 2.0 Angstrom units, which agrees with the 
value computed from the salting out of Hz, Oz and C02.13 

Summary 

The electromotive force of the cell Ag, AgCI, CaC12 (0.1 M,  aq.), CaHg,, 
CaClz (m), AgC1, Ag has been measured a t  25' with m varying from 0.01 
to 1.0 in water and in 25 mole per cent. ethyl alcohol, and the Debye theory 
has been applied to the results. 

With aqueous solutions the potential of the calcium amalgam electrode 
decreases slightly with increasing rate of flow, probably because of adsorp- 
tion of calcium at  the interface. 

With water-alcohol mixtures the potential increases rapidly with in- 
creasing rate of flow, so that accurate measurements are not possible when 
the alcohol concentration is large. 

CAMBRIDGE, MASSACHUSETTS 

la Debye and MacAuley, Physik. Z., 26, 22 (1925). 
la Scatchard, Trans. Faraday Soc., 23, 454 (1927). 
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[CONTRIBUTION FROM THE RESEARCH LABORATORY OP PHYSICAL CHEMISTRY, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, NO. 2371 

ELECTROMOTIVE FORCE MEASUREMENTS ON CELLS 
CONTAINING ZINC CHLORIDE. THE ACTIVITY 

COEFFICIENTS OF THE CHLORIDES OF THE BIVALENT 
METALS 

The behavior of zinc chloride in solution is of interest as i t  represents an 
intermediate step in the transition from typical strong electrolytes, such 
as the alkaline earth chlorides, to salts like cadmium chloride in which ion 
association shows an important effect. A few measurements on the cell 
Zn, ZnClz (m), AgCl, Ag have been made a t  0' by Jahn,2 and several in 
very dilute solutions at 25' by H ~ r s c h . ~  We have made a series of meas- 
urements on the cell ZnHg (2 phase), ZnClz (m), AgCl, Ag a t  25' in which 
m was varied from 0.003 M to 1.48 M. 

Experimental Methods 

A solution of c. P. sodium carbonate was added to a solution of c. P. 

zinc chloride in water. The resulting precipitate was washed free from 
chlorides and dried at about 300' overnight, leaving a product largely zinc 
oxide. This was mixed with purified hydrochloric acid and boiled until no 
more would dissolve. The concentration of this stock solution was de- 
termined by a gravimetric chloride analysis, and the solutions used in the 
cells were prepared from it by weight dilution. 

The stock solution was saturated with zinc oxide, and on dilution a small 
amount of precipitate always formed. According to Driot4 the solid 
phase is 4Zn0.ZnClz.6Hz0 a t  these concentrations of zinc chloride, and the 
solubility is given by mzno = 0.005 rnlncl,. This excess concentration 
affects only the zinc electrode, so that the correction is 0.03 log (1 + 0.005 
m), which is less than 0.1 mv. even for the most concentrated solution 
studied. All measurements are so corrected, however. The two most 
concentrated solutions, which were prepared from a more concentrated 
stock solution than the others so that precipitation was considerable, were 
each analyzed for chloride. 

The zinc amalgam was prepared by the electrolysis of the stock solution, acidified 
with a small amount of hydrochloric acid, between a c. P. zinc anode and a mercury 
cathode. After the electrolysis the amalgam was washed, dried and stored in a pyrex 

The experimental work was presented in May, 1928, by Ralph I?. Tefft in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 

Jahn, Wied. Ann., 28, 21 (1886). 
Horsch, THIS JOURNAL, 41, 1787 (1919). 
D r ~ o t ,  Compt. rend., 150, 1427 (1910). 
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container under hydrogen. To N1 the cells the amalgam was heated until it  was prac- 
tically one phase and withdrawn through a capillary stopcock. 

The purification of other materials and the preparation of the silver-silver chloride 
electrodes, chloridized in the solution in which they were to be used except as noted 
below, the thermostat and the electrical apparatus were the same as in previous work.6 

The electrode vessel was triplicate. Each section was shaped like an inverted h. 
The long arm contained the amalgam and had a platinum wire sealed through the bot- 
tom. A tube which delivered hydrogen just above the amalgam surface passed through 
a rubber stopper a t  the top. The silver chloride electrode was supported in a rubber 
stopper in the short arm. The three long arms were connected in a row by two series 
of tubes, one below and one above the liquid-gas interface. The middle section had a 
second side arm for the escape of hydrogen. 

The nine possible electrode combinations were measured in each case except for 
the most dilute solutions, where the resistance was too high to permit accurate measure- 
ments from one end cell to the other. Each cell was observed for a t  least six hours after 
it was placed in the thermostat, with the hydrogen flowing continually, although the 
electromotive force never changed more than 0.1 mv. after the first half-hour, even in 
one case which was observed for several days. In the 0.003 and 0.02 M solutions one 
zinc electrode, and in the 0.008 M solution one silver chloride electrode, gave results 
so different from the other two that they were not considered. Excepting these, the 
average deviations for a given solution were 0.02-0.07 for all but the most dilute solu- 
tion, where it reached 0.22 mv. from the average for two fillings, for one of which the 
silver chloride electrodes were chloridized in a more concentrated solution. 

The effect of air was studied with the 0.09 M solution. The pawage of air over the 
amalgam electrodes for twenty minutes caused a decrease of 3-5 mv. in the electromotive 
force, but the electromotive force began to increase as soon as the flow was stopped and 
after seven hours had returned to its initial value, which was not further changed by 
passing through hydrogen. The passage of air caused a scum to be formed on the amal- 
gam surface. Evidently the oxygen removes zinc from the dilute amalgam to  form zinc 
hydroxide, which is precipitated, so that the net effect is the decrease of the zinc con- 
centration in the amalgam. As the amalgam returns to equilibrium, the electromotive 
force recovers. This action probably accounts for the fact that H ~ r s c h , ~  who did not 
eliminate oxygen, could not prepare reproducible amalgam electrodes. 

Measurements 
The results of our measurements are given in Table I. The first column 

TABLE I 
ELECTROMOTIVE FORCE AT 25' OP THE CELL ZNHG (2 PHASE), ZNCLZ (m), AGCL, AG 

m E E: (Es. 2 )  

0.002941 1.1983 0.9915 -0.00182 
.007814 1.16502 .99586 - .00088 
.01236 1.14951 .99800 - .00089 
.02144 1.13101 1.00070 - .OW63 
,04242 1.10897 1 ,00492 - .00004 
.09048 1.08435 1.00940 + .00018 
,2211 1 05559 1.01480 + .00012 
.4499 1.03279 1.01893 - .00020 
.64M 1 ,02206 1.02143 - .00003 

1 .4802 0.99784 1 ,02789 - .00004 

Scatchard and Tefft, THIS JOURNAL, 52, 2265 (1930). 
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gives the molality, the second the measured electromotive force and the 
third Eb defined by the equation 

E: = E + 0.088725 [log m - log(1 + 0.054 m ) ]  + 0.01781 
= El - 0.088725 log f (1) 

E6 differs from the E: of Lewis and Randall only by the addition of the 
third term, which relates the measurements to Raoult's law rather than to 
the assumption that the activity is proportional to the rnolality in an ideal 
solution. 0.01781 = 0.088725 log 2% serves to change from unit concen- 
tration of salt to unit mean concentration of ions. The last column gives 
the deviations of the measured values from those calculated by the Debye- 
Hiickel equation for varying dielectric constant 

The values of c for these computations were determined from the densities 
in the "International Critical Tables," using the equation 

Prom 0.04 to 1.48 M the deviations are not more than 0.2 mv., which is 
probably as small as could be expected. For the more dilute solutions, 
however, the deviations become very large, and the value of EQ obtained 
by this method, 0.98625 v., is certainly too high. 

oi 
+B - 
g 
u ." 
q" 

0.025 0.050 0.075 0.100 
Z/m 

Fig. 1.-Electromotive force of zinc chloride cells. 

We have followed the method of Hitchcocks in Fig. 1, and plotted 
ED = E: - 0.155 l/c (3) 

against the concentration. If the Debye-Hiickel equation is approached 
a t  small concentrations, ED should approach a straight line asymptotically 

Hitchcock, THIS JOURNAL, 50, 2076 (1928). 
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a t  zero concentration. The upper broken line is that of Equation 2, the 
lower broken line is a straight one through the points at  0.008, 0.012 and 
0.02 M.  The point a t  0.003 M is well below the line and indicates an 
inflection in the curve. It would be dangerous to insert an inflection based 
upon a single measurement, the least accurate of the series, and the meas- 
urements of Horsch are too scattered to aid in the extrapolation. How- 
ever, the points through which the line is drawn fall upon it too well in view 
of the deviation a t  the next higher concentration, so that these points 
themselves indicate an inflection. Accurate measurements a t  lower con- 
centrations, to which our technique is not adapted, are to be desired. We 
believe that the evidence just given and the theoretical considerations 
which follow justify the inflection, and make the extrapolation along the 
full curve the most probable. 

Chlorides of Other Bivalent Metals 

The electromotive force measurements with the alkaline earth chlorides 
extend only to hundredth molal, so they are not useful for the comparison 
of the behavior in very dilute solutions. The freezing-point measurements 
of Hall and Harkins7 on barium chloride up to 0.1 M are fitted within the 
accuracy with which they are expressed (one unit in the last place) by the 
Debye-Hiickel equation for constant dielectric constant, assuming that a t  
this dilution c = m, with a = 4.81 a. 

v is the number of ions from one molecule of salt, zl and zz are their valences, 
x = 0.3242 a z / F ,  p is the ionic strength, and a the mean effective diameter 
in Angstrom units. This corresponds to 

The numerical constants are limited, of course, to aqueous solutions, 
At 0.01 M this gives 7 = 0.737, which may be compared with the value 

0.716 obtained by Lewis and Randall from the same measurements and to 
the value 0.724 which we compute, in accord with earlier  computation^,^ 
from the electromotive force measurements of Lucasse a t  25°.9 The dif- 
ference between our values at  O0 and at  25' is in the direction to be ex- 
pected. It appears that there is no inflection for barium chloride. Stron- 
tium and calcium chlorides have larger positive deviations from the limiting 
law above 0.01 211 and should have less tendency to irregularities a t  smaller 
concentrations. 

Hall and Harkins, THIS JOURNAL, 38, 2658 (1916). 
8 Harned and Akerlijf, Physik. Z., 27,411 (1926) ; Jones and Dolc, THIS JOURNAL, 

51, 1073 (1929). 
$ Lucasse, ibid., 47, 743 (1925). 
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The measurements of Carmody1° on lead chloride and those of Horsch3 
and of I , ~ c a s s e ~ ~  on cadmium chloride indicate considerable curvature in 
dilute solutions when ED is plotted against the concentration. Figure 2 
shows ED - EI, for these salts and for barium and zinc chlorides plotted 
against the square root of the concentration. The broken line is the De- 
bye-Hiickel limiting law. The values for cadmium and lead chlorides in 
dilute solutions appear to lie on straight lines. For cadmium chloride the 
slope of this line is greater than that of the broken line, so that extrapolation 
along this curve would give a limiting slope more than twice the theoretical; 
lead chloride would give a value about 30% too high. 

0.1 0.2 0.3 0.4 
4;. 

Fig. 2.-Electromotive force of chlorides of bivalent metals. 

The Effect of Incomplete Ionization 
Since cadmium chloride is certainly not completely ionized and the other 

salts may not be, the effect of incomplete dissociation on this method of 
treatment was studied. The effect of the formation of neutral molecules 
or more complicated ions increases too rapidly with the concentration to 
resemble the experimentally measured effects, but the formation of the 
primary ion is capable of explaining the measurements. 

It is necessary to distinguish between those quantities computed from 
the true concentration of the ions, and those computed in the customary 
way by assuming complete ionization. T o  the latter we will give the 
ordinary symbols, while the former will be distinguished by primes. Thus 
fi, is the true mean activity coefficient of a bi-univalent electrolyte. I n  
calculating the activity coefficients we have assumed that all ions have the 
size found for barium chloride from the freezing points, that the terms 

lo Carmody, THIS JOURNAL, 51, 2905 (1929). 
l1 Lucasse, ibid., 51, 2597 (1929). 
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linear in the concentration are zero, and that the concentration of each 
species in moles per liter is 55.5 times its mole fraction, a quantity which is 
designated by the chemical symbol in parentheses. If p is the ionic 
strength in these units 

fi and -logfi, = 1 + 1.56 ,,,? (6 )  

0.5 47 
--log f:, = 1 + 1.56 42 (7) 

Given the reaction MX++ M++ X- 

Combining (Ci), (7) and (8) 
(M++) (X-) 2 43 

log (MX+) = log IC + 1 T 1 . 5 6 ~  

Fig. 3.-Effect of incomplete dissociation on electromotive force of 
2 - 1 salts. 

We also have the equations 
p' = 3(M++) + (MX)+ (10) 

(X-) = 2(M++) + (MX+) = p' - (M++) (11) 

For a given value of K these equations can be solved without much diffi- 
culty if p' be taken as the independent variable, and 

2 
(M++) + 3 (MX') I, and (12) = 3[(M'+) + (MX+)I [(Mf f) + (z~+)13 

In Fig. 3 is plotted 
ED - Ee = 0.088725 [gP - log f] (14) 
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for four values of the ionization constant, including complete dissociation.12 
The fraction of the salt in the form of the primary ion a t  0.1 M is ap- 
proximately 8.0, 0.3, 0.7 and 0.8. For extremely dilute solutions the limit- 
ing law still holds, but the effect of association increases very rapidly, yet 
soon becomes nearly constant (curves nearly parallel) because of the rapid 
decrease in the activity coefficients. This leads to an inflection in very 
dilute solutions with a considerable range through which the curves are 
nearly rectilinear. 

The curves of Fig. 3 have the same general shape as those of Fig. 2; 
by proper choice of ionic size and ionization constant they might be made 
to  fit very closely. This hardly seems worth while, but the curves of Fig. 3 
were used as guides in the extrapolation of those of Fig. 2 to zero concen- 
tration. The figure shows that, even with a theory which assumes the 
Debye-Hiickel limiting law at  zero concentration, that law can be used as 
a guide only in extremely dilute solutions if there is a large amount of ion 
association. The assumption that the activity coefficient is the same as 
that of a typical strong electrolyte is even more dangerous, and the as- 
sumption that the logarithm of the activity coefficient is proportional to 
z/c and determination of the proportionality constant from the measure- 
ments themselves is still worse. 

Discussion 
These inflections at very low concentrations were first noted by Bjer- 

rum.13 They are discussed more specifically for a salt with high valence 
cation dissolved in one with high valence anion by LaMer and Mason,14 
and for ions of equal valences by Gronwall, LaPYIer and Sandved.15 These 
authors attribute the inflections to the effect of higher terms in the power 
series expansion of the electrical density, which are neglected in the Debye- 
Hiickel treatment. 

The computations which these latter authors have promised for un- 
symmetrical salt are not yet published. An examination of their Equa- 
tions 34 and 64 for log f += shows that the ratio of the higher-order odd terms 
to the first, which is the Debye-Hiickel approximation, for a 2-1 salt with 
no foreign ions is from 9/16 to 4/9 the ratio for a 2-2 salt, and that the leading 
terms in the expansion of all the even terms, which are zero for a symmet- 
rical salt, have the sign opposite to that of the odd terms, so that they tend 
to  compensate. A closer examination of the first even term shows that it 
must remain positive to a considerable concentration. 

Bjerrum's approximate method makes log f + for a 2-1 salt very nearly 
l2 The lowest value is nearly equal to that found for sulfuric acid (0.0115) by 

Sherrill and Noyes, TIIIS JOURNAL, 48, 1861 (1926). 
l3  Bjerrum, Kgl. Danske Videnskab. Selskab, Math.-fys. Medd. V I I ,  9 (1926). 
l4 LaMer and Mason, THIS JOURNAL, 49, 410 (1927). 
l6 Gronwall, LaMer and Sandved, Physik. Z., 29, 358 (1928). 
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the same as that for two ions with valence .t/s at  the same molal concen- 
tration, which is qualitatively consistent with the results of the other 
method. He treats the solutions as though they were incompletely dis- 
sociated with the constant for the formntion of the binary compound de- 
pending on the size and valence in the following way 

N is Avogadro's number, k the Boltzmann constant, E the charge on the 
electron, D the dielectric constant, T the absolute temperature, 21 and zz 
are the valences of the ions, and a is their effective mean diameter. The 
remainder of his computation differs only in details from that  described in 
this article. The curves of Fig. 2 can be fitted approximately by attribut- 
ing the sizes: CdClz about 1.3 A., PbClz about 1.9 and ZnClz from 3.5 t o  6. 

The properties of an electrolyte solution must depend on those of the 
solvent and of the individual ions, whether or not dissociation is complete. 
The original Debye-Hiickel treatment, including the extensions t o  the 
higher terms cited above, considers only the dielectric constant of the 
solvent, and the valence and mean collision diameter of the ions. Hiickel16 
has included the effect of the ions on the dielectric constant of the solutions, 
and the general equations of Gronwall, I,aMer and Sandved include this 
effect for the higher terms. These treatments all consider the ions as hav- 
ing spherical symmetry. 

There is no question but that a general treatment must consider two 
kinds of dissymmetry: first, that of the isolated ions, as illustrated by the 
nitrate and acetate ions; and second, that induced by an electrical field 
because of the deformability of the ion. The second effect is probably 
responsible for a large part of what Bronsted terms "specific interaction of 
ions" and in extreme cases for chemical association. Since it depends upon 
a very close approach of the ions, it may be expressed to  a good approxima- 
tion by the law of mass action.17 

The effect of higher terms and that of deformability may each be ap- 
proximated by assuming chemical combination, and the only difference is 
that the first makes the association constant a function of the size while the 
second makes it an independent parameter. Since the further effect of the 
size is of a smaller order, i t  would require great confidence in the accuracy of 
the experimental measurements and in the validity of the Debye method t o  
differentiate between the two effects from measurements on a single salt. 

l6 Hiickel, Physik. Z., 26, 93 (1925). 
l7 The authors make no claim of originality for this treatment. It has been dis- 

cussed more or less specifically in many places. See especially Fajans, Trans. Faraday 
Soc., 23. 357 (1927). 
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The correlation of measurements on a large series of salts, when they are 
available, may give interesting information. 

We can say with assurance that for higher valence ions part, a t  least, of 
the association constants must be attributed to the higher terms. This 
effect seems sufficient for the rare gas type ions, though deviations might 
be expected with the larger anions and high valence cations, and for some 
polyatomic ions. The authors believe that, whenever the assumption of 
spherical symmetry leads to a value of a less than two Wngstrijm units, some 
other explanation should be sought, and that deformation often plays an 
important part in other cases. Certainly, unless the values in Table I1 are 
considerably in error two, and probably three, specific parameters (which 
might be the size, deformability, and effect on the dielectric constant) 
are required to fit both barium chloride and zinc chloride. No theory as- 
suming spherical non-deformable ions can account for the transference 
number of the cadmium ion becoming negative,18 or for the behavior of a 
weak electrolyte like acetic acid. It should be noted that we have no 
definition of association precise enough to determine the extent of it exactly 
or even to recognize its existence in small quantities. 

Results 

For the cell ZnHg (2 phase), ZnCl2, AgC1, Ag we obtain Eo = 0.9834 v. 
Combining this with Cohen'slg value of 0.0006 v. for the difference in po- 
tential between zinc and the two-phase amalgam, and -0.2224 v. for the 
silver chloride electrode,20 we obtain 

Zn, ZnClz, AgCl EQ = 0.9840 v. 
Zn, Zn++ EO = 0.7616 v. 

Lewis and Randall give the values 0.9839 and 0.7551. The close agreement 
of the first is somewhat of a coincidence; the difference in the second is due 
to  the high value attributed to Horsch's silver chloride electrodes. 

For the cell PbHg (2 phase), PbC12, AgCl, Ag we obtain EO = 0.3430 v. 
Carmody, extrapolating as a linear function of d@, obtained 0.3426. 

For the cell Cd, CdC12, AgCI, Ag (Horsch) we obtain EO = 0.5678 v. 
Lewis and Randall give 0.5700 v. 

In  Table I1 are given values of the activity coefficient for several of the 
bivalent metal chlorides a t  rounded concentrations. The values for zinc, 
lead and cadmium chlorides are computed from the data discussed in this 
paper. The computations for calcium chloride are made from Equation 1 
of the preceding paper5 with the constants there given. For barium chlo- 
ride a similar equation was used with a = 2.3, 8 = 0.0136 volt, and c/m = 
0.99707 - 0.0286 m - 0.00139 m2. 

ls See McBain and Van Rysselberge, THIS JOURNAL, 50, 3009 (1928). 
l9 Cohen, 2. @hysik. Chem., 34, 612 (1900). 
20 Scatchard, THIS JOURNAL, 47, 2098 (1925). 
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TABLE 11 
ACTIVITY COEPPICIENTS (Y = a /m)  AT 25" OF CHLORIDES OF BIVALENT METALS 

m CaCle BaCle ZnClz PbCle CdCla 

0.0001 0 961 0 961 0 960 0 958 0.923 
0002 .947 ,947 ,945 939 .88.5 

,0005 ,918 918 ,913 .902 .81S 
001 888 889 ,881 859 .755 
002 850 850 838 803 . G 8 4  
005 785 ,784 ,767 704 .569 

0 1  725 724 708 fi12 ,475 
02 0x3 655 ,642 ,497 .384 

.05 ,570 56 1 ,556 . . ,277 a 

1 515 494 502 .206 
.2 481 438 448 ,149 
3 482 413 41 5 . 121 
.4 ,496 400 393 104 
.5 519 393 376 .093 
. (5 ,548 ,390 364 , 083  
.8 ,622 39 1 343 ,070 

1.0 ,715 .397 325 ,061 
1 25 ,863 ,409 .306 ,054 
1 5  1 047 .425 .290 048 

" In a saturated solution, nz = 0.03905, y = 0.413. 

Summary 

The electromotive force of the cell ZnHg, (2 phase), ZnClz, AgC1, Ag has 
been measured a t  25' froin 0.003 to 1.5 M. 

Measurements on barium chloride agree with the Debye-Hiickel equa- 
tion, assuming complete ionization. Those on zinc chloride, lead chloride 
and cadmium chloride do not, but they may be fitted by assuming incom- 
plete dissociation of the primary ion. The effect of incomplete dissociation 
is calculated and values of the standard cell potentials and activity co- 
efficients are computed. The relation of the apparent association to the 
"higher terms" and to the deformability of the ions is discussed. 

CAMBRIDGE, MASSACHUSETTS 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, GREENSBORO COLLEGE] 

TERNARY SYSTEMS: WATER, TERTIARY BUTANOL AND SALTS 
AT 30' 

Tertiary butanol has been more or less a laboratory curiosity until 
recent years but economical methods of manufacture from the by-products 
of cracking petroleum have opened up a new field of potential uses. A 
r6sumC is given by Davis and Murray1 concerning the chemical properties, 
solvent powers and physiological properties of the aliphatic tertiary alco- 
hols and their industrial possibilities. Investigation of some of the physi- 
cal properties of one of these, tertiary butanol, seems to have lagged be- 
hind that relative to the chemical properties. For example, while most 
of the aliphatic alcohols entirely miscible with water have been investi- 
gated as regards the two liquid phase formation in the familiar salting out 
phenomena when an aqueous solution of the alcohol is shaken with various 
salts, little has been done with tertiary butanol. Search of the literature 
revealed that the ternary systems water, tertiary butanol and salts had 
been investigated only partially in one paper,2 in which potassium chloride 
was the only salt tried with the tertiary butanol. Investigation of this 
set of ternary systems seemed desirable for two reasons: first, tertiary 
butanol is the only aliphatic tertiary alcohol entirely miscible with water; 
second, it has the highest molecular weight of any simple aliphatic alco- 
hol that is entirely miscible with water. The other butanols are only 
partially miscible with water. 

While there are many inorganic salts that will cause the formation of 
two liquid phases in the above three-component system, only ten di- 
versified salts were investigated in detail here. Some of these salts had 
been used in investigations of analogous systems; some were chosen in 
order to find the most effective salting-out agent; and the four potassium 
halides were selected primarily in order to  compare their respective 
binodal curves. The system of graphical representation of the binodal 
and conjugation curves, interpolation to the plait point and phase com- 
position used here is similar to that used in the "International Critical 
Tables," Vol. 111, p. 398. 

The aliphatic alcohols entirely miscible with water are methanol, 
ethanol, propanol, isopropanol, 1-propenol (ally1 alcohol) and tertiary 
butanol. Fortunately, for the sake of comparison, all of the above alco- 
hols have now been investigated as regards their behavior with aqueous 

Davis and Murray, Ind. Eng. Chem., 18, 844 (1926). 
* Timmermans, Z. physik. Chem., 58, 129 (1907). 
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potassium carbonate solutions. If the binodal curves of all are plotted 
.upon the conventional triangular diagram and a perpendicular line is 
drawn from the alcohol-salt axis to the water apex, there will be a series 
of intersections between this line and the respective binodals in the follow- 
ing order: methanol, ethanol, isopropanol, 1-propenol, tertiary butanol 
and propanol. The tertiary butanol binodal lies very close to the propanol 
binodal. A little inspection here of the order reveals how unsaturation, 
branched carbon chain and progression in the homoIogous series affect 
the binodals in these ternary systems. 

Sodium carbonate seeins to have the highest specific salting-out effect 
because the binodal curve approaches nearest to the water apex. How- 
ever, the ratio of the concentration of the alcohol to that of the water, in 
the salt-rich phase, is probably a better measure of the salting-out effective- 
ness; the smaller the ratio, the more effective the salt. In  this respect, 
potassium carbonate and potassium fluoride in concentrated solutions 
surpass the sodium carbonate and seem to be the most effective of the 
ten salts investigated. This seems to be in agreement with the results 
from several investigations of salting-out  agent^.^ In some cases, such as 
potassium iodide, the binodal curve terminates abruptly a t  both ends be- 
cause the two liquid phase fornation ceases. In other cases, such as 
potassium carbonate and potassium fluoride, the binodal curves approach 
the alcohol-water and water-salt axes with a very small slope. If a com- 
parison is made of the four binodal curves of the potassium halides, the 
effectiveness seems to be an inverse function of the molecular weight of 
the potassium halide, potassium fluoride being the most effective. 

Although determination of the binodal curves was the main object of 
this investigation, the conjugation curves were determined approximately, 
and also the intersection of the two, the plait point. The authors believe 
that the binodal curves here are in error by less than 1% in any case, 
and probably within 0.3% in many cases. However, the method used 
for the determination of the conjugation points allows a large possible 
error in some of the systems; this is especially true where the binodal curve 
follows quite closely and almost parallel to the alcohol-water axis. Here 
the dCa,,./dCsalt is very large, making the exact composition of the alco- 
hol-rich phase as regards alcohol content difficult of determination by the 
indirect method used. Where the binodal curve is neither near nor al- 
most parallel to the alcohol-water axis-as in the system with potassium 
iodide-the conjugation curve is relatively accurate. Usually, the sum 
of the weights of the three components in the mixture was from five to  
fifteen grams. 

3 Frankforter and Frary, "Orig. Corn. 8th Intern. Congr. Appl. Chem.," 22, 
87-127; C. A., 7, 44 (1913); Frankforter and Frary, J. Phys. Chem., 17, 402473 
(1913); Frankforter and Cohen, THIS JOURNAI,, 36, 1103-1134 (1914). 
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Experimental 
The synthetical method was used throughout in  the determination of the binodal 

curves. Known weights of each of the three components were introduced into a ta- 
pered centrifuge tube; the salt (c. p.) from a weighing tube weighed accurately to  one 
centigram, the tertiary butanol (Eastman) and water from their respective burets. 
B y  careful and repeated trials with much shaking, the quantities of the three components 
in  the tube were so regulated that the second liquid phase was a t  the point of appearancc 
or disappearance. Observation of the clouditless along with the use of the centrifuge 
t o  estimate the volume of the second liquid phase seemed to be the best method for the 
determination of the binodal points. The tube was shaken thoroughly in a well-stirred 
water-bath at 30" (plus or minus 0.2 ') as the last step in the determination of each bi- 
nodal point. The quantities of the three components were expressed as weight per- 
centages, and so graphed on the triangular diagram. 

Fig. 1 . ~ 1 ,  (~H4)2  SO4; 2, K2CO3; 3, NHdCI; 4, Na2S04; 5, 
Na2C03; 6, KI ;  7, KBr; 8, K F ;  9, KC1; 10, NaC1; --, binodal; 
- - - - - -  , conjugation. 

An indirect analytical method was used for the determination of the conjugation 
points; indirect in the case of the alcohol-rich layer and direct in the case of the salt- 
rich layer. Two liquid phases were set up in equilibrium in the tube and brought to  the 
correct temperature of 30" in the water-bath. Then a rubber stopper, perforated with 
two glass tubes, was inserted into the centrifuge tube, thereby producing a miniature 
wash bottle. By obtaining the difference between weighings (plus or minus 1 cg.), 
known weights of the two liquid phases were withdrawn into two weighed crucibles. 
Evaporation to dryness of the pair of crucibles corresponding to the two liquid phases 
and weighing gave the salt content of both phases. But according to the custom 
of preparation of the conjugation curves in the "International Critical Tables," the salt 
content of the salt-rich phase is plotted against the alcohol content of the alcohol-rich 
phase, so the alcohol content of the alcohol-rich phase was determined by notation of the 
salt content, reference to  the binodal curve and intrapolation or extrapolation t o  the 
point required. Similarly, the segment of the conjugation curve on the opposite side of 
the  binodal curve was obtained by plotting the alcohol content of the salt-rich phase 
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against the salt content of the alcohol-rich phase. The intersection of the line uniting 
the two segments, just mentioned, with the binodal curve gave the plait point. 

T-BuOH, 
wt. % 
62.8 
60.3 
57.7 
52.0 
49.2 
46.5 
44.3 
42.0 
39.2 
35.1 
30.6 
27.6 
24.2 
22.1 
19.9 
17.9 
16. ti 
15.4 
13.9 
11.3 
9.6 
8.4 
7.2 
5 .2  
4.0 
3 .3  

T-BuOH, 
wt. % 

67.3 
58.4 
50.9 
43.8 
36.6 
33.3 
28.3 
23.9 
20.5 
18.2 
16.5 
12.5 
11.5 
10.5 
9.4 
7 .9  

KI, 
wt. % 
15.5 
16.9 
18.5 
20.9 
22.1 
23.4 
24.6 
25.5 
27.0 
29.5 
31.9 
33.4 
35.6 
37.0 
38.6 
39.6 
40.3 
41.1 
42.3 
44.0 
45.4 
46.1 
47.3 
49.8 
52.9 
54.7 

KC1, 
wt. % 

1.4 
2.0 
2.6 
3.3 
4 . 5  
4 .8  
5.6 
6 .2  
7.4 
8 .1  
9.0 

11.4 
12.2 
13.3 
14.6 
15.9 

TABLE I 

EXPERIMENTAL RESULTS 

T-BuOH, KF, T-BuOH, NHIC~. T-BuOIl, NazSOn, 1%-BuOH, NazCO3, 
wt. % wt. % wt. % wt. % wt. "/o wt. % wt. % wt. % 

60.6 0.8 82.0 2.0 58.6 0 . 3  52.3 0.7 
48.3 1.4 70.2 2 .4  47.0 1 .2  50.0 1 . 0  
34.1 2.3 61.2 3.3 42.2 1 . 6  41.3 1 . 3  
28.6 2 . 8  54.1 3 .7  37.2 2.2 35.4 1 .8  
24.1 3 . 3  47.9 4.2 33.7 2 . 6  30.8 2 .1  
20.4 3 .7  39.3 5.0 31.1 2.9 26.2 2 . 8  
17.7 4 .5  33.4 6 .4  28.8 3.4 22.4 3.3 
16.6 5.1 30.2 6 .6  26.3 3 . 6  19.7 4.0 
15.4 5 .6  27.5 7.4 24.9 3.9 18.1 4.6 
14.9 5.7 25.3 8.0 22.9 4.2 16.6 5.0 
12.5 7 .0  23.2 8.6 21.5 4.6 15.3 5.4 
9 . 7  8 . 8  22.0 9.0 20.8 4.9 11.9 6 .0  
8 . 7  9 .6  20.7 9.4 19.5 5 . 3  9.9 7.2 
8 . 2  10.0 19.8 10.0 17.5 5.8 8 .6  8.0 
7 .7  10.9 15.7 11.5 16.4 6.2 6 .8  9.7 
6 .3  12.7 14.1 12.7 14.3 6 .9  6 .1  10.4 
5.6 14.0 12.9 14.3 12.4 7.8 5.2 11.2 
3.8 16.9 11.8 15.6 10.2 9 .5  4.0 12.9 
2 . 8  18.7 11.0 16.8 8 . 1  11.4 3 .3  14.1 
2.4 19.7 10.2 18.4 6.7 13.3 3 .1  15.3 
1.9 20.7 9.2 20.3 6.1 14.2 2 .5  16.0 
1.6 22.2 8 .7  21.7 5.5 15.2 1 . 5  18.9 
1.2 24.6 8 .1  23.2 4.8 16.5 0.6 25.2 
0.7 29.8 7 .6  24.7 3 . 9  17.9 
0.2 51.9 3 .0  19.8 

1.8 24.5 

T-BuOH, KBr, T-BuOH, NaCl, T-BuOH, (NHa)rSOa, T-BuOR, K2SOr, 
wt. L?, wt. % Wt. % Wt. L?, W t .  L?, wt. % wt.  96 wt. % 

70.2 3 . 1  83.8 0 .3  6.3.4 0 .4  57.5 0.7 
65.7 4 .2  57.3 1 .5  48.8 1 . 4  39.3 1 .8  
60.7 4 .8  44.4 2.4 40.7 2 .4  26.9 3 . 1  
56.9 5 .4  36.4 3 . 2  34.3 3 . 2  18.9 4 . 8  
53.4 6 .1  27.7 4.3 28.2 4.0 17.7 5 . 1  
50.3 6.7 26.0 4.5 24.6 4 .6  16.1 5.8 
44.7 7 .8  19.4 5.1 19.8 5.7 12.8 7 .2  
35.7 10.0 14.5 6.7 17.4 6 . 5  9 . 1  9 .8  
29.7 11.9 11.5 9.0 8 . 9  13.0 7 .5  11.4 
27.7 12.6 10.0 10.0 7.7 14.1 5 .9  13.3 
25.6 13.4 8 . 5  11.2 5.3 18.2 4 .5  15.4 
22.8 14.3 7.5 12.5 2.5 26.1 3 . 5  17.0 
20.0 15.7 6.7 14.1 1.8 28.7 0.9 26.7 
17.0 17.0 5.8 15.6 1 .4  32.1 0 . 4  34.2 
13.4 19.8 5.6 15.7 0 .8  37.8 
11.3 22.6 4.2 18.4 
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TABLE I (Concluded) 
T-BuOH, KCI. T-BuOH, KBr, T-BuOH, NaCl 

wt. % wt. % we. % wt. % wt. % wt. % 
7 0  1 7 6  9 2  2 5 3  3 6  1 9 8  
6 4  I 8 6  7 7  2 8 5  2 7  2 2 4  
5 9  2 0 0  6 8  3 0 4  
4 8  226  6 1  3 3 1  
4 5  2 3 3  

TABLE 11 

CONJUGATION DATA 

(A) Tertiary butanol in the tertiary butanol-rich phase, weight per cent. (B) Salt 
in the salt-rich phase, weight per cent. (P. P.) Plait point. 

(A) (B) (A) (B) 

99 29 8 KF 82 24 7 NH4Cl 
64 4.3 KF 80 22 7 NH4Cl 
60 4 1 K F  65 10 1 NHaCl 
55 3.4 KF 44 5 0 NHaCl P. P. 
36 2 2 KF P. P. 99 37 8 (NH4)zS04 
90 23 3 KC1 82 27 4 (NH4)zSOn 
57 7 1 KC1 60 12 1 (NH4)zSOd 
53 6 7 KC1 42 5.1 (NHa)zS04 
39 4 2 KC1 P. P. 32 3 7 (NH~)zSOI P. P. 
78 37 0 KBr 93 24 5 Na2S04 
76 34 2 KBr 68 11 5 Na~S04 
64 19 1 KBr 66 10 5 Na~S04 
42 8 7 KBr P. P. 50 4 6 Na2S04 
63 54 7 K I  37 2 5 Na2S04 P. P. 
50 47 1 KI 69 34 2 KzC03 
45 45 5 KI 62 24 4 KzC03 
26 34 6 KI P. P. 53 14 8 KzC03 
84 22 4 NaC! 27 3 2 KzC03 P. P. 
60 13 9 NaCl 97 25 2 NazC03 
48 10 7 NaCl 70 7 7 NazC03 
23 4 6 NaCl P. P. 55 4 5 NazC03 

35 2 0 NaaCOs P. P. 

Summary 
1. Tabular data, binodal curves, conjugation curves and plait points 

are given for the ternary systems of tertiary butanol and water with ten 
inorganic salts. 

2. A comparison is made between the binodal curves of the systems 
water, alcohol and potassium carbonate, when the alcohol varies among the 
water-miscible aliphatic alcohols. 

3. Potassium carbonate and potassium fluoride are the most effective 
salting-out agents of the ten salts investigated. 

4. The value of the respective potassium halides as salting-out agents 
seems to be an inverse function of the molecular weight of the halide, po- 
tassium fluoride being the most effective of the four. 

GREENSBORO. NORTH CAROLINA 
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[CONTRIBUTION PROM THE GEORGE HERBERT JONES LABORATORY OP THE UNIVERSITY 

OP CHICAGO] 

THE DROP WEIGHT METHOD FOR THE DETERMINATION OF 
SURFACE TENSION. THE EFFECT OF AN INCLINATION OF 

THE TIP UPON THE DROP WEIGHT 
BY DAVID M. GANS AND WILLIAM D. HARKINS 

RECEIVED FEBRVARY 10, 1930 PUBLXSHZV JUNE 6, 1930 

Introduction 

'She drop weight mcthod has been developed as an accurate method for 
the determination of surface tension. If the greatest accuracy is not re- 
quired, a simple form of apparatus gives reliable measurements with ease 
and rapidity. For any type of work, the variation of the drop weight with 
the angle of inclination of the tip should be known, and so the requisite 
values were determined. 

Results 

With the apparatus and procedure described in detail elsewhere,' the 
drop weights for conductivity water were determined a t  25.0°, with the tip 
a t  various angles of inclination. The angle a which the tip made with the 
horizontal plane was set a t  from 0.0 to 20.0°, and was measured t o  within 
0.1' by the use of a level. At an angle of 3.0°, the inclination of the tip was 
very apparent to the eye. 

Table I gives the average weights in air of one drop of water. The ap- 
parent surface tension, for an observer unaware of the tilt of the tip, may 
be calculated by means of the equation 

in which M is the weight of the drop in air, g is the acceleration due to  
gravity, r is the radius of the tip (0.2989 cm. in the present case) and 4, a 
function of r3 / v  where a is the volume of the drop, is the empirical correction 
factor of Harkins and Brown,' taken from a graph of their results. These 
calculated surface tensions were plotted against the corresponding angle a, 
and from the smoothed curve, which passed exactly through four of the 
points and came within 0.07 dyne of the other two, the apparent surface 
tention r, was read for each value of a employed. Since Y, is the apparent 
surface tension when the dropping surface makes the angle a! with the hori- 
zontal, Yo will be the surface tension when the dropping surface of the tip is 
accurately horizontal, that is, the true surface tension of water a t  this tem- 
perature. In Col. 3 of Table I are given the differences 'Yo - 7,. The 
apparent surface tension is obviously not very different from the true 
value, when a is less than 5.0'. When a is 20.0°, which is a very large 

1 I-Tarkins and Brown, THIS JOUKNAL, 41, 499 (1919). 
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angle under the conditions, this difference is only 2.3% of Yo for the tip 
used. 

TABLE I 
AVERAGE WEIGHTS IN AIR OF ONE DROP O F  WATER 

a M 70 - Y a  " 0  - ' 2.025 X a3 

0 .0 "  0 08424 0 00 0.00 0 00 
6 0" .08420 .03 - .08 .03 
7 .5 " ,08420 .10 - .20 .09 

10.0" ,08391 .23 - .18 .20 
15 0" ,08333 .73 - .26 .68 
20.0" ,08224 1.62 - .16 1.62 

It is desirable to know, first, whether the true surface tension of water 
may be calculated from a measurement of the drop weight a t  a large angle 
a,  and, second, how large a may be without affecting the results appreci- 
ably. 

When the tip is inclined, its projection upon a horizontal plane is no longer 
a circle of radius r, but an ellipse of semi-major axis r and semi-minor 
axis r cos a. Therefore, the drop weight should not be that for a circular tip 
of radius r, but would more nearly correspond to that for a circular tip of 
radius r', where r' would be an average semi-axis of the ellipse. The sur- 
face tension should be given more accurately by 

provided the proper value of r' is known. 
If the radius of the circle whose circumference is that of the ellipse is 

taken for r', then r' = r 1 / ( 1  + cos2a)/2 very nearly. The calculated 
values of Yo - Y' are given in Col. 4 of Table I. For all values of a,  
Equation 2 gives results that are within 0.4% of the true surface tension. 
For small values of a, however, the results obtained with Equation 1 are 
better. If r' is taken to be the radius of the circle whose area is that of the 
ellipse, then r' = r d z .  The results in this case are practically identi- 
cal with those already listed in Col. 4 of Table I. Other methods for ob- 
taining the average r' may lead to smaller values of Yo - 7'. Equation 2 
thus gives a good approximation for the true surface tension. 

To determine what the values of 7, are for small angles a,  equations of 
various forms were fitted to the data in Col. 3 of Table I. The equation 

ro - r, = 2.025 X 10-4 a3 (3) 
for a in degrees was found to fit well, as is shown in Col. 5 of Table I. By 
means of this equation, the values of 70 - 7, for the small angles in Table 
I1 are secured. The values of Ya are also included, for 71.97 dynes per cm. 
as the accepted surface tension2 of water a t  25.0'. For angles of inclina- 

"International Critical Tables," McGraw-Hill Book Co., New York, Vol. IV, 
p. 447. 
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tion less than 3", the effect of the tilt on the calculated surface tension is not 
appreciable. Unlike other methods for the determination of surface ten- 
sion, the drop weight method is thus particularly insensitive to  any inclina- 
tion of the measuring apparatus. The utmost precautions need not there- 
fore be taken to insure a horizontal dropping surface, and a setting of within 
2" of the horizontal, an angle quite apparent to a trained eye, will probably 
suffice in all cases. 

Summary 

Results obtained with the drop weight method for the determination of 
surface tension are found to be unaffected by a slight inclination of the 
apparatus. The effect upon the weight of a drop of a tilt of the tip of less 
than 3' is not appreciable. Precautions need not, therefore, be taken to  
set the dropping surface at  an angle of less than 2" with the horizontal. 

THE SURFACE TENSION OF AQUEOUS SOLUTIONS OF PARA- 
TOLUIDINE 

1. Introduction 
During the progress of work in this Laboratory on surface phenomena, 

there arose a need for reliable data on the surface tension of aqueous solu- 
tions of p-toluidine. Such measurements had already been made by Ed- 
wards, l who used a modification devised by Ferguson of the capillary height 
method, and by Frumkin, Donde and Kulvar~kaya,~ who employed the 
capillary height method. The two sets of results are in very poor agree- 
ment. While Frumkin did not lay claim to great accuracy in his own de- 
termination~,~ these showed the work of Edwards to be seriously in error. 

Edwards, J. Chem. Soc., 127, 744 (1925). 
Frumkin, Donde and Kuharskaya, 2. physik. Chem., 123, 321 (1926). 
Private communication. 
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2. Method, Apparatus, and Procedure 

For the measurement of the surface tension of aqueous solutions of p- 
toluidine and similar substances, the drop weight method has certain ad- 
vantages. For while such solutions wet with ease the ground-glass tip 
used in the drop weight method, i t  has been observed that solutions of 
even very pure p-toluidine wet polished glass with some difficulty. The 
capillary height method is therefore not suitable. 

The apparatus which was employed is shown in Fig. I, and is a modified 
form of the standard apparatus described by Harkins and B r ~ w n . ~  The 

metal box B, which contains the glass tip, ade- 
quately cleaned, and the solution, is immersed in 
a thermostat kept accurately a t  20.0°. The 
ground surface of the glass tip is maintained in 
the horizontal plane indicated by the I,-shaped 
level shown. Each drop is pulled over to almost 
full size by very gentle suction a t  a rubber tube 
attached to the metal tip-holder A. The first 
drop is allowed to  hang for some minutes in the 
weighing bottle V, in order to saturate the en- 
closed air with the vapors from the solution. 

\A The drop is then drawn over and made as large 
as is possible without causing it to fall, and the 
level between the bottles S and V is so adjusted 
that the drop falls as slowly as is possible. The 
supply bottle S is raised or lowered for this pur- 
pose by means of the microscope stand T. This 
adjustment is accomplished through the pinion 
head P which is attached to the microscope stand 
by means of a small universal joint and a long 

Fig. 1.-Apparatus for the metal rod that extends to the chair of the opera- 
wr- tor, who watches the formation of the drops 

face tension by the drop 
weight method. 

through a small telescope, the cross hairs of which 
mark the maximum size of the stable drop and 

thus help in its control. When the required number of drops has been 
drawn over, the metal box is a t  once removed from the thermostat and 
opened, the weighing bottle V is chilled for exactly one minute in an ice- 
water mixture in order to condense most of the vapors within, and the 
bottle is removed, quickly stoppered and weighed. 

3. Results 

I n  the work here reported, each determination consisted of one run of 
twenty drops, and another, immediately following, of five drops. The 

Harkins and Brown, THIS JOURNAL, 41, 499 (1919). 
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difference represented the weight, in their own saturated vapor, of fifteen 
drops. In this difference the errors caused by the weight of the moisture 
condensed on the interior of the bottle by chilling are mostly eliminated. 
Three such determinations were made with each solution, and the average 
per drop was taken as the drop weight for that solution. Of the three 
results, none differed from the average by as much as 0.15~0, while in only 
two of the twenty-seven single determinations was this difference greater 
than 0.10%. 

The drops were usually allowed to hang for twenty to thirty seconds be- 
fore they were permitted to  fall. That this length of time was sufficient 
to enable the surface of the drop to attain eqt~ilibrium with the interior of 
the drop was demonstrated by work with a solution, containing 0.00606 
mole of p-toluidine per kilogram of water, which, since this was the most 
dilute solution studied, gave the slowest diffusion into the surface. The 
drop weight was determined for drops which maintained approximately 
their full size, before falling, for four minutes, and also for about twenty 
seconds each. The two results differed from their mean by only 0.08%. 
Apparently an age of one-half minute for the full-sized drop gives equi- 
librium of the surface with the liquid and the vapor phase. 

With the solution containing 0.03376 mole of p-toluidine per kilogram of 
water, the drop weight of drops held a t  almost full size for four minutes 
differed from that of drops held a t  full size for twenty-five seconds each by 
only 0.06%. This demonstrates that, even for this relatively concentrated 
solution, oxidation of the p-toluidine in the surface of the drop did not take 
place to a sufficient extent to alter the surface tension of the solution. 

The density of each solution a t  20.0' was determined in duplicate with 
a pycnometer of approximately 20-cc. capacity, the volume of which was 
accurately determined with conductivity water as the standard. 

Experiments were carried out over practically the entire concentration 
range. The results are given in Table I. In Col. 5 is listed the weight of a 
single drop in air saturated with the vapor from the respective solution. 

Soln. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

SURBACE 
Mole per Mole per 

kg. of kg. of 
water, m soln. 

0.00000 0.00000 
,00606 ,00606 
,00716 ,00715 
.01174 .01172 
,01985. ,01981 
.02753 .02745 
,03376 ,03364 
.04935 .04909 
.06218 ,06177 

TABLE I 
TENSION OF AQUEOUS SOLUTIONS OF fi-TOLUIDIA 

Density, Drop Volume 
g. per c 2  weight, per,drop, 

Log, m a t  20.0 g. v, ~n cc. vS/v 

- w 0.99820 0.085367 0 08562 0 3119 
-5.1069 ,99830 ,083970 .08421 .3172 
-4.9402 ,99832 ,083658 ,08390 ,3184 
-4.4455 .99832 .081734 ,08197 .3258 
-3.9202 .99837 ,075256 ,07547 .3539 
-3.5931 ,99834 .070120 ,07032 ,3798 
-3.3891 .99828 ,066889 .06708 .3982 
-3.0093 ,99838 .Of30395 ,06057 ,4410 
-2.7781 .99843 .056533 ,05669 .4712 

7 in dynes 
per cm. 
a t  20.0" 
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Each value is the average of three determinations, as outlined above. In 
Col. 7 is given the calculated value of r3/v where r, the radius of the tip used, 
is 0.29892 em., the average of measurements made with a calibrated travel- 
ing microscope over six different diameters, and v is the volume of the drop 
in question. The experimentally determined correction factor @ tabulated 
in Col. 8 is a function of r3 /v  and was taken from a graph which plots the 
values of Harkins and Brown. 

The equation by means of which the surface tension was calculated is 

in which y is the surface tension in dynes per centimeter, is the weight in 
grams of the drop in air saturated with the vapors from the solution, g is 
the acceleration due to gravity, which is 980.28 cm. per sec. per sec. in 
this Laboratory, and r and cP have the significance pointed out above. 

4. Purification of Materials 
The p-toluidine used was obtained from the Eastman Kodak Company 

and was purified from it isomers and other impurities as recommended, 
in general, by Berliner and May.5 The p-toluidine was twice distilled, 
the end fraction being discarded each time. It was dissolved in five times 
its volume of ether, and the oxalate precipitated by addition of an ethereal 
solution of oxalic acid. The salt was washed with ether and recrystallized 
four times from hot water. A little oxalic acid was added to the water 
each time to hinder hydrolysis. The p-toluidine was liberated with sodium 
carbonate solution, recrystallized from hot water, steam distilled and 
again recrystallized from hot water. The snow-white crystals were dried 
in vacuo over stick potassium hydroxide for twelve days. The elaborate 
purification reduced the yield to 15%. The crystals melted at  43.6", while 
the value given by the "International Critical Tables" is 43.7". 

Conductivity water was used for all of the solutions, which were made up 
by weight. 

5. Comparison with Other Data 
The measurements of Edwards were obtained a t  temperatures between 15 

and 17.5". The values which he found for the surface tension of water 
are higher than the corresponding value given by the "International 
Critical TablesMG His values were, therefore, multiplied by 0.9780, which 
brings his average value for pure water to 73.34 dynes per centimeter, 
the accepted value. The densities a t  20" of p-toluidine solutions are very 
nearly that of water, and so the densities a t  l G O ,  required for the conversion 
to the concentration units used in this paper, were obtained by adding to 

Berliner and May, THIS JOURNAL, 49, 1007 (1927). 
"International Critical Tables," McGraw-Hill Book Co., New York, Vol. IV, 

p. 447. 
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the density of water a t  16O the difference between the densities of the 
corresponding solution and of water at  20'. 

The data of Frumkin, Donde and Kulvarskaya were corrected in the 
same way, by use of the factor 1.0022. 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 
Moles of p-toluidine per kg. of water. 

Pig 2 -Surface tension of aqueous solutions of p-toluidine as  
given by different observers. 

These data, together with those obtained in the present work, are given 
in Fig. 2. It is obvious that the results of Edwards are much too low. 
This difference is strikingly brought out in the logarithmic plot in Fig. 3;  

- 7 - 6 - 5 -4 - 3 -2 
Log, of moles of p-toluidine per kg. of water. 

Fig. 3.-Surface tension of aqueous solutions of p-toluidine as  
given by different observers. 
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curiously enough, however, all of the three curves have almost the same 
slope in the straight portions of this graph. 

6. Calculation of the Adsorption 
The adsorption of p-toluidine a t  the air-solution interface may be calcu- 

lated by means of the Gibbs adsorption equation 
-1 d-y u=- -  
RT d log, a 

where y is the surface tension in dynes per centimeter, a is the activity of 
the solute, R is the gas constant, 8.315 X lo7 ergs per mole degree, T is 
the absolute temperature and 16 is the number of moles of solute which 
must be added to the solution after the surface has been increased by one 
square centimeter, in order to bring the solution back to its initial con- 
centration. 

McBain and his co-workers7 have found the activity of aqueous solutions 
of p-toluidine to be proportional to the concentration. While this result 
is probably not exact and is unexpected for a substance of the type of $J- 
toluidine, the adsorption may, for the present, be calculated on this basis. 
In  this case 

d log, a = d log, m 

in which m is the number of moles of solute per kilogram of water. The 
slope of the curve representing our data in Fig. 3 is, therefore, directly 
d -y/d log, a. 

The calculations are tabulated in Table I1 for the more concentrated 
solutions included in Table I. The adsorption is listed in Col. 3 as the 
number of moles per square centimeter of surface, in Col. 4 as the number of 
molecules per square centimeter of surface and in Col. 5 as the apparent 
surface area in sq. A. occupied by each molecule. 

Mole per 
kg. of 

Soln. water, m 

5 0.01985 
6 .02753 
7 .03376 
8 .04935 
9 .06218 

0!3 p-'I'OLUIDINE IN AQUEOUS SOLUTION CALCULATED BY THE GIBBS 

ADSORPTION EQUATION 
Mole- Total no. 

Mole cules, of mole- Effect- 
Mole per per cules. xve 

Area per per cc. of sq. cm. per area per 
-dr u' molecule cc. of soln. of soin. sq. cm. molecule, 

d z  x 7010 X 10-14 in sq. A. soln. x 10-21 x 10-14 X 10-14 ~ q .  A. 

If one square centimeter of new surface were to be instantaneously formed, 
a- certain amount of solute would already be present in the fresh surface. 

McBain, Wynne-Jones and Pollard, "Colloid Symposium Monograph," The 
Chemical Catalog Company, New York, 1928, Vol. VI, p. 57. 
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This amount is further increased by the quantity u which is then adsorbed. 
The total number of molecules in each square centimeter of surface is thus 
the sum of these two amounts. The number already in the surface is un- 
known, but may be taken as approximately the two-thirds power of the 
number of molecules in each cubic centimeter of solution, a value given in 
Col. 8. This correction is not great for solutions as dilute as these, but 
is considerable for more soluble substances. In Col. 10 is listed the cor- 
rected apparent area in sq. A. occupied by each molecule in the surface 
region. 

The apparent surface area per molecule of 9-toluidine appears to  be 28 
sq. a. The work of Adam8 with insoluble films gives the value 23.8 sq. A. 
for the benzene ring perpendicular to the surface. In view of the fact that 
the activity of solutions of p-toluidine is not known accurately, this agree- 
ment is satisfactory and serves as an indication that the adsorbed solute 
forms a monomolecular film on the surface of the solution. 

7. Summary 

1. The drop weight method for the measurement of surface tension has 
the advantage over the capillary height method in that the former is in- 
dependent of the angle of contact, and can thus be used with substances 
like 9-toluidine, whose aqueous solutions do not wet glass easily. 

2. A slightly improved procedure for the determination of surface 
tension by the drop weight method is presented. 

3. Measurements of the surface tension of aqueous solutions of f i -  
toluidine by means of the drop weight method are given and compared with 
earlier results. p-Toluidine is a very surface-active substance, for at 20.0° 
it lowers the surface tension by 8.18 dynes when dissolved in water to  the 
extent of 0.0199 mole per kilogram of solvent, and by 23.65 dynes with 
0.0622 mole. 

4. By use of the Gibbs adsorption equation, the area occupied by each 
molecule of ptoluidine in the surface region is found to be 28 sq. A. for the 
nearly saturated solution, which is in agreement with the area expected 
from other sources for a monomolecular film. 

CHICAGO, ILLINOIS 

Adam, Proc. Roy. Soc. (London), 103, 676 (1923). 
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[CONTRIBUTION FROM THE PACIFIC EXPERIMENT STATION, BUREAU OF MINES, UNITED 

STATES DEPARTMENT OP COMMERC~, IN COOPERATION WITH THE UNIVERSITY OF 
CALIFORNIA ] 

THE HEAT CAPACITIES OF ARSENIC, ARSENIC TRIOXIDE AND 
ARSENIC PENTOXIDE AT LOW TEMPERATURES1 

In  continuation of its general program of determination of the heat ca- 
pacities of the various metals and oxides which are important in metallurgi- 
cal processes, the Pacific Experiment Station of the U. S. Bureau of Mines 
has studied the metals and oxides of arsenic, antimony and bismuth a t  low 
temperatures. The thermodynamic properties of the metals and oxides of 
this group are of practical importance because they constitute some of the 
lead smelters' most difficult problems of reduction and refining, and they 
also have considerable theoretical interest. The present article deals only 
with the heat capacities of arsenic and its oxides; later papers will discuss 
the remaining materials in this group. 

Method and Apparatus 

With the exception of a few minor details, the methods and apparatus 
used in this work are identical with those previously described from this 
laboratory by Millar.3 The apparatus was provided with a new thermo- 
couple, which was made of wire from the same spool as Thermocouple No. 
17 of Giauque, Buffington and S c h u l ~ e , ~  and which was compared with No. 
17 through a secondary standard a t  the temperature of liquid air, the melt- 
ing point of toluene crystals and the melting point of ice. The secondary 
standard was calibrated directly against No. 17 a t  28 points by K e l l e ~ . ~  

The standard cell was calibrated from time to time against another hav- 
ing a Bureau of Standards certificate. 

Using the graphical method of Giauque and Wiebe16 a new temperature 
scale was determined for the resistance thermometer, and i t  is probably 
somewhat better than the one previously used in this Laboratory. 

The volt-box correction was redetermined by substituting a standard 100- 
ohm resistance for the calorimeter resistance. The volt-box factor was 
calculated from accurate measurements of current and voltage when small 
amounts of electrical energy were passed through the volt-box and standard 

1 Published by permission of the Director, U. S. Bureau of Mines. (Not subject 
to copyright.) 

Assistant Physical Chemist, Pacific Experiment Station, U. S. Bureau of Mines, 
Berkeley, California. 

Millar, THIS JOURNAL, 50, 1876 (1928). 
Giauque, Buffington and Schulze, ibid., 49, 2343 (1927). 
Kelley, ibid., 51, 180 (1929). 
Giauque ahd Wiebe, ibid., 50, 101 (1928). 
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resistance. This value is probably more reliable than that previously 
obtained directly by measuring the high resistance which the volt-box con- 
tains. 

The heat capacity of the empty calorimeter was redetermined, using the 
new temperature scale. 

By the use of liquid nitrogen instead of liquid oxygen i t  was possible to  
cool down to about 55°K. with the present pumping facilities. This 
temperature is about 5" lower than that previously reached in this Labora- 
tory. 

Materials 
The sample of arsenic used contained 0.13% antimony, no lead or silica and more 

than 99.8y0 arsenic. I t s  density was found to be 5.48. A 342.9-g. sample was studied. 
The arsenic trioxide was of c. P. grade, but was resublimed. Each particle was 

definitely crystalline and of octahedral structure. It analyzed better than 99.8% 
arsenic trioxide and had a density of 3.85. The calorimeter was filled with a 267.4-g. 
sample. 

The arsenic pentoxide was a very pure material which was dried a t  550' after 
treatment with concentrated nitric acid. It contained more than 99.7y0 arsenic pentox- 
ide. The only detectable contamination was 0.2% arsenic trioxide. It contained no 
antimony. The material did not consist of separate crystals, as did the arsenic tri- 
oxide, but of crystalline aggregates; 179.7 g. of the pentoxide was used. It had a den- 
sity of 4.32. 

Screen tests were made on these materials and the results are shown in 
Table I. 

TABLE I 

SCREEN SIZES OF SAMPLES MEASURED 

Screen size As, % AszOs AszO, 

+ 35 0.25 . . .  80.6 + 48 . . 4 . 5  18.0 + 65 35.0 2 . 0  . . 
+ 100 30 0 2 .5  0 . 7  
+I50 13.5 2 . 5  . . 
+200 20.0 8 . 0  0 7 
- 200 1.25 80.5 . . 

The Specific Heats 

The heat capacities of these substances expressed in gram calories (15") 
per gram formula weight are given in Table I1 and are shown graphically 
in Fig. 1. In changing joules to calories the factor7 1/4.184 was used. 
The calculations were made on the basis of 0 = 16 and As = 74.96. 

Calculation of Entropies.-The entropy calculations were made in the 
usual manner. The experimental heat capacity curves were extended 
below the lowest measurements, so as to approach and finally coincide with 
Debye functions having the following parameters (8): for As, 275; Asz03, 

"International Critical Tables," Vol. I, p. 24. 



C. TRAVIS ANDSRSON 

TABLE 11 

HEAT CAPACITY PER GRAM FORMULA WEIGHT 
---As---- 7-ASz0a--- ----A5206--7 
T, O K .  CP T, O K .  CP T, OK. CP 

57.2 2.400 60.2 5.839 63.5 4.511 
61.1 2.458 63.9 6.200 67.1 4.947 
70.2 2.889 76.9 7.646 80.8 7.101 
80.9 3.584 89.0 8.647 91.6 8.266 
85.2 3.536 100.0 9.702 101.9 9.713 

91.0 3.703 108.1 10.55 114.0 11.57 
98.6 3.883 121.1 11.98 127.8 13.31 

115.5 4.481 132.0 12.95 143.5 15.10 
128.2 4.626 143.0 13.80 160.9 17.01 
140.6 4.800 154.9 14.90 173.2 18.41 

155.5 4.990 168.9 16.14 184.1 19.29 
174.4 5.137 181.0 16.92 168.5 17.91 
202.7 5.448 194.7 17.93 181.5 19.28 
212.7 5.536 210.4 19.00 196.9 20.70 
227.1 5.592 223.0 19.58 209.8 21.89 

242.4 5.743 241.9 20.48 222.0 22.87 
258.9 5.767 253.7 21.23 239.1 24.10 
267.2 5.734 272.2 21.83 251.1 25.08 
272.8 5.754 288.7 22.46 270.3 26.50 
285.7 5.848 291.6 22.61 287.1 27.45 

291 .O 5.900 296.6 22.78 291.7 27.69 
296.2 27.68 

141; AszOs, 240. In Table I11 are given the results of the entropy cal- 
culations. 

TABLE 111 

ENTROPIES FROX EXPERIMENTAL DATA 
As As202 

Extrap. (0-56.2) OK. 1.20 (0-56.2) OK. 3.54 
Graph. (56.2-298.1) 7.16 (56.2-298.1) 22.04 - - 
szs 8.4 + 0.2 E. U. 25.6 * 0.4 E. U. 

As206 

Extrap (0-63.1) OK. 1.94 
Graph. (63.1-298.1) 23.30 - 
szs 25.2 * 0.4 E. U. 

It was found possible to fit the molal specific heat curves of the two 
oxides by the following combinations of Debye and Einstein functions 

The arsenic trioxide combination fits the experimental results up to 
29g°K., and that for arsenic pentoxide up to 125OK. Above 125OK. the 
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experimental curve for arsenic pentoxide begins to rise above that of the 
function sum, probably due to Cp - C, becoming appreciable. Similarly, 
i t  may be that Cp and C, for arsenic trioxide are very nearly equal up to  
29g0K. 

As a means of demonstrating the average agreement between the experi- 
mental results and these combinations, the entropies a t  29g0K. were cal- 
culated, using these function sums. The results obtained are for arsenic 
trioxide 25.6 E. U., and for arsenic pentoxide 25.2 E. U., which are identical 

Temperature, degrees Kelvin. 

Fig. 1.-The heat capacities per gram formula weight of arsenic trioxide 
and arsenic pentoxide. 

with the values previously given. In calculating the entropy of arsenic 
pentoxide by use of the functions, it was necessary to add an entropy dif- 
ference of 0.17 unit, representing the difference between the experimental 
curve and the theoretical curve, in order to obtain the above values. 

Related Thermal Data 
The heats of formation of the oxides have been determined by Thornsen.* 

For arsenic trioxide he gives -154,700 Cal., and for arsenic pentoxide 
-219,400 Cal. Berthelots gives -156,400 for the heat of formation of 

8 Thomsen, "Thermochemistry," Longmans, Greene and Co., London, 1908, p. 227. 
Berthelot, "Thermochemie." Vol. IT, 1897, p. 117. 
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arsenic trioxide. Schuhmann1° determined the free energy of formatioti 
of arsenic trioxide from cell measurements. Correcting Schuhmann's result 
by the use of Eastman'sll value for the free energy of formation of liquid 
water, AF;, for arsenic trioxide was calculated to be - 137,000 Cal. Using 
the integrated Gibbs-Helmholtz equation, Schuhmann calculated from the 
temperature coefficient of his cells, over a 20' temperature range, that the 
heat of formation of arsenic trioxide was AH298 = - 153,800. Previous 
experience at this Laboratory with oxide cellsI2 has shown that free energies 
may be obtained from oxide cells with high precision, but because of the 
usually low magnitude of the cell coefficient, and the inherent fluctuations 
and polarizability of such cells, thermal values from this source are often 
not entirely satisfactory. It is justifiable, therefore, to calculate heats of 
formation from free energies and entropies, when these latter quantities 
have a high probable accuracy. In this way, using the free energy from 
Schuhmann's cell value, and the entropies of arsenic and arsenic trioxide, 
the heat of formation of arsenic trioxide was calculated as - 156,500 Cal. 
This value agrees very well with the value of - 156,400 given by Berthelot. 

In the case of the pentoxide, direct free energy data are unavailable, and 
the free energy of formation of arsenic pentoxide was calculated from 
Thonisen's value of -219,400 Cal. for the heat of formation, and the en- 
tropies of arsenic and arsenic pentoxide, to be AF,",, = - 185,400 Cal. 
All of the data are summarized in Table IV. 

In conclusion the author wishes to thank R. W. Millar for making the 
measurements on arsenic trioxide and arsenic pentoxide, and K. K. Kelley 
for his assistance in calibrating thermocouples, making the new temperature 
scale, and in fitting the Debye and Einstein curves to the experimental 
values. 

Summary 

The heat capacities of arsenic, arsenic trioxide and arsenic pentoxide 
from about 57 to 300' Kelvin have been determined, and the corresponding 
entropies calculated. The heat of formation of arsenic trioxide and the 
free energy of formation of arsenic pentoxide have been calculated. 

BERKELEY, CALIFORNIA 

lo Schuhmann, THIS JOURNAL, 46, 1445 (1924). 
l1 Eastman, Information C i r c u l a r ,  Bureau of Mines, No. 6125, p. 13, May, 1929. 
l 2  Maier, T a r s  JOURNAL, 51, 194 (1929). 



June, 1930 TIIS HBAT CAPACITY OP SILICON 2301 

[CONTRIBUTION PROM THE PACIFIC EXPERIMENT STATION, BUREAU OF MINES, UNITZD 
STATES DEPARTMENT OF COMM~BCE, IN CO~~PERATION WITH TRZ UNIVERSITY OF 

CALIFORNIA ] 

THE HEAT CAPACITY OF SILICON AT LOW TEMPERATURES1 

In continuation of its general program of determination of the heat ca- 
pacities of the various metals and oxides which are important in metallurgi- 
cal processes, the Pacific Experiment Station of the United States Bureau of 
Mines has studied an especially pure sample of metallic silicon. 

The method and apparatus used in this work are identical with those 
described previously . 3  

The sample of silicon was furnished by the Electro Metallurgical Com- 
pany of New York. According to their analysis, it  had the following com- 
position: 

99.20 C as Carbon. . . . . . . . . .  0.052 
0 017 C as SiC . . . . . . . . . . . . .  0.02 
0.009 Ni.. . . . . . . . . . . . . . . . . .  Nil 

Trace Mg . . . . . . . . . . . . . . . . . .  Nil 
. . . . . . . . . . . . . . . . . . .  Nil 0 2  0.17 
. . . . . . . . . . . . . . . . . . .  < O .  01 Nz 0.009 

Nil 
Nil 99.48% 

The analytic determination of silicon in this grade of material is difficult, 
and since the probable impurities are well accounted for, the sample may 
actualIy be 99.7% pure, i. e., 100% minus the known impurities. A 139.8- 
g. sample was studied. 

Screen tests were made, and the results are shown in Table I. The 
density of the silicon used was 2.34. 

TABLE I 
SCREEN SIZES OF SILICON 

Screen size. . . . . . . . . . . . . . . . .  +65 4-100 $150 +200 -200 
. . . . . . . . . . . . . . . .  Percentage. 2 .0  1 5  2.0 12.0 82 .5  

The Specific Heat 

Measurements of the specific heat of silicon at  low temperatures have 
previously been limited to six deterlniriations of true specific heat by Nernst 

Published by permission of the Director, U. S. Bureau of Mines. (Not subject 
to copyright.) 

Assistant Physical Chemist, Pacific Experiment Station, U. S. Bureau of Mines, 
Berkeley, California. 

Qnderson. THIS JOURNAL, 52, 2296 (1930). 
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and Schwers4 between 20 and 90°K., a few mean specific heats by Russell5 

from about 140 to 300°K., two determinations by Dewar6 and a determina- 
tion by Richards and Jackson.' The results of previous investigators are 
summarized and compared with the author's value in Table 11. 

From 
T, O K .  Mean T, O K .  Cp Investigator author's curve 

20.1 0.042 
28.2 .086 1 .I23 
39.7 
53.1 
65.6 
89.8 

82.1 to 192.7 
273.1 to 194.9 
319.0 to 275.1 

20 t o  77 (melted) 
20 to 77 (cryst.) 

85 to 293 

Nernst and Schwers 
,336 
.630 

Russell 

Dewar 

Richards and Jackson 3.55 

The results of Nernst and Schwers, the mean values of Russell and the 
mean value obtained by Dewar for the crystalline silicon are shown in 
Fig. 1. Richards and Jackson's result is not plotted as their temperature 
interval was unusually large. The results obtained in this Laboratory on 
the heat capacity of silicon expressed in gram calories (15') per gram atom 
are given in Table 111, and also are shown graphically in Pig. 1. In chang- 

HEAT CAPACITY PER GRAM ATOM OF SILICON 

T, OR. CP T ,  OK. C P  I', O K .  CP 

61.2 0.811 161.4 3.093 237.5 4.151 
65.1 .974 164.3 3.116 241.4 4.236 
75.0 1.160 165.8 3.187 246.6 4.299 
88.4 1.453 179.5 3.406 253.3 4.431 
98.8 1.695 186.9 3.539 258.2 4.383 

116.7 2.162 192.5 3.576 265.9 4.893 
129.8 2.443 196.0 3.678 283.3 4.680 
133.6 2.519 199.2 3.735 287.0 4.703 
145.5 2.760 205.3 3.807 290.4 4.685 
157.1 2.983 213.6 3.901 294.5 4.671 
158.8 3.020 222.8 4.011 296.3 4.652 

Nernst and Schwers, "Berlin Akademie der Wissenschaften Sitzungsberichte," 
355 (1914). 

Russell, physik. Z., 13, 59 (1912). 
Wewar,  Proc. Roy. Sac. (London), A89, 158 (1913). 

Richards and Jackson, Z. physik. Chem., 70, 414 (1910). 
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ing joules to calories for the results of this table, the factor8 1/4.184 was 
used. The calculations were made on the basis of Si = 28.1. The ac- 
curacy of the data do not warrant correction for the impurities present, 
none of which are significant except the silicon dioxide, and the mass con- 
tent and equivalent heat corrections nearly balance out in this case. 

0 50 100 ' 150 200 250 300 
Temperature, degrees Kelvin. 

0,  Anderson; +, Nernst and Schwers; A, Russell; X ,  Dewar. 
Fig. 1.-The heat capacity of silicon in calories per gram atom. 

Calculation of Entropy.-The entropy was calculated in the conven- 
tional manner. The experimental heat capacity curve on a Cp-log T 
chart was extended below the lowest measurement and made to  coincide 
with the Debye function having the parameter 8 = 441. The results of 
these entropy calculations are 

Extrapolated (0-56.2) OK. 
Graphical (56.2-298.1) 

Total 

The result, 4.5, differs by 0.2 E. U. from the value 4.7 given by Lewis and 
Randall9 calculated from the meager data existing a t  that time, and is 
thought to be of better accuracy, especially in view of the high purity of the 
author's sample. 

The author wishes to thank R. W. Millar for making three of the ex- 
perimental determinations. 

"International Critical Tables," Vol. I, p. 24. 
Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 

stances," McGraw-Hill Book Co., Inc., New York, 1923, p. 464. 



Summary 
The true heat capacity of silicon from 60 to 300°K. has been determined 

and its entropy a t  29B°K. calculated as 4.52 entropy units. 
BERKELEY, CALIFORNIA 

[CONTRIBUTION FROM THE RESEARCH LABORATORY, GENERAL ELECTRIC COMPANY AND 

THE DEPARTMENT OF BIOLOGICAL CHEMISTRY, ALBANY MEDICAL COLLEGE] 

THE FORMATION OF VITAMIN D BY MONOCHROMATIC LIGHTL 

BY ABRAHAM LINCOLN MARSHALL AND ARTHUR KNUDSON 

It has now been demonstrated fairly conclusively by the work of Rosen- 
heim and Websterl" and of Hess and Windaus2 that ergosterol is the parent 
substance and apparently the only sterol from which it is possible to make 
a preparation by irradiation with light which is effective in curing rickets. 
Previous to this work i t  was thought that cholesterol was the provitamin, 
but this activity has been shown to be due to  the presence of about 0.05% 
of ergosterol in the cholesterol, which can be destroyed by brominating 
the ch01esterol.l~~~~ 

Several investigators have experimented with the effect of monochro- 
matic light on cholesterol. Hess and At~derson,~ using a quartz mono- 
chromator, concluded that the upper limit of wave length which gave any 
effect was 3130 A. Light of wave length 2800 and 3020 A. produced 
material of marked potency. The energy density of radiation was 3.9 
ergs per second per sq. mm. but the total dose is not given. Sonne and 
Rekling6 have rayed rats directly with lights of various frequencies ob- 
tained from a monochromator. The wave lengths used were 366, 313, 
302-297, 280, 265, 254, 248 and 227-220pp obtained from a mercury 
arc. The area rayed was 8.1 sq. cm. and the energy density varied from 
5-0.3 X g. calories per sq. cm. per minute. All the rats were rayed 
for thirty minutes daily. In the range 302-254pp the rats were exposed 
to  approximately 1.3 X lo6 ergs daily and were protected from rickets 
by the light when fed McCollum's ricket producing diet; 248pp and 
240pp were found to have less effect and 227pp no effect. However, 
in the last three cases the energy used was considerably less than in those 
cases giving complete protection; 313pp had only a doubtful action and 

1 A report of this work was presented a t  the Swampscott Meeting of the American 
Chemical Society, September, 1928. 

la Rosenheim and Webster, Biochem. J., 21, 389 (1927). 
Hess and Windaus, Proc Soc. Exptl. Biol. Med., 24, 461 (1927). 
Windaus and Hess, Nachr. Ges. Wiss. Gottingen, Math.-phys. Klasse, 175 (1926). 
Hess and Anderson, J. Am. Med. Assocn., 89, 1222 (1927). 
Sonne and Rekling, Strahlentherapie, 25, 552 (1927). 
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366 no effect whatever. Fosbinder, Daniels and Steenbock6 have rayed 
solid cholesterol with light of varying wave lengths obtained from a mono- 
chromator. The cholesterol was fed to rats having severe rickets over a 
ten-day period. The animals were killed and healing was detected by 
means of the line test. The minimum amounts of energy required to  
produce a measurable effect 
were as follows: 234 ergs a t  
2650 A., > 350 ergs a t  2537 A., 
1170 ergs a t  2800 A. and 2730 
ergs a t  3020 A. 

In a subsequent paper7 i t  was 
found that the quantity of radi- 
ant energy necessary to form an 
amount of vitamin D from ergo- 
sterol sufficient to cause demon- Fig. 1.-The monochromator. 
strable deposition of calcium in 
the bones of a rachitic rat was constant over the range 256-293pp, 700-1000 
ergs being necessary. 

Apparatus 

A monochromator similar in design to that described by Harrison 
and Forbess was used in this investigation. 

Fig. 2.-Photograph to show purity of monochromatic 
light obtained. 

The 60' prism was made from fused quartz 135 X 135 X 135 mm. The fused 
quartz lenses had a ratio of focal length to diameter of 2 a t  2800 A. There was a con- 
siderable amount of spherical aberration with both lenses and this was corrected in part 
by the diaphragm shown in Fig. 1. This spherical aberration is largely responsible for 

6 Fosbinder, Daniels and Steenbock, THIS JOURNAL, 50, 923 (1928). 
7 Kon, Daniels and Steenbock, zbid., 50, 2573 (1928). 
8 Harrison and Forbes, J. Opt. Soc. A m ,  10, 1 (1925); see also Villars, THIS 

JOURNAI,, 49, 326 (1927). 



the considerable amount of continuous background shown in Figs. 3, 4 and 5 and for 
most of the impurity present in the individual lines in Fig. 2. The collimator slit was 
made from invar and curved slightly in order to neutralize distortion in the optical sys- 
tem and to obtain a vertical image a t  the telescope slit. Both slits were adjustable as to 
width. A Iinear Moll thermopile was mounted behind the rear slit and connected to a 
Moll galvanometer mounted on a Julius suspension. The lamp and scale were placed 
two meters from the galvanometer and the latter was found to have a current sensitivity 

of amp. for 1 mm. deflection with 
a current of 1 amp. in the magnet coil. 
A photograph of the monochromator 
is given in Fig. 1. Figure 2 gives a 
series of spectrographs taken with a 
large Hilger quartz spectrograph of the 
light incident on the telescope slit of 
the monochromator a t  various settings 
using a mercury arc as light source. 
The times of exposure a t  the different 
settings were chosen to  give roughly 
the same exposure on the plate for 
each setting, which thus gives a good 
idea of the degree of purity of the light 
obtained. The dispersion of the in- 
strument was found to  be given by 
the equation 

11 so0 
X = 1100 + - 

d 
where d is a scale in cm showing posi- 
tion of telescope slit 

Energy Calibration.-The 
thermopile-galvanometer sys- 
tem was calibrated in absolute 
units by means of a standard 
carbon lamp No. C63 supplied 

Setting on wave length scale. by the Bureau of Standards. 

Fig. 3.-Energy distribution of magnesium spark. The behind 
the telescope slit was set a t  2 

meters from the lamp. The slit width was 1.22 mm. Table I gives the 
results of the calibration. 

Length of telescope slit, 27 mm. Area of slit, 33 sq. mm. 1 cm. scale deflection = 
83 X (lo)-' watt. Incident on slit = 83 ergs per second. 

Lamp current, Energy incident Scale Incident energy/sq. mm. 
amp. on slit per sq. mm. reading per cm. deflection 

0.300 47.0 watt 1.85 25.4 (10)-8 
0.400 85.8 (10) watt 3.53 24.3 (10)-8 

Average 24.8 (10) -8 
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Light Sources.-In order to obtain monochromatic light of high intensity a t  the 
various wave lengths, a number of light sources were used and a brief summary of the 
energy distribution curves of these sources will not be out of place a t  this point. A 
magnesium spark operated by means of a rotating gap from a high voltage direct cur- 
rent outfit illustrated in Fig. 3 was used as a source of 2900 .&. as was also the high pres- 
sure mercury arc. The spark was operated with an energy input of 7.5 kw. Variation 
of the number of breaks per minute between 3600 and 24,000 made no difference in the 
light intensity. The capacity used was 0.30 mf.; when this was reduced to 0.002 mf. the 

2 3 4 5 6 7 8 9  
Setting on wave length scale. 

Fig. $.--Energy distribution in mercury arc. Rating: 83 
volts, 6.0 amps. Lower curve: front slit, 0.007"; rear slit, 0.010". 
Upper curve: front slit, 0.015"; rear slit, 0.010". Arc length, 
8.5 cm. 

spark would only take an input of 2.25 kw. a t  the original setting of the electrodes and 
this gave about 16y0 of the original light intensity. The electrodes were cylinders of 
magnesium "8" in diameter tapered a t  the end to an area l / s w  X l/4" and operated 
without any artificial cooling over long periods of time with very small wastage of mag- 
nesium. The energy distribution for this source is remarkable in having such a very 
large portion of the energy concentrated in the group of lines about 2790 A. A number 
of experiments were made raying the material directly with the light from the spark. 
Since the absorption of ergosterol is very small for wave lengths longer than 3100 A., 
this means that all the energy absorbed lies in the region 3095,2930 and 2790 a. ; 3095 
contributes 475, 2930, l8Yo and 2790, 77%. This amounts to approximately mono- 
chromatic light of wave length 2800 .&. as far as ergosterol absorption is concerned. 

Figure 4 illustrates the manner in which the intensity varies as the slit widths of the 



monochromator are changed and also give the energy distribution for the high-pressure 
mercury arc. From this source bands a t  3022 and 2804 A. were used. Figure 5 illus- 
trates the energy distribution of a low-prcssurc mercury arc and shows that the 2536 A. 
line is very strong under these conditions. It was used as a source of this wave length. 
A subsequent paper will discuss in detail the characteristics of this source. 

A quartz cadmium arc was constructed as a source of 2300 A. The anode con- 
sisted of an all-tungsten cylinder and a hot tungsten cathode was used as a source of 
electrons. The main arc tube was about 6" long and 0.25" inside diameter. Great 
care was taken in baking out the lamp and distilling in cadmium to  avoid any con- 
tamination by mercury. About 2 mm. pressure of neon was admitted to the arc before 
it  was sealed off. The bulbs containing the anode and cathode were heated so that the 
coldest portion was a t  365". This arc was operated continuously a t  4 amps. and 64 
volts for almost a week and showed no change in intensity a t  2300 A. as measured by the 
monochromator. 

5 2 3 4 5 6 7  8 9 
Setting on wave length scale. 

Fig. 5.-Energy distribution for low-pressure mercury arc. 
Mercury pressure, 0.0036 mm.; rating, 32 volts, 28.8 amps.; arc 
length, 30 cm.; front slit, 0.007"; rear slit, 0.025". 

Experimental Technique.-A solution of ergosterol in absolute alcohol 
containing 20 mg. per 100 cc. of solution was used for all the work to be 
reported. A quartz cell 0.5 cm. thick by 1.0 cm. wide by 3.0 cm. high 
was used with two sides made from ground and polished plates. The 
cell was placed in contact with the rear slit of the monochromator and 
the light path through the solution was 0.5 cm. long. Of the light incident 
on the slit, 5% was reflected a t  the polished quartz surface of the cell and 
the remainder passed into the solution. From the absorption curve

g 
for 

this solution given in Fig. 6, i t  is possible to calculate the percentage of 
the light incident on the slit which was absorbed by the solution; 40% was 
absorbed at 3022 W., 93% at  2800 A., 76% a t  2536 A. and 73% a t  2300 A. 

The test for antirachitic potency of the different preparations was carried 
out with rats, using the technique which was reported in a previous paper 
from these Laboratories.l0 

In  brief, rickets was produced in rats by feeding them the Steenbock 
rachitic diet 2965 for a period of three weeks; after this time had elapsed 
they had usually developed a marked and uniform degree of rickets. X- 

These absorption curves were made by the courtesy of the Eastman Kodak 
Research Laboratory. 

lo Knudson and Moore, J. Biol. Chem., 81, 49 (1929). 
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ray pictures were taken of the rats before starting the experiment. The 
experimental period lasted for twenty-one days and x-ray pictures were 
again taken a t  the end of the period and in many cases after seven days. 
Comparisons were made with the radiograph, taken a t  the beginning of 
the experimental period, to judge the degree of healing. A "beginning 
healing" is indicated when there is a scattering of calcium salts which cast 
a hair-line shadow in the epiphyseal region; "moderate healing" when a 
narrow band shows in the epiphyseal area; advanced "healing" when 
about two-thirds of the epiphyseal area is filled up with deposit; and 
"complete healing" when the epi- 

2.0 
physeal region is almost closed up, 
showing only a narrow cartilagi- 1.8 

nous area and the bone approaches 1.6 
its normal appearance. The radio- 

1.4 
graphic technique as developed in 
our Laboratory is in most cases as i 1.2 

> 
sensitive as the line test; however, + 1.0 

M 
there are a few instances in which 5 0,8 
we have observed that the line test 
showed perceptible healing which 
was not visible by the radiograph. 0 4 

Before irradiation with mono- 
0 2 

chromatic light the ergosterol was 
dissolved in absolute alcohol and 8 300 4 8 

the alcoholic solution after irradia- Wave length. 
was then added a measured Fig. 6.-Absorption OF ergosterol: 1 mg. in 

amount of olive oil. The alcohol l o  cc. of absolute alcohol, I-cm. layer. 
was distilled off from the olive oil 
under reduced pressure, below a temperature of 60°. The test preparation 
dissolved in olive oil was then diluted with appropriate amounts of oil in 
order to have a concentration suitable for administration to  the rat. In  
all cases we have diluted the preparations so that the dose required for 
administration was dissolved in 0.05 cc. of oil, and this was given directly 
into the mouth by means of a capillary pipet. 

In arriving a t  the maximum potency of the preparation we would start 
with the dilution which we considered would give a beginning or moderate 
healing. We then diluted the preparations in the order of five-fold and 
tested them until we found a preparation that would give a beginning 
healing, and one that was negative. In certain instances we were unable 
to carry this procedure to the extinction point due to a lack of material, 
because of the fact that some of these preparations were radiated as long 
as seven days contini~ously, and the amount that we could irradiate a t  
one time was 0.3 mg. 



Results 

Experiments were first made on the effect of varying light intensity on 
the minimum daily dose of radiated ergosterol necessary to show the first 
incidence of healing. In all exposures in a given experiment the product 
of intensity and time was kept constant. If the production of the vita- 
min varies directly with the light intensity, the minimum dose obtained 
from all these preparations should be constant. The magnesium spark 
was used as a light source and the light intensity varied by a hundred- 
fold by moving the specimen progressively further from the source. Table 
I1 gives the result of these experiments. 

Time of radiation, Distance from Approx. energy11 Daily minimum dose, 
seconds spark. cm. absorbed, ergs mg. 

2 30 2000 1/2500 
20 100 2000 1/2500 

200 300 10,000 1 /500 

I n  ensuing experiments the wave length was varied from 3022 A. to 
2300 A. and the time of exposure varied 30,000-fold in some cases The 
data are given in Table 111. Column 1 gives the light incident per second 
on the rear slit of the monochromator; Col. 4 the total energy absorbed 
by 0.3 mg. of ergosterol present in the cell during the period of radia- 
tion; Col. 6 the minimum amount of the radiated ergosterol which had 
t o  be fed daily to show perceptible healing by a radiographic method after 
three weeks and Col. 5 gives the amount of energy received by the ergo- 
sterol which produced this healing effect; this energy is thus the mini- 
mum amount necessary to produce a perceptible effect. Part of the 
experiments with 2800 A. were performed using the magnesium spark 
as a source without recourse to monochromator; in this case the energies 
are estimated by comparison with other experiments using the monochro- 
mator. 

Figure 7 shows a plot on logarithmic paper of the results of Table 111. 
The minimum daily dose is shown as a function of the total energy ab- 
sorbed by the constant amount of ergosterol which was irradiated for each 
experiment. The log-log plot is used to condense the wide range covered 
into a single plot. In the initial stages of irradiation the minimum dose 
varies inversely with the amount of energy absorbed; this shows that 
the amount of vitamin D formed is directly proportional to the light ab- 
sorbed. With prolonged irradiation this linear relationship no longer 
holds, the net amount of vitamin D obtained being smaller for each suc- 
ceeding period and finally a stage is reached where there is a loss of the 

This is the total energy absorbed by the ergosterol which was fed to the rat 
over a period of 21 days and which produced a beginning healing. 
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TABLE I11 
EXPSRIMENTAL DATA 

Light Time of Total energy Minimum energy 
intensity, exposure, A absorbed in received by Daily minimum 
ergs/sec. sec. in A. cell, ergs rat in 3 weeks dose, mg. 

2500 240 3022 2 .  4(10)5 16,000 1/1000 
2500 2400 . . 2 4(10)6 13,000 l/12,500 

Mg 
spark 
direct 

vitamin with further irradiation. I t  is thus evident that we are dealing 
with two simultaneous reactions of light: first, a synthesis of vitamin D 
from ergosterol and second, a desiruction of the vitamin. As the reac- 
tion proceeds the ergosterol concentration is decreasing and the vitamin D 
increasing, so that in the later stages the destructive role of the light 
predominates. We have only carried out prolonged irradiations a t  2800 
A. and 2536 ,&., since these experiments require intense sources of light 
to enable one to carry them out in a reasonable time; at  2536 A. the longest 
period of irradiation was seven days and to obtain a similar amount of 
energy at 2300 A. would have taken five weeks. In the two cases investi- 
gated the results were identical and there is no reason to assume that the 
results with other frequencies would have been different. Vitamin D 
has to absorb light in the same wave length region as ergosterol in order 
to be destroyed by light of the same frequency as that which forms it. 
About 108 ergs of light energy were necessary to produce the maximum 
concentration of vitamin D in 1 mg. of ergosterol dissolved in 5 cc. of 
absolute alcohol. From these results it is now possible to state that a 



concentration of vitamin I) corresponding to a minimum daily dose of 
1/125,000 mg. is the maximum concentration which can be produced by 
direct irradiation of ergosterol. The results for all the wave lengths 
are identical within the accuracy of the biological method used for testing. 

Tanret12 gives the formula C ~ ~ H ~ ~ O . H Z O  for ergosterol, which gives i t  a 
molecular weight of 400. One milligram of ergosterol contains 1.5 X 1018 
molecules. A quantum of 2800 A. contains 7 X 10-l2 ergs. Two thousand 
ergs of 2800 A. absorbed by ergosterol and fed to a rat with rickets over a 

period of three weeks produced a perceptible healing. This amount of 
energy contains 3 X 1014 quanta. The rat received 1/150 mg. of the irra- 
diated material over a period of three weeks or about 1016 molecules. The 
purest preparation of vitamin D which has been prepared by Bourdillon and 
Webster13 produced a perceptible healing with 1/20,000 mg. fed over a 
three-week period, so that if we assume this preparation to have been 
pure vitamin D, our material in this case contained about 0.7% of the 
vitamin or approximately 1014 molecules. This means that 1 quantum 
produces on the average 0.3 molecule of vitamin D. In another experi- 
ment where a concentration of 16% vitamin D was reached, 3.7 X 10" 

l2 Tanret, Compt. rend., 147, 75 (1908). 
l3  Bourdillon and Webster, Proc. Roy. Soc. (London), 104B, 561 (1929). 
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quanta produced 7.2 X 101%olecules of the vitamin, giving a quantum 
efficiency of 0.20. Pourteen-fold increase in the amount of radiation re- 
ceived by the sample increased the vitamin 11 concentration t o  35%; 
in other words, 5.3 X 1Ois quanta produced 16 X 1016 molecules of vita- 
min D instead of l X 1018 molecules as calculated from the quantum 
efficiency in the previous experiment. There were only 4.5 X lo1' mole- 
cules of ergosterol present in the cell; this means that the quantum effi- 
ciency for the transformation of vitamin D to some inert substance is 
greater than for its production from ergosterol. It is evident from these 
experiments that vitamin D must itself possess a strong absorption band 
in the same region as ergosterol, contrary to the work of Heilbron, Morton 
and Kamin.14 Since this work was completed two papersl5>l6 have been 
published giving experimental proof that the absorption spectrum of vita- 
min D occurs in the same spectral region as that of ergosterol. Smakula 
has shown that a solution of ergosterol from which air is not excluded 
completely loses its characteristic absorption spectrum after standing for a 
few months. He has measured the absorption spectrum of a solution of 
ergosterol during the course of radiation and found a t  first a slight de- 
crease in absorption and then an increase followed later by a decrease 
and disappearance of the characteristic absorption. On the basis of a 
rather questionable rate of disappearance of ergosterol he calculates the 
absorption spectrum for vitamin D with two maxima a t  293 and 260pp. 
Bourdillon and Webster have examined the absorption spectra of irra- 
diated ergosterol solutions both before and after the removal of ergosterol 
and have found maxima a t  270 and 280pp which they believe to be due 
to vitamin D. The material with an absorption maxima a t  240pp is 
formed by radiation from vitamin D and has no antirachitic action; it 
in turn is changed by further irradiation to a substance showing no specific 
absorption. The extinction coefficient for a substance which they think 
is mainly vitamin D is 40% greater than that of ergosterol and the absorp- 
tion curve is practically the same shape. They have prepared a material 
whose biological action can be detected radiographically in doses of 1/400,- 
000 mg. daily and we have assumed that this material is pure vitamin D 
in calculating quantum efficiencies in this paper. 

Summary 
1. Several intense sources are described for obtaining monochromatic 

light of various wave lengths. 
2 .  The rate of production of vitamin D from ergosterol is proportional 

to the first power of the light intensity. 
l4 Morton, Heilbron and Kamm, J. Chem. Soc., 2000 (1927). 
l5 Smakula, Nt~ch. Ges. TViss. Gottingen, Math.-phys. Klasse, 49 (1928). 
1"ourdillon, Pischmann, Jenkins and Webster, Proc. Roy. Sac. (London), 104B, 

561 (1929). 
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3. The rate of production of vitamin D is directly proportional to the 
number of light quanta absorbed by ergosterol and independent of the 
wave length of the light used. 

4. Vitamin D absorbs in the same wave length region as ergosterol 
and is destroyed by light of the same wave length as that which forms it. 

5. The highest concentration of vitamin D which can be produced 
by direct irradiation of ergosterol is 35%. This is an absolute maximum 
and the probable value is lower. 

6. The quantum efficiency is 0.3 molecules of vitamin D per quantum 
of light absorbed. 

SCHENECTADY, NEW YO= 

[CONTRIBUTION NO. 31 PROM THE EXPERIMENTAL STATION, E. I. DU PONT DE NEMOURS 
AND COMPANY ] 

REDUCTION OF METAL OXIDES BY HYDROGEN 

A common method for the preparation of metal catalysts consists in 
first preparing a finely divided oxide and then reducing the oxide with hy- 
drogen. Usually the lower the temperature of reduction the greater the 
catalytic activity. Low temperature means a slow process of reduction. 
The present article is concerned with a new method for studying the rate of 

n reduction. Nearly all prior work in this field has been 
done by passing hydrogen over the heated oxide and col- 
lecting and weighing the water formed a t  definite time 
intervals. The present method involves following the rate 
of reduction by measuring the volume of hydrogen con- 
sumed. 

Method.-The essential feature of the apparatus is shown in 
Fig. 1. Platinum wire was wound on a mica cylinder to make a 
small electric heater, 2 by 6 cm. This heater was suspended on 
stout nickel wires in a pyrex vessel. The nickel wires were brazed 
to tungsten wires for sealing through the ground stopper of the vessel. 
These stout wires served both as supports and electrical leads. A 
small glass tube sealed to the stopper extended to the middle of the 
heater and served as a well for a fine-wire chromel-alumel thermo- 
couple. The bottom of the mica cylinder was closed with a piece 
of platinum gauze wedged on the inside. 

The rest of the apparatus consisted of a compensated gas buret, 
electrolytic hydrogen generator, and Hyvac pump. Electrolytic hy- 

Fig. 1. drogen was generated from sodium hydroxide with nickel electrodes, 
passed over a glowing platinum wire to free i t  from traces of oxygen, 

and dried by Dehydrite. Suitable stopcocks were prbvided so that the buret could be 
refilled rapidly and repeatedly during the course of a run. 

The heater was charged by putting a layer of porcelain chips in the bottom, then 
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the oxide, usually three cubic centimeters, and more chips on top. This insured a bed 
of reacting material in the middle of the heater surrounding the thermocouple hot- 
junction. The oxide was then heated in air and finally in a vacuum before admitting 
hydrogen to the vessel in order to drive out moisture and adsorbed gases. During a 
run the vessel was immersed in a bath a t  constant temperature, usually running tap 
water. The temperature of the bath definitely fixed the partial pressure of water vapor 
during a run just as soon as any of the water formed by the reduction condensed on the 
walls. Runs in an atmosphere of dry hydrogen were made by surrounding the vessel 
with a bath of solid carbon dioxide in methanol or by putting phosphorus pentoxide 
directly in the vessel. 

The heat capacity of the charge and heater was only a few calories, so that it was 
possible to raise the temperature to 450' in three or four minutes with the current re- 
quired to hold that temperature during a run. The heating current was drawn from a 
storage battery, and by merely keeping an ammeter a t  a definite mark, constant tem- 
perature was easily maintained. 

In starting a run the gas buret was only partly filled with hydrogen, to allow for 
expansion on heating the charge. Correction for the expansion was obtained by a pre- 
liminary calibration with porcelain chips in the heater. Table I shows the complete 
data of a typical run. In this case the correction for expansion on heating the sample 
from 25 to 400 O was 35 cc. ; from 400 to 450" the correction was 3.5 cc. 

TABLE I 
RATE OF REDUCTION OB NIO, SUPPORTED (0.6 GRAM NICKEL) 

Run No. 15. Bath temperature, 21.5O 
Heating Consumption of Hz, 
current, Buret readings cc. Ha, 

Time OC. amp. Cc. Refill, cc. Minutes 25°C.. 1 atm. 

9:51 25 5.30 7.0 
9 :53 300 5.30 23.1 
9 :55 390 5.30 7.6 4 34.4 
9 :56 400 5.30 0 50.2 
9 :58 400 5.30 34.2 7 58.0 

1O:Ol 400 5.30 23.1 10 69.1 
10:04 400 5.30 13.8 13 78.4 
1O:OQ 400 5.25 4.1 50.0 18 88.1 
10:19 400 5.25 35.6 28 102.5 
10 :29 400 5.25 26 9 38 111.2 
10 :39 400 5.25 21 . O  48 117.1 
10:49 400 5.25 16.7 58 121.4 
11 :00 400 5.25 13 4 69 124.7 
11:17 400 5.22 8.5 86 129.6 
11 :32 400 5.22 5 3 101 132.8 
11:47 395 5.22 2 .5  116 135.6 
11:57 395 5 22 1 4  49.2 126 136.7 
12:50 395 5.22 41 9 179 144.0 
1 :30 395 5.70 38.5 219 147.4 
1 :33 450 5.70 42 0 
1 :40 450 5.65 36 2 229 153.2 
1 :45 450 5.65 32.0 234 157.4 
1 :55 450 5.65 26 3 244 163.1 
2 :06 450 5.65 21 7 255 167.7 
2:26 450 5.65 15.7 275 173.7 
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In  most cases the samplrs were prepared as granules 8- to  14-mesh. Unless other- 
wise stated all reductions were carried out in hydrogen saturated with moisture a t  10 
t o  25", i. e., the reaction vessel was kept in running tap water. The volume of hydrogen 
measured for any reduction experiment includes that  adsorbed by the sample above 
room temperature or desorbed on heating. In  most cases such effects arc negligible. 

Minutes. 

Pig. 2.-Curve I,  NiO by ignition of the oxalate a t  400°; IT, 
NiO on kieselguhr; 111, CuO by ignition of the oxalate; IV, 
CuO, wire form; 1, temperature change. 

Reduction of Single Oxides.-In Fig. 2 are shown some representative 
results with nickel and copper oxides in hydrogen saturated with water 
vapor a t  about 20'. Nickel oxide on a kieselguhr support proved much 
more difficult to reduce than a sample of unsupported material1 Whether 
the curve for copper oxide is autocatalytic in character depends largely on 
the individual sample. The work of Wright, Luff and Rennie2 and of 
Pease and Taylor3 shows that the reduction occurs a t  the metal-metal oxide 

Rideal and Taylor, "Catalysis in Theory and Practice," The Macmillan Co., 
London, 1926, p. 242. 

Wright, luff and Rennie, J. Chern. Soc., 33, 1 (1878); 35, 475 (1879). 
Pease and Taylor, THIS JOURNAL, 43, 2179 (1921). 
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interface. If, a t  the beginning of the reduction, relatively few interfaces 
are developed, a curve showing an induction period followed by auto- 
acceleration is obtained as wlth the wire-form sample. 'I'he result with the 
other sample of copper oxide, prepared from the oxalate, may be explained 
on the assuinption of the initial formation of a large number of interfaces. 
One of the samples checks the observations of Pease and 'raylor and the 
other those of I,arson and Smith.4 The mechanism of nickel oxide reduc- 
tion is probably the same as that for copper oxide." 

Figure 3 shows some representative results on the rate of reduction of 
ferric oxide. Sample XI1 was prepared by precipitating a solution of 
ferric nitrate (10 g. of Fe(N03)3.9H20 per 100 g. of 1-120) with 7y0 am- 
monium hydroxide solution, washing free from nitrate, and drying a t  150°. 
Sample XXVII was prepared from the same salt and alkali four times as 

Larson and Smith, ibid , 47, 346 (1925). 
Benton and Emmett, THIS JOURNAL, 46, 2728 (1924); Pease and Taylor, ibid., 

44, 2179 (1922). 
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concentrated. Curve I1 is typical of many preparations of iron oxide gel. 
There is a slight reduction a t  250'. On raising the temperature to 350' 
the reduction rises sharply to 11010, which corresponds to reduction of Fez03 
to Fe304. The rate then slows down. On raising the temperature to 450' 
the reaction proceeds steadily until all the oxide is reduced to metal. 
Sample XXVII, precipitated from the more concentrated solutions, re- 
duced to Fe304 at  as low as 250'. 

Curve I of Fig. 3 merely shows the slope of the reduction curve a t  440° 
when the reaction vessel was kept a t  -78O and consequently the vapor 
pressure of water is less than 0.001 mm. The rate is somewhat faster than 
when the vessel was kept in running water (Curve 11). The rate of re- 
duction at 250 and 350' in dry hydrogen was substantially the same as in 
wet hydrogen and is not shown in the figure. 

The effect of sintering is strikingly shown by Curve 111. Sample XI1 
was heated in an electric muffle a t  900° for twenty hours and then reduced. 
There was no reaction at  350'. At 450° the reduction apparently goes to 
metal since there is no break in the curve at  the Peso4 stage. 

Several samples of precipitated oxide were prepared by varying the con- 
centration, the nature of the ferric salt, or that of the alkali. All gave 
results similar either to Curve I1 or IV of Fig. 3. The use of potassium 
instead of ammonium hydroxide did not alter rates of reduction, and this 
alkali was used for coprecipitating iron and other metals. It will be noted 
that iron oxide is not reduced autocatalytically. Benton and Emmetts 

have already pointed this out. 
Glow Phenomenon.-Nearly all our samples of ferric oxide showed 

the gel-glow phenomenon6 when heated in hydrogen. Figure 4 shows the 
most conspicuous example. The bottom curve shows the reaction rate, 
the middle one the current supplied the heater, and the top the tempera- 
ture registered by the thermocouple, all plotted against time. The tem- 
perature rise during the first few minutes is extremely rapid, so rapid that 
the actual temperature reached by the oxide is no doubt higher than that 
registered by the thermocouple. This effect does not occur when the ma- 
terial is heated in air or in vacuum. Some reduction must occur before the 
glow can take place. On the other hand, it is possible to reduce the sample 
by heating it slowly without the glow being evident. While the reaction 
between hydrogen and ferric oxide to give ferroso-ferric oxide is strongly 
exothermic, the data given in the figure show conclusively that this reaction 
is too slow to account for the sudden temperature rise. 

Reduction of Mixed Oxides.-Mixed oxides of nickel, copper and silver 
with iron were prepared by coprecipitation of solutions of sulfate or nitrate 

L. Wohler, Kolloid-Z., 11, 241 (1913). For a discussion of theglow phenomenon; 
see H. B. Weiser, "The Hydrous Oxides," McGraw-Hill Book Co., New York, 1926, 
pp. 78-81. 
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by potassium hydroxide. The precipitates were washed and then electro- 
dialyzed until free of the negative ion. They were dried a t  102O before 
placing in the reduction apparatus. The metals were present in about 
equal-atom proportions. 

Figure 5 shows the effect of added nickel. It is of course impossible to  
tell which oxide is being reduced the faster, but the slopes of the curves a t  
450' indicate that the nickel accelerates the final reduction of the iron, 
since nickel oxide is probably completely reduced before this temperature 
is reached. Silver and copper gave results of similar character, hence i t  
may be concluded that the presence of a foreign metal interface speeds iron 
oxide reduction. In  the test with silver, silver oxide was dissociated by 
heating in vacuum before reduction was started. 

Minutes. 

Fig. 4.-Reduction of Peso3 showing glow phenomenon. 

Figure 6 shows the effects of oxides that cannot be reduced by hydrogen 
to metal. Mixed oxides of iron and chromium and of iron and aluminum, 
equimolar, were prepared by precipitation. These oxides materially low- 
ered the rate of reduction of the iron oxide a t  450°, but if the chromium 
oxide was mixed mechanically by grinding with ferric oxide, no such effect 
occurred. Emmett and Love7 also found that even as small amounts of 
coprecipitated A1203 as 1.5y0 reduced the rate of reduction of Fe30c t o  
metallic iron. 

The curves in Fig. 6 show that the amount of hydrogen consumed at 
Emmett and Love, J. Phys. Chem., 34, 56 (1930). 
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360' was greater than that required to  reduce the Fe203 to Fea04. 'She 
CrzOg in the material reduced according to Curve I1 was prepared from an 
hydroxide gel made from the sulfate and ignited to 450' in air. It was 
then of a dark green color, but when reduced by hydrogen i t  became bright 
green. This bright green material was used in preparing the mechanical 
mixture for Curve 11. 

A 3-g. sample of the coprecipitated l?e20a-Cr203 used in obtaining Curve I 
was placed in the apparatus, heated to 250' in vacuum, and cooled to  room 
temperature. Oxygen was then admitted and the sample heated, eventu- 
ally to  380'; 40 cc. of oxygen was consumed, indicating oxidation of CrzOa. 
The apparatus was then cooled to room temperature and the oxygen re- 
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placed by hydrogen. This oxidized sample was then reduced as usual, 
giving results similar to those shown in Curve I, save that 80 cc. addi- 
tional hydrogen equivalent to  the above quantity of oxygen was consumed 
at  238'. 

It was further found that pure Cr203, after being heated in the air, liber- 
ated iodine from acidified potassium iodide solution. 

Coprecipitated zinc and ferric oxides from nitrate solutions yielded a 
product difficult to purify. Electrodialysis could not be used t o  purify 
this material. The precipitate was washed on a filter and dried a t  102' 

0 20 40 60 80 100 120 140 
Minutes. 

Fig. 6.-Curve I, Fe203-Cr203 coprecipitated; 11, Fe2O3-Crz03, me- 
chanical mixture; 111, Fe203-A1203 coprecipitated; t ,  temperature 
change. 

and analyzed 25% iron. The sample in the reduction apparatus was 
heated for ninety minutes a t  250' and fifteen minutes a t  350' to  decompose 
traces of nitrates. Thereafter a reduction experiment gave a curve much 
like Curve 11, Pig. 6. In  this case the non-reducible oxide did not slow 
down reduction of the iron oxide a t  450'. 

Pigure 7 shows the rate of reduction of ferrous oxide. The oxide was 
prepared by decomposing ferrous oxalate in a vacuum in the reduction 
apparatus by slow heating to 400'. It did not come in contact with air 
before reduction. After reduction the iron powder was brilliantly pyro- 
phoric, giving a shower of sparks as i t  was poured from the heater. 

There have been several instances mentioned in the recent literature 
indicating the reduction of zinc oxide a t  low temperatures. Rogers8 

Rogers, THIS JOURNAL, 49, 1432 (1927). 
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completely reduced a fused mixture of cuprous oxide and zinc oxide with 
hydrogen at 300'. Frolich, Davidson and Fenske

g 
found evidence for 

the reduction of zinc oxide in the presence of copper oxide by methanol 
vapor a t  220'. St. Johnlo claims to have detected reduction of pure zinc 
oxide by hydrogen a t  as low a temperature as 310'. Taylor and Kistia- 
kowskyll in their work on adsorption of hydrogen by pure zinc oxide 
noted gray spots formed on the oxide in a hydrogen atmosphere. 

Minutes. 

Pig. 7.-Reduction of PeO. 

In  view of these observations and the fact that zinc oxide is generally 
considered as non-reducible below the melting point of zinc, calculations 
were made to determine the conditions under which crystallized zinc oxide 
might be expected to be reduced by hydrogen. 

The free energy of the reaction 

ZnO(s) + Hz(g) = 2 4 s )  + HpO(g) (1) 

may be used to calculate the partial pressure of water vapor which must 
not be exceeded, if the zinc oxide is to be reduced, by the relation 

A F o  = -KT In K 
where K = [ H z ~ ] /  [HZ]. 

The free energy of Reaction 1 was calculated by combining the two re- 
actions 

ZnO(s) = Zn(s) + l/zOz(g) (2) 
H2k) + '/2(02)(8) = HzO(g) (3) 

For Reaction 2,12 

AFO = 83,285 + 1.61Tln T - 0.26 X 10-3T2 - 0.645 X 10-'T3 - 34.23 T 

Frolich, Davidson and Fenske, Ind. Eng. Chem., 21, 109 (1929). 
lo St. John, J. Phys. Chem., 33, 1438 (1929). 
l1 Taylor and Kistiakowsky, THIS JOURNAL, 49, 2468 (1927). 
l2 Maier and Ralston, THIS JOURNAL, 48, 371 (1926). 
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and for Reaction 3,15 
AFo = -57,410 + 0.941.In T + 1.66 X 10-aTP - 3.7 X 10-7Ta $. 3.92T 

Adding these equations to get for Reaction 1 
AFo = 25,875 + 2.55 T In T + 1.39 X 10-3T2 - 4.345 X 10+T3 - 30.311. 

then for 300°, A F O  = 18,100 and for 41g0, the melting point of zinc, AFO 
= 16,950 calories. 

In the presence of copper the compound Cu2Zn3, a constituent of brass 
can be formed. The heat capacity of brass is substantially the sum of the 
heat capacities of copper and zinc entering into its formation, so that A H  
may be taken equal to AFO, assuming the heat capacity of brass remains 
additive all the way to O°K. 'I'he heat of formation of CuzZns is 16,000 
calories,'* so that for each gram-atom of zinc A F O  = -5300. 

The following table gives the calculated partial pressures of water vapor 
that will prevent the reduction of zinc oxide when the hydrogen pressure is 
one atmosphere. 

EQUILIBRIUM CALCUI,ATIONS 
Water vapor press., 

O C .  A F" K mm. Hg 

Pure ZnO 300 18100 1 . 3  x 10-~  0.0001 
Pure ZnO 419 16950 4 4 X 10-6 0.0033 
ZnO + Cu 300 12800 1.3 X 0.01 
ZnO + Cu 419 11650 2 x lo-* 0.15 

An experiment was carried out to see if zinc oxide alone could be ap- 
preciably reduced under the most favorable conditions possible with our 
apparatus. Three grams of an especially pure form of zinc oxide was 
heated in hydrogen a t  516O for one hour while the walls of the vessel were 
cooled to -78' by solid carbon dioxide in methanol. The measured 
hydrogen consumption was less than 2 cc., which is within the experimental 
error under the extreme conditions of the test. After the experiment the 
oxide showed gray spots like those described by Taylor and Kistiakowsky. 

Three samples of mixed oxides of copper and zinc were prepared as 
follows. No. XX1X.--A solution of copper and zinc nitrates was added t o  
potassium hydroxide solution in calculated equivalents to insure complete 
precipitation. The precipitate was washed on the filter and dried a t  102O ; 
analysis: 35.46y0 Cu, 26.14% Zn. Before reduction it was heated in the 
apparatus in vacuum to decompose traces of nitrate before hydrogen was 
admitted. 

No. XXX1.-Pure zinc and copper oxides were ground together to pass 
a 100-mesh sieve and made into pellets in a pill machine; analysis: 40.57% 
Cu, 39.12% Zn. 

'3 Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw-Hill Book Co., New York, 1923, p. 485. 

l4 Biltz, Z. anorg. allgem. Chem., 134, 25 (1924). 
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No. XXXI1.-Sample was prepared the same as No. XXXI, then heated 
in'a muffle at 900' overnight and blasted for half an hour in an oxygen-gas 
fl&e; analysis: 41.81% Cu, 38.57% Zn. 

Sample No. XXIX was heated in wet hydrogen (reaction vessel in water) 
for 145 minutes, raising the temperature stepwise to 360'. Hydrogen 
equivalent to CuO in the sample was consumed at  238' and there was no 
further reduction a t  360'. On raising the temperature to 440°, there was a 
small consumption of hydrogen and then no reaction in thirty minutes. 
The vessel was then surrounded by the cold bath a t  -78O and reduction 
proceeded steadily a t  460' a t  a uniform rate for an hour until the experi- 
ment was discontinued. Tests with Sample XXXI under nearly the same 
conditions were quite similar. With phosphoric oxide in the vessel there 
was a slow but measurable reduction of the zinc oxide a t  365'. After re- 
ducing the copper oxide in sample XXXII, condensed water was removed 
and phosphoric oxide put into the vessel. The reduction of the zinc oxide 
was then allowed to proceed for eight hours a t  360'. 

After the three samples were reduced, they were washed with dilute hy- 
drochloric acid to dissolve zinc oxide and examined by x-rays. A chemical 
analysis of one of the samples was also made. Below are summarized the 
data of the examination of the reduced samples which prove that alpha 
brass was formed in all cases. 

Calcd. % Zn in 
--X-ray examination---. brass from re- Chemical 

Sample no. Cube edge, A. % Zn in brassa duction data analysis 

XXIX 3 636 10 12 13% Zn, 84 5% Cu 
. . . . . .  XXXI 3.643 15 15 

XXXII 3 625 8 9 . . . . . .  
" Calculated by comparison with data for alpha brasses given in "International 

Critical Tables," McGraw-Hill Book Co., New York, 1926, p. 350, Vol. 1. 

There thus appears to be nothing mysterious about the reduction of 
zinc oxide in the presence of copper. It is simply a case of carrying out 
the reduction in a sufficiently dry atmosphere, to be on the right side of the 
equilibrium position. A sufficiently dry atmosphere of hydrogen in the 
case of zinc oxide alone, a t  temperatures a t  which i t  can be reduced in the 
presence of copper, is difficult if not impossible to realize experimentally. 

The authors wish to thank Dr. A. W. Kenney of this Laboratory for 
making the x-ray examinations, and Dr. H. G. Tanner, also of this Labora- 
tory, for assistance in the free-energy calculations. 

Summary 
1. A new method for studying the rate of reduction of metal oxides a t  

temperatures below 500' has been described. In this method the volume 
of hydrogen consumed is measured. 
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2. Results with this method for nickel, copper, iron and zinc oxides 
have been presented. 

3. Ferric oxide gel is reduced to ferroso-ferric oxide a t  350° and t o  
metallic iron a t  350°. Ignited ferric oxide is not reduced a t  an appreciable 
rate a t  350' and goes to metal a t  450°. 

4. Foreign metal interfaces with iron oxide accelerate the reduction t o  
iron. 

5. Alumina and chromium oxide greatly retard reduction of ferroso- 
ferric oxide. 

6. Perric oxide gels show the glow phenomenon in hydrogen a t  fairly 
low temperatures, but not in air or in vacuum. 

7. The thermodynamics of zinc oxide reduction in the presence of copper 
have been worked out, giving an explanation in the formation of alpha brass. 

WILMINGTON, DELAWARE 

[CONTRIBUTION FROM THE COBB CHEMICAI, LABORATORY, UNIVERSITY OP VIRGINIA, 
No. 581 

ADSORPTION OF HYDROGEN BY NICKEL AT LOW 
TEMPERATURES1 

BY ARTHUR F. BENTON AND T. A. WHITE 

Introduction 

Although it is now recognized that the occurrence of catalytic reactions 
at solid surfaces is intimately connected with the nature and extent of the 
adsorptions oi the reacting species and products, nevertheless, attempts t o  
obtain a quantitative treatment of the relations involved have met with 
little success. The main difficulty appears to be the lack of an adequate 
general theory of adsorption a t  catalytically active surfaces. 

Numerous adsorption  measurement^,^ especially by Taylor and his co- 
workers, have shown that adsorption of gases may be accompanied by 
more or less "activation" of the adsorbed molecules, and that  this activa- 
tion is a prerequisite to any marked catalytic action of the solid. It is 
known that this activation is conditioned by the chemical rather than the 
physical properties of the substances involved, but its occurrence is un- 
predictable theoretically. Experimentally, however, the two limiting 
types of adsorption, the "secondary" type involving little or no activation 
and the "primary" type in which relatively great activation occurs, can be 

Presented before the Division of Physical and Inorganic Chemistry a t  the 77th 
Meeting of the American Chemical Society, Columbus, Ohio, April 29-May 3, 1929. 

Critical summaries of the extensive work in this field may be found in the  follow- 
ing papers: Taylor, J. Phys. Chem., 28, 897 (1924); 30, 145 (1926); Proc. Roy.  Soc. 
(London), A113, 77 (1926); Taylor and Kistiakowsky, 2. physik. Chem., 125, 341 
(1927); Langmuir, THIS JOURNAL, 38, 2221 (1916); 40, 1361 (1918). 
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readily distinguished by the fact that at  moderate temperatures and pres- 
sures the extent of adsorption is much less dependent on these variables 
in the latter case than in the former. This fact is interpreted to mean 
that  in primary adsorption even a t  low pressures the surface is largely 
covered with a unimolecular or monatomic layer of adsorbed gas, whereas 
in the secondary type either the unimolecular layer is far from complete 
or multimolecular layers are formed. 

It appeared to us that considerable light might be thrown on these ques- 
tions by carrying out adsorption measurements on an active catalyst under 
conditions where one type of adsorption merged into the other, a behavior 
which might be expected at low temperatures or at  high pressures. The 
present paper deals with the adsorption of hydrogen by active nickel at  
pressures up to one atmosphere and over a range of temperatures down 
to  61°K. 

The adsorption of hydrogen by nickel a t  temperatures above O0 has 
received some attention from numerous investigators. Gauger and 
T a y l ~ r , ~  using temperatures from 25 to 305O and pressures from zero to one 
atmosphere, found that the adsorption reached a constant value at  rela- 
tively low pressures, but that this constant value decreased as the tempera- 
ture was raised. Terwen4 concluded from these data that a t  higher tem- 
peratures the amount adsorbed approached asymptotically a value half 
that a t  lower temperatures, and that the adsorption occurred as atoms at  
the higher temperatures and as molecules a t  the lower. 

Although the adsorption of gases by charcoal has been measured a t  low 
temperatures, mainly in connection with the production of high vacua, 
little has been attempted along this line with catalytically active materials. 
Von Hemptinne5 brought hydrogen, and in other experiments carbon mon- 
oxide, into equilibrium with platinum a t  - 78' and then allowed the system 
to  warm gradually to room temperature. From observations of the pres- 
sure a t  a series of temperatures, he concluded that the gas adsorbed a t  low 
temperatures is gradually evolved on warming, until a temperature of 
about -40' is reached, when a rapid increase in adsorption occurs. A 
similar phenomenon was observed with palladium and carbon monoxide. 
Nikitin6 has recently reported adsorption measurements of hydrogen on 
nickel a t  three temperatures, -185, 19 and 336", and finds that the ad- 
sorption is less at  - 185 than at  lgO. 

Experimental Method and Apparatus 
Apparatus and Procedure.-The method of measuring the adsorption was the usual 

one which consists in a comparison of the volume of the gas required to  fill a bulb con- 

Gauger and Taylor, THIS JOURNAL, 45, 920 (1923). 
Terwen, Chem. Weekblad, 21, 386 (1924). 
Von Hemptinne, 2. physik. Chem., 27, 429 (1898). 
Nikitin, J. Russ. Phys.-Chem. Soc., 58, 1081 (1926). 
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taining the adsorbent at  a given temperature and pressure, with the corresponding 
volume of an unadsorbed gas, in this case helium, which is required to fill the bulb a t  the 
same temperature and pressure. A number of measurements were made with an appa- 
ratus of the type now commonly used, which has been described by Pease.? To  obtain 
more certain protection against the possibility of ieaks at stopcocks, however, a modified 
type was constructed and employed for all experiments subsequent to Run 33. 

The new apparatus, shown in Fig. 1, differs from the type used in earlier investiga- 
tions in this Laboratory mainly in that all stopcocks exposed to vacuum are replaced 
with mercury seals. Pyrex glass is used throughout, and the capillary parts are of 1 
mm. bore. The adsorption bulb A, of approximately 50 cc. capacity, communicates 
by capillary tubing with the mercury seal C which leads to the Topler pump, with the 
closed manometer B of 6 mm. bore, and with the mercury seal E, of 16 mm. bore, the 
essential purpose of which is to obviate the necessity of maintaining the stopcock G 
under vacuum for long periods of time. The capillary at  E, sloping slightly downward 
to the left, facilitates admission of gas from F without danger of mercury droplets being 
driven into the capillary D. H is a water-jacketed buret in which gas volumes are de- 
termined by measuring on the closed manometer I (6 mm. bore) the pressure exerted 
when the gas fills the buret to a mark on the 6-mm. tubing immediately below the 
water jacket. The volume readings have been corrected for the small but varying 
amounts of gas retained in the calibrated capillary F. The manometers and mercury 
seals are operated by applying air pressure or vacuum to the bulbs below them. 

The procedure in determining an adsorption isotherm consists in successively 
admitting known amounts of gas from H through FED to the previously evacuated 
bulb and, after bringing the mercury levels to b and D, respectively, measuring in each 
case the pressure produced a t  equilibrium. Equilibrium was considered to be estab- 
lished when the pressure readings remained constant for fifteen to thirty minutes, but 
this supposition was frequently checked by approaching the equilibrium from higher 
as well as lower pressures. Between such a "run" and the succeeding one the adsorbent 
was evacuated for about two hours, a t  200" in the case of the former of the two nickel 
samples employed, and a t  250' for the second. 

Materials.-Hydrogen was prepared by electrolysis of 15% sodium hydroxide 
between nickel electrodes and purified by passage in succession over heated platinized 
asbestos, soda-lime, calcium chloride and phosphorus pentoxide. Helium used in the 
free space determinations was purified by passage over heated copper and copper oxide 
and over active charcoal cooled with liquid air. 

The nickel adsorbent was obtained by dehydrating c. P. crystalline nickel nitrate 
in a current of dry, carbon dioxide-free air at  temperatures up to 400°, transferring the 
nickel oxide thus produced to the adsorption bulb, which was then sealed to the appa- 
ratus, and reducing in a stream of hydrogen for about twenty-four hours a t  each of the 
three temperatures 200, 250 and 300 ". The two samples of nickel were prepared from 
the same batch of oxide, but reduction was stopped when the amount of water given off 
per hour was 2.5 mg. in the former case and 3.6 mg. in the second. The weights of 
metallic nickel were 23.68 and 23.10 g., respectively. 

Constant Temperature Baths.-The temperature range covered by these measure- 
ments was 110 to -210°. For 110 and 56.5" toluene and acetone, respectively, boiling 
under atmospheric pressure, were used For temperatures from 0" down, Dewar h s k s  
formed the bath containers: 0" was obtained with ice and water, -78.5" with solid 
carbon dioxide and alcohol. The intermediate temperature, -35', was produced by 
periodically adding solid carbon dioxide to alcohol. For maintaining - 183 liquid 
oxygen containing only a negligible quantity of nitrogen was employed, for -191.5" 

7 Pease, THIS JOURNAL, 45, 1197 (1923). 
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liquid air, while for lower temperatures liquid air was allowed to boil under a pressure of 
a few cm. of mercury. 

Considerable difficulty was experienced in obtaining satisfactory thermostats a t  
temperatures between -78 5 and -183". For a temperature around -110" fair 
success was arrived a t  with a mixture of solid and liquid carbon disulfide, but i t  is diffi- 
cult t o  maintain for long periods a t  the true melting-point (-  111.6"). The solid carbon 
disulfide may be conveniently prepared by pouring the partially cooled liquid into 
liquid air, or vice versa. For temperatures between - 160 and - 170 " the adsorption 
bulb was surrounded by a hollow cylinder, closed a t  top and bottom and constructed of 
0.25-inch brass, which was wound externally with resistance wire, covered with alundum 
cement, and the whole immersed in liquid air. It was found that  on passing a constant 
small current through the resistance wire, a fairly constant temperature could be main- 
tained, and no temperature gradients conld be detected inside the cylinder. 

Temperatures below 0" were de- 
termined with a copper-constantan 
thermocouple in connection with a 
Leeds and Northrup potentiometric 
temperature indicator. The couple 
was calibrated a t  0, -78.5, - 111.0 
and - 183 ". Interpolation between 
these points and extrapolation below 
-183" were carried out with the help 
of a deviation curve prepared from the 
values given by Adams.8 In  spite of 
the fact that the deviations from 
Adams' values were very nearly a linear 
function of the observed e. m. f. down 
to -183', continuation of the curve 
below this point led to  a temperature 
of - 193" for fresh liquid air, and tem- 
peratures below -200" determined in 
this way were obviously too low be- 
cause in one experiment the calculated 
amount of free space exceeded the 

Fig. 1.-Apparatus. amount of gas actually in the bulb. 
For this reason the part of the cali- 

bration curve below -1%" which we have adopted as most nearly correct, placing 
fresh liquid air a t  - 191.5 ", may be in error, but it is believed that  this probably does not 
exceed *0.5". 

Determination of Free Space.-The volume of the free space in the bulb and con- 
necting tubing to the marks b and D, Fig. 1, was determine$ by filling with pure helium 
a t  each of the temperatures, 110, 0 and -78.5"; for the second adsorbent -109' was 
also used. Since it  was feared small quantities of helium might be adsorbed a t  lower 
temperatures, the volume of gas required to  fill the free space a t  these points was calcu- 
lated by  the use of the perfect gas law from each of the measurements a t  the higher 
temperatures, consideration being given to the fact that  a small measured volume in the 
capillary tubing always remained a t  room temperature. The close agreement of the 
values calculated in this way from the various temperatures used experimentally indi- 
cates that  helium is not appreciably adsorbed a t  the pressures employed a t  temperatures 
a t  least down to - 109 O. 

Adams, "International Critical Tables," Vol. I, 1926, p. 58. 
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Experimental Results 

Typical isotherms obtained a t  various temperatures are shown in Figs. 
2-4. The ordinates represent volumes, in cc. at 0°, 760 mm., adsorbed by 
23.68 g. of nickel in case of Sample I (Runs 1-23), or by 23.10 g. for Sample 
I1 (Runs 34-52); the abscissas are the corresponding pressures in cm. of 
mercury a t  0'. I t  is impracticable to present in this form the results of 
the entire series of 42 runs. Of this number 13 were devoted t o  the deter- 
mination of free spaces, and about half of the remainder were redetermina- 
tions of isotherms already obtained on one or the other sample. (Runs 
24-33 are omitted since they were made for a different purpose.) 

0 10 20 30 40 50 60 70 80 
Pressure in cm. of mercury. 

Fig. 2.-Adsorptions of hydrogen on nickel, Sample I. Curve I, - 191.5 
(Run 13); Curve 2, 56.5' (Run 15); Curve 3, 110' (Run 12); Curve 4, 
-35" (Run 16). 

Reversibility with Respect to Pressure Changes.-In the majority of 
runs, after measurements had been made nearly up to atmospheric pressure, 
as large a portion of gas as practicable was withdrawn from the bulb and 
the course of the isotherm retraced to its upper end. In some cases this 
process was repeated several times. The values thus obtained are indi- 
cated in Figs. 2-4 by full black circles, triangles, etc. It will be observed 
that, while the exact equilibrium value was not always reached on first 
ascending the isotherm, nevertheless the values obtained from higher and 
from lower pressures agree so closely that the equilibrium isotherm can be 
drawn in every case with considerable confidence. This is especially true 
a t  the lower temperatures, where no evidence of hysteresis was ever ob- 
served. It is clear, therefore, that with respect to changes in pressure the 
adsorptions are strictly reversible. 

Rate of Adsorption.--The rate of approach to equilibrium depended 
greatly on the experimental temperature and pressure. It is a remarkable 
fact that a t  '- 183 and - 191.5' the pressure in the bulb became constant 
almost immediately after admitting the gas, whereas a t  both higher and 
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lower temperatures considerably longer periods were required. I t  was also 
observed that in the higher temperature range equilibrium was reached 
less quickly at  low pressures than a t  higher pressures. In the latter range 
times of the order of an hour were usually required, but as much as two 
hours was often necessary at  pressures below 200-300 mm. However, a t  
those points where the entire quantity of gas admitted to the bulb was 
adsorbed with a value of the final pressure practically equal to zero, shorter 
times were again required, of the order of half an hour. 

Accuracy of Individual Isotherms.-The accuracy of any particular 
isotherm depends on the conditions employed. Volumes and pressures 

0 10 20 30 40 50 60 70 80 
Pressure in cm. of mercury. 

Fig. 3.-Adsorptions of hydrogen on nickel, Sample 11. Curve 1, -191.5' 
(Run 39) ; Curve 2, - 78.5 (Run 47) ; Curve 3, - 209 (Run 49). 

involve errors which are negligible in comparison with other factors. In 
those cases where the temperature remained definitely constant for long 
periods, as at  - 183, -78.5, 0, 56.5 and 110°, the limiting uncertainty is 
that involved in the exact establishment of equilibrium, amounting to not 
more than 0.1-0.2 cc. even at the higher temperatures. At the other 
temperatures, and particularly below - 191.5' where the volume of gas in 
the free space is very large compared to the volume adsorbed, the limiting 
factor is the constancy and accuracy of the temperature. In these cases 
the temperature could be held constant within .t 0.5O. Although the error 
in a single adsorption measurement produced by such a variation amounts 
to only 0.3 cc. at  - 110' and one atmosphere and proportionately less for 
lower pressures, nevertheless at  -210° the uncertainty rises to nearly 2 cc. 



June, 1930 ADSORPTION OF HYDROGEN BY N I C ~ L  233 1 

a t  atmospheric pressure. At this temperature there is an additional un- 
certainty, which is probably of even greater magnitude, in determining 
the absolute value of the temperature from the thermocouple calibration. 
For these reasons measurements below - 200' must be regarded as fair ap- 
proximations only, except at  the lower pressures, yet the general trend of 
the true isotherms cannot differ greatly from those we have obtained. 
At all higher temperatures the accuracy is probably at least as great as 
that with which Figs. 2 4  can be read. 

Comparison sf Results for Different Temperatures.--In order t o  de- 
termine to what extent the values obtained for a given sample are reproduc- 
ible, a large proportion of the runs (which are numbered serially in the order 

0 10 20 30 40 50 60 70 80 
Pressure in cm. of mercury. 

Fig. 4.-Adsorptions of hydrogen on nickel, Sample 11. Curve 1, - 183O 
(Run 52) ; Curve 2, 0' (Run 50). 

in which they were made) were devoted to checking earlier determinations. 
It was found that only a very small change in adsorption occurred in the 
case of Sample 11. Thus the first run (34) and one near the end (501, both 
at 0°, gave exactly similar curves and differ only in the fact that in Run 50 
about 0.3 cc. more hydrogen was adsorbed at all pressures than in Run 34. 
It is felt, therefore, that for this sample changes in activity with time are of 
the same order of magnitude as the probable error of the individual isotherms. 
Sample I, however, showed a steady and fairly considerable decrease in 
adsorptive capacity throughout, although here also only the absolute values 
were affected and not the shape of the isotherms. This change should be 
considered in comparing the curves of Fig. 2. While sufficient data have 
been obtained to correct systematically for this variation, i t  appears un- 
necessary to do so, since all the temperatures at which Sample I was in- 
vestigated were also used with Sample 11, except -35, 56.5 and 110'. 
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I n  order to make the values for Sample I a t  these temperatures suitable for 
comparison with the data at other temperatures for Sample 11, we have as- 
sumed that the ratio of the adsorptions a t  two temperatures is the same 
for each sample. This is closely the case for temperatures a t  which both 
samples were actually studied. Since several runs a t  0' were made a t  wide 
intervals on each sample, this is a convenient temperature a t  which to make 
the comparison. The method will be clear from the following example. 
At 110' and 600 mm. pressure 7.77 cc. was adsorbed in Run 6 and 5.85 cc. 
in Run 12. At 0' and 600 mm. the adsorptions were 6.93 cc. in Run 11 
and 6.25 cc. in Run 14. Hence a t  this time the decrease in adsorption 

Temperature, 'C .  
Fig. 5.-Isobars for hydrogen on nickel: Curve 1, at 2.5 cm. pressure; 

Curve 2, 20 cm.; Curve 3,  60 cm. 

amounted to about 0.3 cc. per run a t  this pressure. If Run 12 could have 
been made at the same time as Run 14, we should expect, therefore, that 
5.85 - 0.6 = 5.25 cc. would have been adsorbed. Hence for Sample I the 
corrected value for 110' is 5.25/6.25 times the value a t  0'. If we assume 
that  this same ratio holds for Sample 11, which in Run 50 took up 7.70 cc. 
a t  0' and 600 mm., the adsorption a t  110' and 600 mm. would be 5.25/6.25 
X 7.70 = 6.49 cc. 

Similar calculations have been made for 25, 200 and 600 mm. pressure a t  
the three temperatures -35, 56.5 and 110'. The values so obtained, to- 
gether with those interpolated from the experimental isotherms for Sample 
11, are included in Fig. 5, in which the ordinates represent volumes ad- 
sorbed and the abscissas temperature, and the three curves are the isobars 
for 25, 200 and 600 mm., respectively. 
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Test of Reversibility with Respect to Temperature Change.-At the 
conclusion of the experiments described above, a working hypothesis t o  
account for the observed variation of adsorption with temperature led us 
to an attempt to follow the equilibrium from higher to lower temperatures 
without intervening evacuation. In a run made a t  0' in the regular way 
7.40 cc. of hydrogen was adsorbed a t  a pressure of 631.4 mm. Without 
altering the amount of gas in the bulb the latter was then cooled to  liquid 
air temperature. After apparent equilibrium had been reached, i t  was 
found that 9.85 cc. was now adsorbed at a pressure of 184.1 xnm., whereas 
in a run (Run 39, Fig. 4) in which the gas was directly admitted to  the bulb 
a t  this temperature, only 2.5 cc. was taken up a t  184.1 mm. The same gas 
was then allowed to remain in contact with the nickel at room temperature 
for twenty-one hours. Following this, a remeasurement a t  O0 showed 8.22 
cc. adsorbed a t  636.2 mm., the increase over the previous value a t  O0 
probably being due to a very slow solubility of hydrogen in the nickel. 
On cooling to - 186' the pressure became constant at 189.8 mm., a t  which 
10.50 cc. was taken up. This increase of adsorption on cooling, 2.28 cc., 
agrees fairly well with the 2.45 cc. found in the previous part of the experi- 
ment. Subsequently additional gas was admitted to the bulb a t  - 186O 
and then withdrawn in stages. The following adsorptions were found: 
at359.9mm.) 10.47 cc.; a t  148.2mm., 10.06cc.; at74.2mm., 9.72 cc. 

These results show that, contrary to what would be expected from a 
consideration of the individual isotherms, hydrogen adsorbed a t  O0 is not 
evolved on cooling to - 190') a t  least a t  an appreciable rate, but instead an 
increased adsorption occurs. This increase, 2.45 cc. and 2.28 cc. in the 
two trials, is of the same order of magnitude as the entire adsorption found 
a t  - 191' when the gas is admitted directly a t  this temperature. These 
facts strongly suggest that hydrogen can be adsorbed by nickel in two 
different ways, a strong binding being characteristic of the higher tempera- 
ture range and a looser binding a t  low temperatures. The rate of change 
of the adsorbed gas from one form to the other is inappreciable a t  low tem- 
perature~.~ For this reason either the low-temperature isotherms directly 
determined, or the values obtained after cooling from 0°, or perhaps both, 
represent metastable equilibria. It appears that the only hope of deter- 
mining experimentally the values which correspond to true thermodynamic 
equilibrium a t  temperatures below - 110' lies in greatly extending the 
times of observation. 

However, the fact that the isotherms are completely and quickly reversi- 
ble with respect to pressure changes indicates that the metastable states are 
perfectly definite and in no sense mere accidental stopping-places on the 

9 More recently we have found that the equilibrium, which is almost immediately 
established a t  - 183" when hydrogen is directly admitted at this temperature, remains 
unchanged for a t  least seventy hours. 
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way to true equilibrium. In this respect the situation appears to be 
analogous to the numerous cases of chemical reactions, such as the addition 
of hydrogen to benzene to form cyclohexane, where the reactants and prod- 
ucts quickly reach a definite equilibrium of undoubted significance in spite 
of the fact that one or more of the reacting substances is itself unstable with 
respect to other possible reactions. 

Discussion 

The major results of this investigation can readily be accounted for on 
the hypothesis that at  the lowest temperatures the adsorption is of the 
secondary type, involving hydrogen molecules whose configuration is little 
if a t  all altered by the process, whereas at  temperatures above - 100' only 
primary adsorption occurs, in which the adsorbed molecules suffer a marked 
activation and perhaps even complete dissociation. The flatness of the 
60-cm. isobar from - 110 to O0 is strongly suggestive of the idea that here 
the nickel surface is entirely saturated with a single layer of these activated 
molecules. At temperatures above 0°, pressures higher than 60 cm. would 
evidently be necessary to complete the layer. On this view the additional 
hydrogen which is taken up a t  low temperatures after the nickel has been 
saturated at O0 corresponds to the partial formation of a second layer. 
The isothermal results at  temperatures below - 191' suggest that a t  still 
lower temperatures multimolecular layers are also capable of existence. 

Between - 100 and - 191° the adsorption appears to consist of both 
types. I t  is obvious, however, that in this range the observed values can- 
not be accounted for on the basis of an equilibrium between the two types 
since the experiments described in the last section show that the rate a t  
which this equilibrium is established is negligibly small. For the same 
reason it is impossible to consider that the results in this region represent a 
continuous variation in the degree of activation of the adsorbed molecules. 
It must be supposed that primary and secondary adsorption constitute, at  
least in the present example, separate and distinct types, and not merely 
limiting cases of a continuously variable property. (I t  is not meant to be 
implied, however, that all the hydrogen held by primary adsorption neces- 
sarily has the same chemical reactivity.) We believe that the values ob- 
tained in this intermediate range are best explained by assuming that, as the 
temperature is raised, a larger and larger fraction of the nickel surface is 
capable of producing activation in the adsorbed molecules: At the same 
time the secondary adsorption, which falls off much more rapidly with de- 
creasing pressure than the primary, is continuously decreasing. The op- 
position of these two effects results in a minimum in the isobars, which lies 
a t  temperatures which are lower the lower the pressure. 

The isotherms for temperatures above - 110° show nothing unexpected 
except that above O0 they are considerably less flat than those obtained by 



June, 1930 ADSORPTION OP HYDROGEN BY NICKEL 2335 

Gauger and Tay10r.~ As the temperature is raised in this region, higher 
and higher pressures are required to produce saturation of the surface, and 
a progressive change in the shape of the isotherms occurs. The curves 
for temperatures below -200° are typical of adsorption without activation, 
except that about 1 cc. of gas is adsorbed at zero pressure, a fact which pre- 
sumably indicates that even at  these temperatures nearly one-eighth of 
the surface is capable of activating the hydrogen. 

The isotherms obtained at - 183 and - 191° warrant special mention. 
Owing to the almost instantaneous establishment of equilibrium and the 
extreme constancy of the temperature at these points, the individual values 
found here are probably more precise than at any other temperature. 
Nevertheless, smooth curves cannot be drawn through the experimental 
points within the limit of accidental error, which probably does not exceed 
0.05 cc. Systematic errors, such as would result from deviations from the 
gas laws or uncertainty in determining the absolute temperature, could not 
account for the observed behavior. Furthermore, the anomaly is found 
in every isotherm at  these temperatures, and only at these temperatures. 
For these reasons it appears that the stepwise increase of adsorption with 
pressure must have some physical significance. I t  should be pointed out, 
however, that the data obtained are insufficient to locate the exact course of 
the curves between steps, a point which is still under investigation. 

The following tentative interpretation of this phenomenon may be pro- 
posed. At either temperature a fraction ~f the adsorbing surface, equiva- 
lent to about 1.5-2.0 cc. of gas, holds hydrogen by primary adsorption to an 
extent practically independent of pressure. On top of this and on the re- 
mainder of the surface, adsorption of the secondary type occurs, as indi- 
cated by its reversibility, which experiment shows does not occur a t  these 
temperatures for the primary type. I t  appears also that the surface is a 
composite one, which may perhaps be thought of as presenting a number of 
distinct regions of different adsorptive capacity. On each of these regions 
the adsorption represents an equilibrium between condensation and evapo- 
ration. If it be assumed that the rate of evaporation is very great for iso- 
lated molecules but much less when a number are adsorbed side by side, it 
follows that scarcely any adsorption would occur on a given region until 
the pressure reached a point a t  which the rate of condensation was suf- 
ficiently high to produce patches of neighboring adsorbed molecules. At 
this point further increase of pressure would quickly lead to the formation 
of a saturated layer. I t  appears that a summation of such effects on the 
different regions of the surface would result in an isotherm of the form found 
experimentally. 

Summary 
The adsorption of hydrogen by two samples of reduced nickel has been 

studied at  pressures from zero to one atmosphere and at eleven tempera- 
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tures from 110 to -210'. The apparatus employed involves no stopcocks 
that are required to remain under vacuum more than momentarily. 

At a given pressure the adsorption is relatively large a t  the lowest tem- 
peratures, decreases to a minimum at  -200 to - 175O depending on the 
pressure, then rises to a maximum in the neighborhood of - 100°, and 
finally decreases again a t  higher temperatures. The fact that a t  600 mm. 
the adsorption is independent of the temperature from - 110 to O0 is taken 
as evidence that here a completely saturated single layer is formed. 

It is shown that the values obtained are reproducible, and readily re- 
versible with respect to changes of pressure, particularly at the lower 
temperatures. However, on cooling t o  about - 190° a sample previously 
brought to equilibrium at 0°, the adsorption does not decrease to the value 
obtained isothermally a t  - 190°, but reaches a new reversible equilibrium 
a t  which larger quantities of gas are adsorbed than a t  OO. 

At - 191 and - 183' the adsorption increases with pressure in a discon- 
tinuous manner, an observation whose explanation is somewhat obscure. 

The major results of the work are interpreted on the hypothesis that a t  
the lowest temperatures the adsorption is of the "secondary," or ordinary 
molecular type, while a t  higher temperatures a progressively larger fraction 
of the nickel surface is capable of holding the hydrogen by adsorption of the 
"primary" type, involving a marked activation of the gas. 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, STANFORD UNIVERSITY] 

THE INCOMPATIBILITY BETWEEN ANY THEORY OF COMPLETE 
DISSOCIATION AND MIGRATION DATA 

Inspection of the migration data for solutions of pure single electrolytes 
cannot, in general, give very conclusive evidence for or against the existence 
of any but the simplest ions in such solutions. In general, migration ratios 
are not constant throughout a range of concentrations, but i t  is a matter of 
rather arbitrary interpretation as to whether this is due to the ions being 
unequally affected by increase of concentration or whether the appearance 
of new (complex or intermediate) ions is assumed to account for the change 
in the gross transport number. It is only in the few rare instances, such as 
the well-known case of cadmium iodide where the change in transport 
number becomes so great that the sign of the migration is actually changed, 
that this method yields any conclusive proof of the existence or presence of 
complex ions. 

It is evident that, if the migration number of a salt such as potassium 
chloride changes somewhat upon concentration, the change would most 
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readily be ascribed to  unequal change in the mobilities of the Ki- and C1- 
ions, whichever of the various explanations for such behavior might be 
adopted. The same would be true for the case of such a salt as sodium 
chloride, the constitution of whose solution might be expected to be very 
similar to that of potassium chloride. Moreover, a point which has escaped 
adequate appreciation, the same would be true of an examination of the 
movement of the common ion such as the chloride ion in a mixture of 
sodium and potassium chlorides. The results would be just as inconclusive 
as if either salt alone had been employed. The measurements of Mac- 
Innesl and Miss Dewey2 are, therefore, necessarily inconclusive. 

I t  is otherwise when the two salts are mixed in very unequal proportions, 
and the movement of the cation present in smaller quantity is directly 
measured. Here the excess of the salt present in larger proportion has the 
effect of largely increasing the relative concentration of any complex ions 
which can be formed from the lesser constituent, and, if so, the migration 
of the single dilute ion is greatly affected. 

In  our previous communication3 we took advantage of this circunistance 
to test for the presence of complex ions in mixtures of such salts 
as magnesium and ammonium sulfates or magnesium and ammonium 
chlorides. E'or example, in a mixture of 0.05 M MgS04 with 0.93 Af  
KzS04 the magnesium actually migrates in the direction of the anode in- 
stead of going toward the cathode. This affords the most unequivocal 
proof possible that a negative charge appertains to most of the magnesium 
present. In  other words, there is more transport of magnesium in nega- 
tively charged form (complex anion) than there is of ordinary magnesium 
ion itself. This negative movement of the material of the dilute ion (ignor- 
ing the movement of the concentrated cation or the common anion) serves, 
therefore, as a remarkable and trustworthy indicator for the presence of 
complex ions in considerable amounts in those mixtures. 

Hence we must further conclude that in a solution of one of the salts 

D. A. MacInnes, THIS JOURNAL, 47, 1922 (1925); D. A. MacInnes, I .  A. Cow- 
perthwaite and T. Shedlovsky, i b i d ,  51, 2671 (1929). In  this connection it  may be 
noted that Maclnnes' formula appears to contain an assumption which renders i t  not 
strictly applicable to  mixtures above a total concentration of 0.2 equivalent per liter, 
such as the higher concentrations studied by Schneider and Braley, ibid., 45, 1121 
(1923). Moreover, this formula presupposes that potassium and sodium chlorides 
are dissociated to the same extent, an assumption which, for example, is rejected by 
Nernst 12. physik. Chem., 135, 237 (1928); Orthmann, Ergebnisse der exakten Natur- 
zeuiss., 6 ,  189 (1927)l. 

J. Dewey, THIS JOURNAL, 47, 1931 (1925). 
J. W. McBain and P. J. Van Rysselberge, i lnd ,  50, 3009 (1928). Through in- 

advertence, the total amount of current passed was omitted from Table I. The coulom- 
etrr readings in grams of silver deposited were, in order of the experiments listed: 
0.22205, 0.16945, 1.48005, not measured, 0.3853, 0.72065, 0 03975, 1 7300, 1 0212, 
0.9476, 1.0318, 1.8467, 1.7912, 0.8277, 0 7202. 
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alone, if complex ions are present in these mixtures in such significant 
amounts that they overshadow the ordinary migration of the dilute ion, 
we have to recognize the presence of such complexes in the solutions of the 
corresponding single electrolytes of the same total concentration as the 
mixture. Indeed, as is evident from the principle of mass action, the 
concentration of the complexes will be even greater in absolute amount, 
but, of course, the proportion relative to  the total concentration is corre- 
spondingly lowered and the considerations deduced in the first two para- 
graphs will apply. What such measurements of transport in mixed solu- 
tions achieve is, therefore, to prove the existence of important amounts of 
complex ions, and that only if the migration of the single dilute ion is ac- 
tually measured. Evaluation of the exact amounts of the complexes 
present requires the combination of supplementary methods, such as de- 
terminations of e. m. f. of the single constituents and total freezing-point 
lowering, conductivity, e t ~ . ~  

The measurements communicated in the previous paper showed that the 
formation of complex ions is general throughout all solutions containing 
polyvalent ions. This, of course, would render futile any attempt to apply 
hypotheses of complete dissociation to solutions containing such ions save 
in extreme dilution, where all theories agree in assuming complete dis- 
sociation. The complex ions are probably formed by combination of ordi- 
nary undissociated molecules with ions. Mere clustering of ions through 
the operation of electrostatic forces (Bjerrum's term "association") ap- 
peared inadequate as an explanation of the migration effects observed, 
because it should result in comparable amounts of complex cations and 
anions being formed and leave the migration essentially ~naffected.~ 
Hence the results point not only to the presence of complex ions but to 
ordinary undissociated molecules as well. Hydration of ions as ordinarily 
recognized is quite inadequate to explain away these results. 

The present investigation shows that the negative migration of mag- 
nesium in a mixture of magnesium sulfate with the sulfate of one of the 

We have attempted such a complete evaluation for solutions of cadmium iodide 
and cadmium sulfate, to be published elsewhere. 

An experiment was carried out on the movement of chlorine in the mixture 
0.05 M MgCls + 1.95 M MgSOa. For a total current corresponding to 0.4631 g. of 
silver, the changes observed were: middle, +0.6$Z0; cathode, 0.968 mg. Calculated 
by the usual approximation of the isohydric principle, the migration of the chlorine 
in the magnesium chloride is 0.95, which'is about what would be expected for a highly 
concentrated solution of magnesium chloride. Its chief significance is to show that 
there is no anomalous movement toward the cathode, whereas in all the other mixtures 
that have common anion instead of common cation there is a large movement of the 
dilute ion toward the "wrong" electrode. Hence we arrive a t  the important result 
that the effects are not symmetrical; complex anions have to be assumed in large 
amount, but not complex cations. This does not accord with purely physical explana- 
tions. 
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least hydrated ions, rubidium, is just as pronounced as before. The meas- 
urements are also extended to  solutions containing only univalent ions such 
as mixtures of sodium and potassium chlorides. 

Experimental 
The migration apparatus was that used in the previous work3 except for the chloride 

experiments.6 The current of average strength, 0.05 ampere, was measured in a silver 
coulometer. The electrodes were of platinum except in the case of the mixture of sul- 
fates when a copper anode was used. The solution, whose weight and composition by 
volume were known, was introduced into the cleaned and weighed apparatus. After the 
experiment about 50 cc. was withdrawn from the middle portion; I1  cc. was locked in 
the tap and served as a second middle portion. The anode and cathode portions were 
then closed with rubber stoppers and weighed. The weights of the solution in the two 
portions were thus known. In most experiments samples were then taken from the 
anode, cathode, middle and original solutions, weighed in weighed pyrex beakers and 
analyzed. The experiments were carried out a t  room temperature. 

Magnesium was estimated as phosphate after precipitation with ammonium phos- 
phate. In the first recorded experiment the precipitates obtained by the phosphate 
method were much heavier than expected from the composition of the pyrophosphate 
and the concentration of the solution. It was found that these precipitates contained 
rubidium, their probable formula being 3PzOs.4Mg0.2RbzO. In the second experiment 
carried out on the same mixture, the first precipitates were dissolved in hot hydrochloric 
acid and then reprecipitated. The ustial ammonium magnesium phosphate was ob- 
tained. 

Rubidium was precipitated and weighed as rubidium sodium cobalt nitrite. Aualy- 
sis of the anode portions, however, gave irregular results, probably due to the presence of 
copper from the anode, so that the cathode results alone are recorded. 

The transference numbers are calculated as in the previous paper on 
the approximate assumption that the current is distributed between the 
two constituents of the mixture in proportion to their respective concen- 
trations and to the specific conductivities of the salts separately in concen- 
trations equal to the total concentration of the mixture. The total current 
is indicated in the second column of the tables in terms of the silver de- 
posited in the coulometers. 

TABLE I 
MIGRATION DATA IN MIXTURES OR RUBIDIUM AND MAGNESIUM SULFATES, SHOWING 

THAT EITHER MAGNESIUM OR RUBIDIUM IN THE PRESENCE OF EXCESS OP THE OTHER 

SULFATE MIGRATES TO THE ANODE 

Concn. of mixture, e Change- > Observed 
moles per liter Ag, g.  Middle, % Cathode, mg. Anode, mg. migration 

0.05 MgS04 + 0.95 Rb2S04 0.3113 Mg negative 
0.05 MgSO* + 0.95 RbzSO4 .3867 0.02 -1.87 

+0'OD128 ( -0.65 

0.025 RbzS04 + 1.975 MgS04 (.9118) 2 -0.0082 - .19 
0.025 Rb~S04 + 1.975 MgS04 .619 0.1 - .0038 - .13 
0 025 Rb~S04 + 1.975 MgSOk (.9719) Rb negative 

6 J. W. McBain and R. C. Bowden, J. Chem. Sac., 123,2417 (1923). 



2340 JAMES W. MCBAIN AND PIERRE J. VAN RYSSELBERGE V0l. 52 

Mixtures of Ammonium and Potassium Iodide 
Potassium iodide containing 2% equivalent ammonium iodide was 

chosen because of the convenient analytical method for the determination 
of the (NHS constituent. The solution is neutralized, then treated with 
excess of neutral, filtered formaldehyde. The ammonium salt is quanti- 
t atively decomposed, forming hexamethylenetetran~ine with the formation 
of an equivalent amount of hydriodic acid, which is directly estimated by 
titration. The systematic error of 2% in this method does not affect the 
conclusions, since the results are all obtained by difference. However, a t  
times the reaction appears more complicated, probably due to hydrolysis 
or reactions a t  the electrodes, for duplicated points were sometimes not 
reproducible. Even so, though irregular, the results show qualitatively 
that  the transference of the ammonium constituent is decreased or almost 
suppressed by the presence of a large excess of iodine ions due to complexes 
containing NH4+ ion. Iodine was liberated a t  the anode and formed a 
solution which diffused in the whole anode portion and to a slight extent 
in the middle portion. Four samples were taken of each portion, cathode, 
middle and anode, and directly compared with the original solution. Table 
I1 contains the migration data for the mixtures of ammonium and potas- 
sium iodides of total concentration from 0.5 to 2.0 equivalents per liter. 

MIGRATION DATA POR MIXTURES OP POTASSIUM AND AMMONIUM IODIDES, SHOWING 

THAT MOVEMENT OP AMMONIUM IS LARGELY SUPPRESSED BY EXCESS OF POTASSIUM 

 IODIDE^ . 
Concn. of mixture, ----Change in NHa content--~-- -- Migration, 

moles per liter Ag, g .  Middle, % Cathode, mg. Anode, mg. ~ N H ,  

0 . 1  NHaI 0.1730 . . .  +14.46 - 7.96 4-0.501 
1 NHJ .I330 -0.9 f10.42 -11.23 + ,531 
. 01 NHaI + 0.49 KI .4043 + .4 . . . . .  - 0.16 f . l l  
,012 NHaI + ,588 KI ,3490 + . 7 + 0 .3  - .31 + .26 
.015 NHJ + ,735 KI .5860 + .1 + .38 - .45 + .21 
,016 NHaI + ,784 KI .5980 + .2 + .09 - .28 f .14 
,018 NH41 + ,882 KI .3953 + .66 . 00 . 00 . Oob 
.02 NHaI + .98 KT ,3930 + . 3  . . . . .  - .04 4- .03 
.04 NHaI + 1.96 KI .5650 + . 5  . . . . . . l l  + .06 

" Other experiments by Mrs. M. E. McBain (n6e M. E. Laing) showed a decreased 
migration number of the same order of magnitude. 0.01 NH4I + 0.49 KI gave a trans- 
port number of +0.4, and 0.02 NHJ + 0.98 KI gave transport numbers of +0.17 and 
f0.13 (instead of 0.5). The change in the middle portion is greater than the change in 
the  anode and cathode portions. 

Mixtures of Potassium and Sodium Chlorides 
The experiments of others on mixtures of chlorides have already been 

referred to, but i t  is to be noted further that all their work has been carried 
out with a ratio of the two salts under 4 to 1 and a total concentration of 
chiefly 0.1 or 0.2 N, respectively. The ratios of sodium to potassium in 
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this work are 49, 24 or 9, to  1, the total concentration being either 2.0 or 
5.0 N. The data refer to the movement of the potassium. 

The apparatus used in these experiments consisted of three U-tubes con- 
nected by ground joints. These tubes were provided with ground stoppers 
which allowed an easy removal of three middle portions; namely, a central 
middle portion, an anode middle portion and a cathode middle portion, the 
two latter being contained in the horizontal tubes connecting the U-tubes. 
Both anode and cathode were made of platinum. 

Potassium was precipitated and weighed as sodium potassium cobalt 
nitrite. It was found that potassium may be precipitated from these 
solutions in many different forms, corresponding to different degrees of 
hydration of the complex nitrite. It was also found that the composition 
of the precipitate increases with the time of settling, probably on account 
of gradual hydration. In order to obtain directly comparable results, i t  is 
necessary to carry out all the analyses under strictly identical conditions: 
the total volumes of the samples before precipitation must be the same; 
the same amount of sodium cobalt nitrite must be added to  each of them; 
the time of settling must be the same for all the samples and should be a t  
least twelve hours; the washing and drying of the precipitates should be 
carried out under constant conditions. In spite of all these precautions, 
a difference of about 1.3% is sometimes found between samples which 
should give identical weights of precipitates. This seems to be due t o  a 
difference in composition corresponding to one-third of a molecule of water. 

TABLE 111 
MIGRATION DATA FOR MIXTURES OF POTASSIUM AND SODIUM CHLORIDES, SHOWING 

THAT THE MIGRATION NUMBER OF POTASSIUM CHLORIDE IS GREATLY ALTERED BY 

PRESENCE OF EXCESS OF SODIUM CHLORIDE 

Concn. of mixture, 
moles per liter 

Ratio, -Change in K content- 
Ag, Middle, Cathode, Anode, M i g r a t i ~ n , ~  

KC1 g. % mg. mg. I ~ K  

0 2 KC1 + 1 . 8  NaCl 9 0.7121 <0 .4  4-14.39 - 14.71 f0.407 
+l5.90 - 12.45 

+ 5.68 
.08 KC1 + 1.92 NaCl 24 .6963 < . 2  + 4.59 - 4.31  + .352 

+ 6.35 - 4.34 

.04 KC1 + 1.96 NaCl 49 .8922 . . . + 3.20 - 2.71  + .352 
+ 3.73 

. 5  KC1 + 4.5NaC1 9 1.3479 < . 2  f31 13 - 18.02 f .287 
+30.98 -22.62 

+17.65 
. 2  KC1 + 4 . 8 N a C l  24 1.6336 < . 3  4-1985 - 8 . 5 2  f . 3 4 4  

$14 47 
" The values of the transport number of potassium given in Table 111 are those 

calculated from the observed data according to the isohydric principle; they qhould be 
compared with that for potassium chloride alone, namely, 0.5. 
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The changes in content of potassium a t  the electrodes are calculated hy 
comparing the amounts of complex nitrite given by weighed samples with 
the amounts of complex given by weighed samples of the original solution. 

Nernst's recent modification of the theory of strong electrolytes leads to 
unequal degrees of dissociation for potassium and sodium chlorides, sodium 
chloride being more dissociated than potassium chloride. Nernst's theory 
affords values for the degrees of dissociation, and i t  was found that these 
degrees of dissociation obey the law of mass action. 

It is interesting to see if the low values found for the movement of po- 
tassium cannot be accounted for by the decrease of the degree of dissocia- 
tion of potassium chloride, due to the presence of the large amount of 
sodium chloride. Table IV gives the values of the (Nernst) degrees of 
dissociation of potassium and sodium chlorides for the concentrations used 
in our experiments. In the calculations it has been assumed that the dis- 
sociation of sodium chloride is not affected by the presence of the small 
amount of potassium chloride. 'She modified values of the degree of dis- 
sociation of potassium chloride, combined with the fractions of the current 
carried by potassium chloride on the assumption that the two salts are 
independent of each other, allow us to predict the transport number of 
potassium. It can be seen in Table IV that the predicted and measured 
values agree quite well. 

COMPARISON OF OUR OBSERVED DATA WITH THOSE PREDICTED FROM THE NERNST 
FORM OF THE DISSOCIATION THEORY 

Degree of dissociation of 
Concn. of mixture, KC1 in pure KC1 in Predicted Measured 

moles per liter solution mixture NaCl migration migration 

0 . 2  KC1 + 1 8 NaCl 0.950 0.700 0.834 0.357 0.366 
0 .08  KC1 + 1.92 NaCl .998 ,625 .825 ,308 .294 
0 .04  KC1 f 1.96 NaCl 1.000 ,605 ,827 ,299 ,281 
0 . 5  KC1 + 4 . 5  NaCl 0.890 .526 .704 .287 .265 
0 .2  KC1 + 4 . 8  NaCl .950 ,525 .694 ,268 ,268 

It remains an open question whether the decrease in the degree of dis- 
sociation of potassium chloride, due to the presence of the large excess of 
sodium chloride, is the real explanation for the low values found for the 
movement of potassium or whether the agreement between the predictions 
of Nernst's theory and our experimental values is the result of a mere co- 
incidence, complex ion formation having been neglected. 

Mixtures of Potassium and Sodium Nitrates 

One experiment was carried out on the following mixture: 0.08 N KNOB 

+ 1.92 N NaN03, and the same procedure as for the mixtures of potassium 
chlorides was followed. Table V gives the results of this experiment. 

The degrees of dissociation of pure 0.08 N KNOS and of pure 1.92 N 
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TABLE V 
&~LGKATION DATA SHOWING THAT PRESENCE OF SODIIJM NITRATE LOWBRS TIIS MIGKA- 

TlON NUMBER OP POTASSIUM IN POTASSIUM NITRATE 
Ratio, 

Concn. of mixture, -8 Ag, hliddle, Cathode, Anode, Migration
Q 

moles per liter KN03 g. % mg. mg. NK 

-+7.08 
0 08 KNOI + 1 92 NaNOa 24 0 9678 < O  7 +8.87 - 5.26 +0 396 

+7.69 -6-27 

" This number is that calculated on the assumption that the amount of current 
carried by the potassium nitrate is that calculated on the isollydric principle; it should 
I,e compared with that for pure potassiu~n nitrate, namely, 0.613. 

NaN03, according to  Nernst,' are 96.4 and 69.9y0, respectively. In  the 
mixture, the degree of dissociation of potassium nitrate should, therefore, 
he 0.,562. The movement of potassium should then be 0.5 X (0.562/0.964) 
or 0.292, when, in the calculation of the amount of current carried by po- 
tassium nitrate, the salts are considered as independent. The correspond- 
ing experimental value is 0.270. 

Discussion 
The migration data in Tables I-V, like those in our previous communi- 

cation, show that in the majority of cases the presence of a large excess of 
anion reduces, suppresses or even reverses the movement of the supposed 
cation of a dilute solution of a strong electrolyte. These results are evi- 
dently incompatible with any assumption of complete dissociation into 
simple, independent ions. 

Whenever the movement is reversed, more of the metal studied is being 
carried toward the anode than is migrating as simple ion toward the cath- 
ode. This is definite proof of the existence of complex anions, and in 
relatively large amount. For the reasons adduced in the previous com- 
munication these complex anions must be regarded as being formed by 
chemical combination of the ions with undissociated molecules present in 
the solution. The proportion of complex ions should increase rapidly with 
the concentration of the simple common anion of the mixture and, there- 
fore, should also depend upon the degree of dissociation of the salt added in 
excess. 'I'hus the addition of an ammonium or an alkali metal sulfate 
should cause a much greater change in migration number of a given salt 
than addition of such salts as copper or cadmium sulfates, as is illustrated 
by the experimental data. Furthermore, divalent ions show a larger 
tendency to complex formation than do monovalent ions. 

Taking first the experiments of Table I for mixtures of sulfates, we see 
that excess of rubidium suIfate drives magnesium to the anode, whilst 
excess of magnesium drives rubidium to the anode. This shows that both 
magnesium sulfate and rubidium sulfate contain complex anions. The 

See Orthmann, Ergebnisse der exakten Naturwiss., 6,  193 (1927). 
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simplest assumption is that they are represented by the formulas Mg(S04)2- 
and Rb(S04)-, respectively, the latter being analogous to the HSOI- ion 
of sulfuric acid, which was usually held responsible for the formation of 
persulfuric acid in electrolysis. It is clear from these and all the other data 
so far available that divalent ions much more readily form complex ions 
than do monovalent ions. 

Rubidium sulfate was chosen for study because the rubidium ion is 
recognized to be nearly anhydrous so that i t  is incapable of displacing large 
amounts of solution toward the anode by carrying along with it corxespond- 
ing amounts of water toward the cathode. Hence the effect cannot be 
explained away as being due to hydration of the cation present in excess. 

The numerical values of the migrations in these mixtures possess only 
semi-quantitative significance owing to the mode of calculation from the 
actual movements observed. Quantitative evaluation would require a 
knowledge of the formulas and actual mobilities of each of the ions present 
in the mixture, and the greater the formation of complex ions the more 
would such a result depart from the rule of simple mixtures on the principle 
of isohydrism. This may account for such an extreme number as - 1.57, 
but the possibility of still higher complexes has to be borne in mind. 

It may be worth noting here that C. W. DaviesS has shown that the 
change in conductivity of magnesium sulfate with change in concentration 
is incompatible with the assumption of the complete dissociation of mag- 
nesium sulfate into single ions. Onsager's

g 
conductivity equation, based 

on the hypothesis of 100% dissociation, fails completely for magnesium 
and cadmium sulfates, and Davies modified the equation by taking the 
incomplete dissociation into consideration. 

Complex anions containrng copper have been detected by Riegerl0 in 
solutions of the double sulfate K&u(S04)2. He found that here the mi- 
gration of the copper ion was much smaller than in solutions of pure copper 
sulfate of the same concentration and that the transference number de- 
creases when the concentration of the double sulfate increases. This is due 
presumably to the presence of complex anions, Cu(S04)2=, analogous to 
Mg(S04)z'. 

Pfanhauserl' found that in a saturated solution of nickel ammonium 
sulfate, the nickel moves entirely to  the anode in the form of the complex 
ion Ni(S04)z=. Some incomplete data relating to a 0.1 molar solution of 
the double sulfate show that, even a t  this low concentration, the nickel is 
largely in the form of complex ions. 

Tables I1 and 111 are especially interesting in that only uni-univalent 

C. W. Davies, Trans. Faraday Soc., 23, 351 (1927). 
L. Onsager, ibid., 23, 341 (1927). 

lo E. Rieger, Z. Elektrochem., 7, 863, 871 (1901). 
" W. Pfanhauser, ibid., 7, 698 (1901). 
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salts are concerned. Table I11 refers to potassium chloride, the typical 
strong electrolyte. The experiments show that the presence of a large 
excess of C1- can decrease the transference of potassium ion to  about 55% 
of its value in a solution of potassium chloride alone. Similarly, excess of 
potassium iodide practically suppresses the movement of amnionium ion 
toward the cathode. Nernst's form of the dissociation theory would pre- 
dict that the transference number of potassium chloride should tend toward 
a definite limit as the excess of sodium chloride present is increased. It is 
easily shown that the relative hydrations of sodium and chlorine ion as 
measured in such investigations as those of Washburn12 and Miss Taylor 
and Sawyer13 could not account for more than a very small fraction of 
the effects here observed. 

Familiar examples of compIex anions derived from uni-univalent salts 
are the Ag(CN)*- of double cyanides and the of potassium and 
silver iodides in which the silver likewise migrates toward the anode. 

Measurements of activity coefficients in mixtures of electrolytes afford 
a t  least qualitative information as to the possibility of incomplete dissoci- 
ation. Results obtained for hydrochloric acid in presence of alkali chlo- 
rides, such as those of Harned,14 recalculated by Lewis and Randall,15 
show that in concentrated solutions "the activity coefficient of the hydro- 
chloric acid depends upon the specific nature of the added chloride." 
This would indicate that a complete dissociation does not hold in these 
mixtures. The results obtained by Loomis, Essex and Meacham16 with 
0.1 molar mixtures of potassium chloride and hydrochloric acid are not 
exactly constant when the ratio of the concentrations of the two constitu- 
ents varies. In general, if Lewis and Randall's ionic strength principle 
can be considered as closely verified for moderate concentrations, the devi- 
ations occurring a t  high concentrations can be accounted for by recognizing 
incomplete dissociation and, a t  least in the case of polyvalent salts, by 
taking into account the existence of complex ions. 

Bronsted has published two experimental papers on electromotive forceL7 
which are most frequently quoted in support of the hypothesis of 100% 
dissociation. The first paper deals with cadmium electrodes dipping into 
two solutions containing two different concentrations of cadmium sulfate, 
the total concentration in each case, however, being made up t o  2.0 molar 
by addition of magnesium sulfate. The electromotive forces were in sub- 
stantial agreement with those calculated by using the gross concentration 

l2  $. W. XTashburn, THIS JOURNAL, 31,322 (1909). 
'3 M. Taylor and E W. Sawyer, J. Chem. Soc., 2095 (1929). 
l4 H. S. Harned, THIS JOURNAL, 42, 1808 (1920). 
15 G. N. Lewis and M. Randall, "Thermodynamics and the Free Energy of Chemi- 

cal Substances," The McGraw-Hill Book Co., New York, 1923, p. 367. 
16 N. E. Loomis, J. I,. Essex and M. R. Meacham, THIS JOURNAL, 39, 1133 (1917). 
l7 J. N. Brcinsted, Medd. Vetenskapsakad. Nobelinst., 5, No. 25, 1 (1819). 
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of cadmium sulfate in the usual Nernst formula. His very doubtfully 
valid procedure of correcting his results by means of the thermodynamically 
unpredictable cell where one of the cadmium electrodes dipped into a 
solution of magnesium sulfate containing no cadmium salt is only a minor 
objection. The chief point is that his results, according to the mass law, 
are equally in accord with the hypothesis of complete dissociation, or of 
partial dissociation, or of formation of any suggested proportion of complex 
ions, the last possibility being that which was shown in our previous com- 
munication to be true for these mixtures from the fact that the cadmium 
migrates toward the anode and is, therefore, not predominantly in the form 
of the positively charged cadmium ion. 

Bronsted himself recognized this complete inconclusiveness or ambiguity 
and proceeded to make the experiments of his second paper18 in which the 
chlorine electrode was dipped in two solutions of magnesium chloride of 
different concentration, the total concentration being made up to 4.0 N 
with magnesium sulfate in every case. Here Bronsted relied upon the 
fact that magnesium chloride is a ternary electrolyte and, therefore, would 
become completely dissociated a t  infinite dilution of magnesium chloride 
even in presence of the concentrated magnesium sulfate. To this stand- 
point no exception can be taken because more complicated modes of dis- 
sociation would merely obscure but not invalidate the final effect. How- 
ever, Bronsted's numerical evaluation of his results is based upon the im- 
plicit assumption that a 0.0032 N magnesium chloride i n  4.0 N solution of 
magnesium sulfate is 100% dissociated, and, if so, 0.1 Nmagnesium chloride 
is 99.3% dissociated. The assumption, however, begs the whole question, 
which is therefore seen to be one of opinion and not of experimental evi- 
dence. Migration data such as we adduce show, on the contrary, that mag- 
nesium, whether in chloride or sulfate, can be carried to the anode and, 
therefore, in such mixtures more of i t  bears a negative than a positive 
charge, a result fatal to any assumption of complete dissociation into 
simple ions. 

Summary 

1. In 0.05 M solutions of magnesium or rubidium sulfates, addition of 
a large proportion of the other sulfate causes the magnesium or rubidium 
t o  migrate away from the cathode toward the anode. In mixtures of 
ammonium iodide with excess of potassium iodide the movement of the 
ammonium may be practically suppressed. In mixtures of potassium 
chloride with excess of sodium chloride or of potassium nitrate with excess 
of sodium nitrate, the movement of the potassium may be considerably ' 

decreased. 
l8 J. N.  Bronsted, Kgl. Danske Videnskab. Selskab, Math.-fys. Medd., 3, No. 9,  

14 (1920); Trans. Faraday Sac., 44,727 (1928). 
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2. The general conclusion is that strong electrolytes form undissociated 
inolecules and complex anions; they differ only in degree from such an 
extreme case as that of cadmium iodide. Electrolytes would all seem to fall 
within a triangle whose corners represent extreme dissociation, extremely 
weak electrolytes and complete formation of complex ions, respectively. 

STANFORD UNIVERSITY, CALIFORNIA 

APPLICATIONS OF CERIC SULFATE IN VOLUMETRIC ANALYSIS. 
VIII. USE OF METHYL RED, ERIO GLAUCINE AND ERIO 

GREEN INDICATORS IN THE REACTION BETWEEN 
CERIC AND FERROUS IONS 

Introduction 
A number of applications of ceric sulfate in volumetric analysis have been 

described recent1y.l The use of various organic substances, for example, 
methyl red, methylene blue and methyl orange, as irreversible oxidation- 
reduction indicators in the titration of trivalent antimony with ceric sulfate 
was proposed by Ra th~berg .~  We have shown that methyl red may be 
used as an indicator in the titration of hydroquinone with ceric ~ u l f a t e . ~  

We have found that methyl red is an excellent indicator in the titration 
of ferrous salt with ceric sulfate or vice versa. Upon titration of a ferrous 
solution with ceric sulfate, the ferrous salt is oxidized first; a slight excess 
of ceric sulfate oxidizes the methyl red to a substance that is brownish in 
concentrated solution and yellow in very dilute solution. The oxidation 
product is destroyed upon standing in contact with an excess of ceric sul- 
fate. 

When ceric sulfate is being titrated with ferrous sulfate solution, the 
latter is added rapidly until the color of the ceric ion has almost disap- 
peared. Methyl red is added, and is oxidized to the yellowish product. 
Upon further addition of ferrous salt, there is a transition from yellow to  
violet when a slight excess of ferrous salt is present. If phosphoric acid be 
added, the color change agrees well with the potentiometric end-point. 
The color change of methyl red is much more rapid than that of diphenyl- 
amine under the same conditions. In agreement with Willard and Young4 

1 A bibliography is given in the preceding paper of this series, THIS JOURNAL, 

52, 1443 (1930); reference to the older literature is given by Willard and Young, im., 
50, 1322 (1928). and by Furman, ibid., 50, 755 (1928). 

* Rathsberg, Aer., 61, 1664 (1928). 
3 Furman and Wallace, THIS JOURNAL, 52, 1443 (1930). 

Willard and Young, THIS JOURNAL, 50, 1336 (1928). 
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we find that the use of diphenylamine is unreliable in the determination of 
cerium with ferrous sulfate. 

During the progress of our work with methyl red there appeared two 
publications by Knop5 in which he suggested the use of two triphenyl- 
methane dyes, erio glaucine and erio green, as reversible oxidation-reduc- 
tion indicators in the titration of ferrocyanide with permanganate. We 
have found that these indicators are excellent for certain titrations with, 
or of, ceric sulfate. 

Experimental 

Ceric sulfate solutions of approximately 0.1 or 0.05 N oxidizing power 
and 1 N in sulfuric acid were prepared from commercial hydrated ceric 
oxide (45% CeOz) and were standardized potentiometrically against pure 
sodium ~ x a l a t e . ~  

Methyl Red as Indicator.-Two-tenths g. of a Kahlbaum preparation 
was treated with 100 cc. of 6 N sulfuric acid. Nearly all of the material 
dissolved, and the slight residue was filtered off; 0.05 cc. of the solution is 
adequate for a titration. 

Titration of Ferrous Iron with Ceric Sulfate.-The data are presented 
in Table I. 

TABLE I 

Ferrous soln., cc.. . . . . . . . 25 25 25 25 50 50 10 10 
Initialvol.,cc . . . . . . . . . . .  50 100 235 50 150 200 50 100 
H%SOdconcn.,N . . . . . . . .  0.3 0.2 0.75 3.6 1.2 1.0 0 .6  0 3  
Ceric soln. used.. . . . . . . . 22 36 22.38 22.34 22.35 44.64 44.62 8.92 8 93 
Ceric soln. calcd.. . . . . . . . 22.32 22.32 22.32 22.32 44.64 44.64 8.93 8 93 

The calculated values are based on the average of four concordant po- 
tentiometric determinations. In each case 0.05 cc. of indicator was used. 
If the solution is stirred vigorously by hand, there is a sharp end-point even 
when the indicator is added a t  the start of the titration. It is desirable, 
however, to add the indicator when the ceric sulfate has begun to be con- 
sumed slowly. The determinations of Table I do not show clearly what 
correction, if any, should be applied when 0.1 N solutions are used. From 
the results with 0.05 M solutions it seems safe to apply a correction of 0.03 
cc. to  be subtracted from the buret reading in the titration of 0.1 M solu- 
tion, this correction being approximately half of that found in Table 11. 

In  Determinations 1-4 the ceric solution was 0.0593 N, and in Nos. 5-8, 
0.0552 N. The calculated values are based on sets of four concordant 

Knop, Z. anal. Chem., 77, 111 (1929); Knop and Kubeikova, ibid., 77, 125 
(1929). 

The details of preparation, standardization and a description of the apparatus 
are given by Purman and Evans, THIS JOURNAL, 51, 1129 (1929). 
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TABLE I1 
TITRATTON OF APPROXIMATELY 0.05 M FGRROUS SOLUTION WITH 0.05 M CERIC SULFATE 

1 2 3 4 5 6 7 8 

Initial volume, cc ... . . 100 110 150 100 35 60 200 125 
Xnitialacidconcn.,N. 0 5  0.7 0 3  0 6  0 2  0 2  0 3  1 .2  
Acid used.. . . . . . . . . . HzS04 HCl HzS04 ZICl HzS04 H2S04 HCl H2S04 
Ceric soln. used, cc .. . 41 24 41 25 16.48 I6 47 8 03 20 01 20.00 39 98 
Ceric soln. calcd., cc.. 41 20 41 20 16 42 16 42 8 00 19 96 19 96 39 92 

potentiometric determinations. On thc average 0.06 cc. of ceric sulfate 
needs to be subtracted from the buret reading in order to make the indi- 
cator values coincide with the potentiometric ones. When hydrochloric 
acid is present, the color change is not as sharp as in sulfuric acid solution, 
but the change is very distinct. 

The methyl red end-point is satisfactory in solutions which have been 
reduced with stannous chloride in excess, the excess being destroyed with 
mercuric chloride. A solution of ferric alum in dilute sulfuric acid required 
per 25 cc.: 21.69, 21.70, 21.68 cc. of 0.0948 N ceric solution after stannous 
chloride reduction, and 21.70, 21.73, 21.71 cc. of the ceric solution after 
passage of 25-cc. portions through a Jones reductor. 

If Mohr's salt is used as a secondary standard, the correction of 0.03 cc. 
of 0.1 N ceric solution brings the methyl red end-point in good agreement 
with the potentiometric. 

Ceric sulfate vs. sodium oxalatc, N 0.1079 0 1081 0.1080 
Mohr's salt used, g. 1 0502 1 3260 1 0072 
Ceric solution uncorrected 24.85 31 33 23 82 
Normality 0.1077 0.1079 0 1078 
Applying 0.03 cc. corr., N = 0.1079 0.1080 0.1080 

Titration of Ceric Sulfate with Ferrous Sulfate.-The ferrous sulfate 
is added until the solution is pale yellow (slight excess of ceric ion), 0.05 cc. 

TABLB 111 

TITRATION OP 0.1073 N CERIC SUI,PATE WITH FERROUS SULPATB 
Series I 

Ceric sulfate used, cc, 25 25 25 10 10 10 Av per 
25 cc. 

Ferrous sulfate, cc. 
Methyl red 29.80 29.83 29 79 11.94 11.92 11.91 29.81 
Potentiometric 29.87 29.85 29.85 11.96 11.93 29.86 
Diphenylamine 29.85 29 89 11.90 11.91 29.81 

Series I1 

Ceric solution used, cc. 25 25 25 25 
Ferrous sulfate, cc. 

Methyl red 30.02 30.04 30.03 30.02 
Potentiometric 30.01 30.05 30.06 
Diphenylanline 30.08 30.07 30.11 30.07 



2350 N. HOWELL PURMAN AND JOHN H. WALLACE, JR. V0l. 52 

of methyl red is added, and immediately afterward 25 cc, of the sulfuric- 
phosphoric acid mixture (150 cc. of each concentrated acid per liter) which 
is used in Knop's7 diphenylamine method. The yellow color of the solution 
becomes much less intense, but no precipitation of cerium phosphates 
occurs. The ferrous sulfate is added slomrly until the solution suddenly 
becomes pale violet. Upon standing the violet color deepens. Some 
results are presented in Table 111. 

Five one-hundredths cc. of methyl red or 0.05 cc. of 1% diphenylamine 
was used. The behavior of diphenylamine is erratic, and the position of 
the end-point depends upon the speed of titration a t  the end-point. 

Behavior of Methyl Red on Oxidation and Reduction.--This study is 
still in a preliminary stage as far as the mechanism of the reaction is con- 
cerned. A brief r6sum6 of some qualitative experiments may be of in- 
terest. Ceric sulfate appears t o  be the only oxidizing agent which gives 
the intermediate oxidation product of methyl red under the conditions used 
in volumetric analysis. Bromate, permanganate and chlorine carry the 
oxidation so far that no colored product is formed on reductiod with ferrous 
salt. The violet-colored substance is formed when the reduction is care- 
fully performed with stannous chloride; sulfite, on the other hand, carried 
the reduction to a colorless stage. 

Methyl red shows the same oxidation-reduction behavior after recrystal- 
lization from glacial acetic acid, as before purification. 

The violet-colored reduction product is extracted from aqueous solution 
by ether to give an orange-red solution, and by benzene to give a violet-red 
solution. In the latter solvent methyl red forms an orange or yellow ex- 
tract, although largely present in the red form in the strongly acid aqueous 
layer. Thus far it has not been possible to obtain the violet substance in a 
form pure enough for analysis. 

Erio Glaucine and Erio Green Indicators-Erio Glaucine A (Schulz 
No. 506) and Alkali Past (erio) Green A were obtained from the National 
Aniline and Chemical Company, New York; 0.1% aqueous solutions were 
prepared, and 0.5 cc. of either solution was used for a single titration. 
Knop7 states that the compositions of the rose-colored oxidation products 
are not known. Either indicator forms a greenish-yellow color in acid solu- 
tion; in pure water the colors are blue and green, respectively. A very 
slight excess of ceric sulfate colors either indicator rose or red; in the pres- 
ence of a ferric salt the color is orange or pale rose. There is a short time 
interval necessary for the development of the full color change a t  the end- 
point; the danger of over-titration is slight. The results are summarized 
in Table IV. 

The determinations were made as closely together as possible, in point 
of time, with alternation of indicator and potentiometric determinations. 

' Kuop, THIS JOURNAL, 46, 263 (1924). 
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TABLE IV 
USE OF BRIO GLAUCINE AND ERIO GREEN I N  TITRATION OF FERROUS SULFATE WI'l'H 

0.0948 N CERIC SULFATE 

Erio Glaucine Indicator 

Ferrous sulfate, cc.. . 25 25 25 25 50 50 Av. per 
25 cc. 

Initial acid concn , N . 0 7  3 0  0 3 5  3 N  2 2 
Acid . . . . . . . .  . H&04 HCI H2S04 IiCi HzSO4 IlCl 
Iuitial volume, cc . . 25 50 50 50 75 75 
Ceric sulfate, cc . 23.05 23 04 22 99 23 00 45 99 43 '38 23 01 

Erio Green Indicator 
. . .  Ferrous sulfate . . . . .  25 25 25 25 50 50 

. . .  Initial acid concn., N. 0.7 3.0 3 0 0.75 2.0 2.0 
Acid.. . . . . . . . . . . . . . . . . . .  HsSOl HzSOd HCl HCl H~SOI HC1 
Initial volume, cc . . . . . . . . . .  25 50 50 100 75 75 
Ceric solution, cc. . . . . . . . .  22 98 23 01 23 03 22 98 45 97 45 91 22 98 

Potentiometric 
. . . . . . . . .  Ferric solution, cc.. 25 25 25 25 50 50 

Ceric solution used, cc. . . . . . . .  22.99 23.03 23.00 23.03 45 98 45.89 22.99 

There does not appear to be any correction to be applied in working with 
0.1 ni solutions. 

The reverse titration was studied. It was found that either indicator 
could be added immediately before the start of a titration. The color was 
initially orange; when nearly all of the ceric ion had been reduced the rose 
tint predominated. At the end-point there was a sharp transition to  
yellow with a slight time interval needed for the color change. 

TABLE V 

TITRATION OF 0.1028 N CERIC SULFATE WITH FERROUS SULFATE 

Brio Glaucine Indicator 

Ceric solution, cc.. . . . . . . .  10 10 10 25 25 Av. per 
25 cc. 

Initial HzSO4 concn., N.. . 1 0.67 0.7 1.4 1 
Initial volume, cc.. . . . . . . .  40 65 100 60 85 
FeSOl used, cc.. . . . . . . . . .  11 97 12.00 11.98 29 95 29.98 29.96 

Erio Green Indicator 

Ceric solution, cc.. . . . . . . .  10 10 SO 25 25 
Initial HzSO* concn., N. . .  1 0.67 0.7 1.4 1 
Initial volume, cc.. . . . . . . .  40 65 100 60 85 
FeSO4used,cc . . . . . . . . . . .  11.99 11.96 11.98 29.95 29.95 29.95 

Potentiometric 

Ceric solution, cc.. . . . . . . .  10 SO 25 25 25 
FeSO~used,cc . . . . . . . . . . .  11.99 11.98 29.99 29.99 29.95 29.98 

Within the limits of error of these determinations there appears to  be no 
indicator correction. 
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It seemed of interest to determine whether the presence of calomel and 
mercuric chloride would interfere with the functioning of the indicators. 
A solution of ferric alum, acidified with sulfuric acid, was prepared, and 
aliquot portions were reduced by the stannous chloride method with sub- 
sequent addition of excess of mercuric chloride. Portions of the solution 
were reduced by the Jones reductor, and an average of 23.09 cc. of 0.0945 
N ceric sulfate was required per 25 cc. of alum solution. 

TABLE VI 
TITRATIONS AFTER REDUCTION WITH STANNOUS CHLORIDE 

Erio Glaucine Indicator 

Alum solution, cc.. . . . . . . . . . . . .  25 2 5  25 10 10 
Ceric solution found, cc . . . . . . . . .  23.05 23.13 23.09 9.23 9.22 
Error, cc.. . . . . . . . . . . . . . . . . . . . .  -0.04 -t-0.04 10 .00  +0.00 -0.01 

Erio Green Indicator 

Alum solution, cc.. . . . . . . . . . . . .  35 25 10 10 
Ceric solution found, cc.. . . . . . . .  23.11 23.08 9.22 9.24 
Error ,cc . . . . . . . . . . . . . . . . . . . . . .  +O.02 -0.02 -0.01 +0.01 

A number of other uses of erio glaucine and erio green in titrations with 
ceric sulfate are being studied. 

Summary 

Methyl red in dilute sulfuric acid solution may be used as indicator in the 
titration of ferrous ion with ceric, or vice versa. In the latter case the 
indicator must be added near the end-point, and phosphoric acid must bc 
present. A correction must be applied in the former titration. 

A new behavior of methyl red upon mild oxidation-reduction treatment 
has been described. 

Brio glaucine and erio green are excellent indicators for the titration of 
ferrous ion with ceric, or vice versa. No correction need be applied in 
either case with a 0.1 N standard solution. 

The three indicators are satisfactory in hydrochloric acid solution as well 
as in sulfuric, and in the presence of calomel and excess of mercuric chloride. 
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I. Introduction 
The activity coefficients of a number of the alkali halides in pure aqueous 

solutions have recently been redetermined with great precision by Harned." 
He used cells of the type 

Ag/AgX/MeX (ml)jMe,Hg/MeX (mJlAgXjAg 

where X designates the halide and Me the alkali metal present. In the 
present investigation cells of the same general type have been used, but 
the concentration of the electrolyte was the same on both sides of the cells 
and the composition of the solvent used as a variable 

Ag/AgX/MeX (ml)  in water/Me,Hg/MeX (ml) in water-alcohol/AgX/Ag 

Through suitable recombining of these cells with those for pure aqueous 
solutions it was possible with the use of the Debye-Hiickel activity func- 
tion to calculate the activity coefficients of the electrolytes employed in 
the water-alcohol solutions. This also gave the means of determining the 
activity coefficients at  infinite dilution in relation to the corresponding 
water value which was assumed to be unity in accordance with custom. 

. As has been predicted by the simplest theory possible, i t  was found that 
within the errors due to uncertainties of the calculation and experimental 
difficulties, the logarithm of the activity coefficient a t  infinite dilution is 
approximately inversely proportional to the dielectric constant of the pure 
water-methyl alcohol mixtures. I t  is the first time this has actually been 
shown to be the case and therefore, although expected, it is of considerable 
importance. 

11. Experimental Methods 
The methyl alcohol used was free from acetone and aldehydes; the 

density corresponded very closely to the accepted value for pure, absolute 
alcohol. As the alcohol always was used in mixture with water a correction 
for the very small water content of the original product was considered 
unnecessary. All salts used were of the analyzed variety and further puri- 
fication was not carried out. Hydrochloric acid was carefully redistilled 
as constant-boiling mixture and middle portions were used. All solutions 

Harned, THIS JOURNAL, 51, 416 (1929); compare further MacInnes and Parker, 
ibid., 37, 1445 (1915) ; Allmand and Polack, J. Chem. Sac., 115, 1020 (1919) ; Pearce 
and Hart, THIS JOURNAL, 43, 2483 (1921); Harned and Douglas, ibid.,  48, 3095 (1926). 
Measurements with hydrochloric acid: Ellis, ibid., 38, 737 (1916); Noyes and Ellis, 
ibid., 39, 2532 (1917); Linhart, ibid.,  39, 2601 (1917); Scatchard, ibid., 47, 641 (1925). 
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were generally made up through diluting standard solutions with calculated 
amounts of water and alcohol. All concentrations of the electrolytes are 
given in molality per 1000 g. of the solvent. The methyl alcohol concen- 
tration is expressed in weight per cent. 

Silver-silver chloride electrodes2 were prepared from silver deposited on 
a small platinum-spiral through decomposition of silver oxide paste at  500°. 

The electrolysis in one molal hydro- 
chloric acid was carried out with 10 milli- 
amperes during two hours. Hydrogen 
electrodes2 were obtained through elec- 
trolysis with a small platinum-foil in an 
approximately I%, strongly acid, PtC14 
solution. The amount of current used 
was about 0.1 amp. per sq. cm. of surface 
of the foil during six minutes. The al- 
kali metal amalgams were made by the 
method described by ~ a r n e d . ' ~  The 
lithium amalgam was found to work 
fairly well without any special precau- 
tions. The design of the amalgam cells 
employed is given in Fig. 1. The pro- 
cedure for measurements of these cells 
has been described sufficiently else- 
 here.^,^ The temperature for all meas- . 
urements was 25.00'. 

111. Accuracy of the Results 
The electromotive force of the amal- 

gam cells was wholly due to the differ- 
ences in the composition of the solvent 
used in the two half cells. The amount 
of solvent employed in making up the 

Fig. 1.-Apparatus for the amalgam S O ~ U ~ ~ O ~ S  varied between 600 to 800 g. 
cells. Before the cells were filled the two solu- 

tions that were to be used were boiled in 
vacuum a t  rooni temperature during two to four minutes. The salt 
concentration of the pure water solution changed very slightly but the 
evaporation from the alcohol solution was naturally considerably greater. 
If the amount of solvent evaporated had been the same on both sides of 

* A  review of the method* and the literature for Ag/AgCl electrodes is given 
(a) by Harned, Ref. 1; regarding hydrogen electrodes compare also Harned and akerlof, 
Physik. Z., 27, 411 (1926); (b) Harned, THIS JOURNAL, 47, 676 (1925); preparation 
of lithium amalgam, Harned and Swindells, ibid., 48, 126 (1926). 

a Kkerltif, ibid., 48, 1160 (1926). 
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the cell the effect of the electromotive force could scarcely have been 
noticed even with a very high measuring accuracy. To compensate for 
the larger loss on the alcohol side a slight excess of pure alcohol was 
added. The excess increased somewhat with the alcohol concentration 
and corresponded sufficiently closely with the actual loss. For dilute or 
fairly concentrated wateralcohol mixtures (up to 60%) this precaution 
worked very well. At still higher alcohol concentrations the difficulties in 
obtaining good results increased very rapidly. Usually the same measure- 
ment had to be repeated with new solutions three or four times and then 
their mean used. The measurements were carried out with a series of 
water-alcohol mixtures differing by 10% in alcohol content. Dividing 
the electromotive force by the alcohol content and plotting the values ob- 
tained against i t  usually gave a very smooth curve at lower alcohol con- 
centrations. At higher ones the deviations were sometimes quite large, 
indicating possible errors of 2-3 millivolts. Up to 50% alcohol the errors 
seemed hardly to exceed 0.2-0.3 of a millivolt but systematic errors might 
easily have been present. For the measurements with solutions of hydro- 
chloric acid errors due to evaporation of alcohol were unlikely t o  occur. 
Immediately before the hydrogen entered the cell i t  had passed through a 
long bubbling tower almost completely immersed in the water of the ther- 
mostat and containing about 200 cc. of the solution used. The measure- 
ments with these solutions may therefore have only the ordinary, apparent 
errors of 0.1--0.2 of a millivolt through the entire series. 

IV. The Calculation of the Results 

The limiting function of Debye-Hiickel for the logarithm of the activity 
coefficient of a strong electrolyte is given by the well-known equation 

where e is the electron charge, k the Boltzmann constant, T the absolute 
temperature, D the dielectric constant of the medium, N the number of 
Avogadro, k the "mean distance of ionic approach," zi the valence number 
of ions of the ith kind and m the concentration of the electrolyte. Recently 
Gronwall, LaMer and Sandved4 have extended this simplified equation to 
the so-called terms of higher order. They showed that in cases with sym- 
metrical ions, where very small or negative distances of ionic approach 
were obtained with the original Debye-Huckel theory, their extended 
form gave positive and constant values, which seemed to be reasonable. 
However, their improved equations could only be used for very dilute solu- 
tions where the dielectric constant of the medium might be assumed to  
remain practically unchanged with varying concentration of the electrolyte. 
I n  this concentration range the electromotive force methods of determining 

Gronwall, LaMer and Sandved, Physik. Z., 29, 338 (1928). 
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activities are more or less unreliable and as we therefore were forced to use 
far higher concentrations, the equations mentioned could not be used in 
their present form. To obtain an equation which may be used for a large 
concentration range, Hiicke15 deduced an equation for the influence of the 
electric charges of the ions of the electrolytes. The fundamental assump- 
tion made was that the total change of the dielectric constant of the medium 
decreased linearly with increasing concentration. In a number of cases 
where the ions present had small dipole moments, this assumption was 
found to lead to negative dielectric constants in only fairly concentrated 
solutions, which is an impossibility. Nevertheless, a simplified form of 
Hiickel's equation was shown by Hiickel, Scatchard, Harned, Akerlof 
and others to be able to express the results of the activity measurements 
with great precision over a very large concentration range. The general 
form of the equation employed is 

zv,zi2 3 / ~  d G  
log Y = -u (y-) + BZcizi2 - log 1 f -- Zmi . . . 

1 + A 4 2 c i z i 2  
) (2)  ( 1000 

where u is a universal constant, A and B are empirical constants, M is the 
molecular weight of the solvent, wz and c are the concentration of the elec- 
trolyte in molality and molarity, vi and q the number and valence of ions 
of the i th kind. So far in all cases where this equation has been used the 
theoretical value of the constant u has been employed, both for aqueous and 
non-aqueous solutions. As an example may be mentioned the calculation 
of I,ucasseGa of the activity coefficient of hydrochloric acid in methyl alco- 
hol from the measurements of Nonhebel and ~ a r t l e ~ , ~ ~  in ethyl alcohol 
from those of Harned and Fley~her.~' Lucasse concluded that a very good 
agreement had been obtained between observed and calculated values. 
The quite appreciable deviations, especially a t  very low acid concentra- 
tions, were attributed to experimental difficulties such as hydrogen elec- 
trode errors, etc. 

When Equation 2 was applied to some of the measurements presented 
here, it was soon found that it could not be used with the theoretical u- 
values. Since most of the results were obtained for fairly dilute solutions, 
the term B2m from Bquation 2 was neglected in the case of potassium and 
sodium chloride solutions on account of its assumed smallness. As vari- 
ables u and A were used. The measurements with lithium chloride solu- 
tions were extended over quite a large concentration range. In this case 
the influence of the term B2m is quite considerable a t  higher concentrations 
and could not be neglected. Therefore the u-values were first determined 
from measurements at  lower concentrations and then the A and B values 
from a series of results at  higher ones. AS the difference between calculated 

Hiickel, Physik. Z., 26, 93 (1925). 
(a) Lucasse, Z. plysik. Chem., 121, 254 (1926); (b) Nonhebel and Hartley, Phil. 

Mag., [6] 50, 298, 729 (1925); (c) Harned and Fleysher, THIS JOURNAL, 47, 82 (1925). 
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and theoretical u-values increases rapidly with increasing alcohol concen- 
tration, the u-values for lithium chloride solutions were calculated only for 
the two highest alcohol concentrations employed and then interpolated to 
give a curve of the same form as the curve for the theoretical values. 
For hydrochloric acid this method of calculation was found to be un- 
necessary and in this case the theoretical u-values were used. 

The determination of the variables u, A and B each required a separate 
electromotive force value that was to be obtained from the measurements 
in the following manner. Consider the three cells 

I Ag/AgCl/MeCl (ml)/Me,Hg/MeCl (m,)/AgCl/Ag 
I1 Ag/AgCl/MeCl (mi, a% alc.)/Me,Hg/MeCl (ml)/AgC1/Ag 
111 Ag/AgCl/MeCl (mp, a% alc.)/Me,Hg/MeCl (mz)/AgCl/Ag 

The electromotive forces of these three cells may be expressed by the equa- 
tions 

RT yl . ml (water) 
E1 = ln 

YZ mz (water) ( 3 4  

RT y: . m: (alc.1 
Ez = -In NF yl.ml (water) (3b) 

RT y:.&(alc.) 
EI = - 

NF In yz . mz (water) 

An asterisk marks activity coefficients and concentrations in alcohol-water 
solutions. Subtraction of the second equation from the first one and addi- 
tion of the third gives 

RT r2* . m: (alc.1 
Ep = -In 

NF y: . m: (alc.) 

Finally there is also a measurement necessary for the elimination of Eo 
according to the equation 

RT 
E4 - Eo = -1ny .m NF ( 3 4  

For potassium, sodium and lithium chlorides the values of El were calculated 
from the measurements of Harned. The measurements for hydrochloric 
acid gave directly the values of Ed. AS previously indicated it has been 
customary to express the concentrations for these calculations in two units, 
molar and molal. In order to avoid a rather unnecessary labor, all con- 
centrations in the following will always be expressed and used as molality. 
This makes the logarithmic end term in Equation 2 unnecessary for the 
calculations. The measurements were generally used interpolated from 
curves. 

V. Experimental Results 

In Tables I, 11, I11 and IV are given the results of the measurements and 
calculations with potassium, sodium and lithium chlorides and hydrochloric 
acid, respectively. All measurements with cells containing hydrogen 
electrodes are corrected to a partial hydrogen pressure of 760 mm. of 
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mercury. The vapor pressures of the water--methyl alcohol mixtures with- 
out electrolytes present were obtained from the measurements of Kono- 
walow7 in the following manner. The values for constant alcohol concen- 

TABLE I 
ELECTROMOTIVE FORCE MEASUREMENTS AND ACTIVITY COEFPICIENTS ROR POTASSIUM 

CHLORIDE IN WATER-METHYL ALCOHOL SOLUTIONS 

1. E. m. f. measurements and empirical constants derived from them. The e. m. f.  
values refer to the cells: Ag/AgCl/KCl (m) in pure water/K,Hg/KCl (m) in water- 
alcohol/AgCl/Ag. 

Alc , 
wt E 0.02 m E 0.05 m E 0.10 m E 0.50 ,n u A B 

0 0 00000 0 00000 0 00000 0 00000 0 357 O 737 0 0112 
10 01807 01747 .01705 01612 ,499 1.20 . . . 
20 .03640 03510 ,03436 03240 645 1 50 . . . . 
30 05508 05310 ,05202 ,04894 ,880 2 00 . . . . 
40 .07470 07152 .07012 .06600 1 270 2 75 . . . . 
50 ,09420 ,09075 .08925 ,08350 1.72 3 75 . . . . 
60 .I158 .I116 .I097 .I028 2.87 5.00 . . .  
70 ,1402 .I348 .I326 . . . . 4.37 6 50 . . . . 
80 .I681 ,1603 .I577 . . . . 6.72 8.25 . . . . 
90 ,1968 ,1883 .I854 . . . . 10 93 10.50 . . . . 

2. Activity coefficients a t  infinite dilution and a t  concentrations used 
Alc., 7 0  02 m 70.02 m 70 05 m 7 0  05 m y0.10 m 70 50 m 70.50 m 

wt. % calcd. obs. calcd. obs. standard calcd. obs. 

0 0 867 0 867 0 812 0 812 0 762 0 639 0.639 
10 ,831 ,831 .767 ,769 716 (.593) .611 
20 ,796 .796 .727 ,726 .672 (. 552) ,585 
30 .749 .749 .675 ,674 .620 (.509) ,552 
40 .686 ,691 .610 .609 .556 (.458) ,506 
50 .636 .646 .564 .566 516 ( 434) .484 
60 ,517 .515 .445 .443 .402 (.333) .385 
70 .416 .417 ,352 351 ,316 . . . . 
80 ,312 .312 .258 .257 .229 . . . . 
90 .I97 .I97 .I59 .I56 ,139 . . . . 

3. E. m. f .  measurements by Harned for pure aqueous solutions 
KC1 m E obs. E calcd. robs. ycalcd. 

0.02 . . . .  -0 07605 0 867 0.867 
.05 . . . .  - .03237 .812 ,812 
.10 0 00000 .0O00Oa 762 ,762 
.20 .03198 .03187 710 ,709 
.50 .07390 .07365 .642 ,639 

1 .OO .I0565 .10565" .596 ,596 
1.50 .I2459 ,12493 .574 ,578 
2.00 .I3877 ,13903 .568 .571 
2 50 .I5018 .I5045 ,567 ,570 
3.00 .I5976 ,15976" 570 .570 

" These measurements used for the calculation of the empirical constants. 

Konowalow, Wied. Ann., 14, 34 (1881); Landolt-Bornstein, "Tabellen," 5th 
ed., 1923, Vol. 11, p. 1398; Foote and Dixon, Am. J. Sci., [5] 17, 146 (1929). 
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ELECTROMOTIVE ~?ORCE: MEASUREMENTS AND ACTIVITY COERPICIENTS b'OR SODIUM 

CHLORIDE IN WATER-METHYL ALCOHOL SOLUTIONS 

1. E. m. f.  measurements and empirical coilstatlts derived from them. The c .  m. f .  
values refer to the cell: Ag/AgCl/NaCl (m) in pure water/Na,Hg/NaCl (m)  in water- 
alcohol/AgCl/Ag. 

Alc., 
wt. % 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

Alc. 
wt. % 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

2. Activity coefficients a t  infinite dilution and a t  concentrations used 
yO.02 m 70.02 m 70.05 m 70 20 m 70.20 m 70.50 m 70.50 m 

calcd. obs. standard calcd. obs. calcd. obs. 

0.871 0 871 0 818 0 727 0.727 0.673 0.673 
,852 ,852 .795 693 .699 .624 ,643 
.828 .827 ,763 651 ,664 ,579 606 
.802 ,804 .732 .618 ,630 .547 ,571 
.77i .773 .696 ,578 ,591 .509 ,532 
.735 .735 .655 .535 .545 .469 .488 
.685 .678 .599 .477 .486 ,414 .430 
.639 .645 .552 .439 ,443 383 ,388 
.567 ,563 ,479 .372 .362 ,322 .318 
.485 .493 .401 .317 .298 . . . . 

3. E. m. 
NaCl m 

0.02 
.05 
.10 
.20 
.50 

1.00 
1.50 
2.00 
2.50 
3.00 

f .  measurements by Harned for pure aqueous solutions 
E obs. E calcd. robs. ycalcd. 

. . . .  - 0.07660 0.871 0.871 

. . . .  - ,03270 ,818 .818 
0.00000 .00000" .773 .773 

.03247 .03242 .727 .727 

.075ti6 .07560 .673 .673 

.lo957 .10957" .652 .652 

.I3033 .I3063 .651 .655 

.I4621 .I4640 .666 .668 
,15923 .I5930 ,686 .687 
.I7037 .17O4la .711 .711 

" These measurements used for the calculation of the empirical constants. 

tration a t  varying temperature were interpolated for 25'. Then the curve 
obtained was used for interpolation to the alcohol concentration desired. 
The vapor pressure for pure methyl alcohol a t  25' was taken from the 
measurements of Foote and Dixon.' The decrease in vapor pressure on 
addition of the electrolytes used was calculated from Raoult's law assum 
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ELECTROMOTIVE FORCIC MEASUREMENTS AND ACTIVITY COEFFICIENTS FOR LITHIUM 

CHLORIDE IN WATER-METHYL ALCOHOL SOLUTIONS 

1. E. m. f. measurements and empirical constants derived from them. The e. m. f .  
values refer to the cell: Ag/AgCl/I,iCl (m) in pure water/Li,Hg/LiCl (m) in water- 
alcohol/AgCl/Ag. 

Alc., 
wt., % E 0.0'2 m E 0.05 m E 0.10 m E 0.50 m E 1.00 m u A I( 

0 0.00000 0.00000 0.00000 0.00000 0.00000 0.357 0.808 0.0611 
10 ,01280 ,01188 .01158 ,01085 .01091 ,411 ,700 .077 
20 ,02578 ,02386 ,02322 ,02148 ,02190 ,476 ,700 ,086 
30 ,03876 ,03603 ,03507 ,03240 ,03300 ,551 .730 ,100 
40 ,05208 ,04848 ,04708 ,04326 ,04424 .640 .800 ,100 
50 ,06575 ,06180 ,05965 ,05530 ,05595 .748 ,890 .I04 
60 .08082 .07584 ,07301 ,06640 ,06828 ,887 ,950 ,115 
70 .09730 ,09107 ,08715 ,08005 ,08134 1.07 1.05 ,111 
80 ,1150 ,1095 ,1029 ,09404 ,09552 1.33 1.20 ,090 
90 .I371 .I276 ,1204 .I087 ,1109 1.80 1.60 ,080 

2. Activity coefficients a t  infinite dilution and a t  concentrations used 
Alc., r0.02 m r0.05 m rO.10 m 70.50 m r1.00 m 

wt., yo czcalcd. obs. calcd. obs. stand. calcd. obs. calcd. obs. 

0 0.873 0.873 0.824 0.824 0.785 0.731 0.731 0.770 0.762 
10 ,853 ,854 ,798 .792 . .750 ,684 .689 ,728 ,727 
20 .832 .836 .768 ,760 ,716 ,640 ,645 .682 ,684 
30 .809 ,815 ,738 .730 ,683 ,605 .603 .656 ,643 
40 .783 ,790 ,705 ,695 ,645 ,555 ,557 ,596 ,599 
50 ,753 ,757 ,670 ,661 .GO5 ,511 ,516 ,550 ,552 
60 ,717 .709 .625 ,616 ,555 ,457 ,454 ,495 ,496 
70 .672 .674 .572 ,563 .497 ,388 ,403 ,410 ,435 
80 .615 ,602 ,506 ,510 .427 ,306 ,334 ,304 .363 
90 ,538 ,542 ,427 .426 .352 ,244 ,261 ,240 ,287 

3. E. m. f.  measurements by Harned for pure aqueous solutions 
LiCl m E obs. E calcd. robs. rcalcd. 

0.02 . . . -0.07725 0.873 0.873 
.05 . . . - ,03313 .824 ,824 
.10 0.00000 . 00000" .785 ,785 
.50 .07900 .079OOa ,731 .731 

1.00 . l l68  ,11733 ,762 ,770 
2.00 .I624 .I6292 .926 ,936 
3.00 ,1958 .19580Q 1.183 1.183 

a These measurements used for the calculation of the empirical constants. 

complete dissociation. The correction of this decrease with the activity 
function is entirely negligible. The interpolated vapor pressures of water- 
methyl alcohol mixtures a t  2 5 O  and their values a t  various concentrations 
of the electrolyte added are given in Table V. 

A graphical representation of the results obtained for lithium chloride 
solutions is shown in Fig. 2. This figure gives also a good conception of 
the corresponding curves for potassium and sodium chloride and hydro- 
chloric acid, because the distribution of these curves with varying alcohol 
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TABLE IV 

ELECTROMOTIVE FORCE ~~EASUKEMENTS AND ACTIVITY COEPFICIENTS FOR HYDRO- 
CHL,ORIC ACID IN WATER-METHYL ALCOHOL SOLUTIOXS 

1. E. m. f .  measurements and empirical constants derived from them. The meas- 
urements were carried out for the cell: H2/HCI (m), a1c.-wat./AgCl/Ag. 

Alc , 
w t , %  E 0 0 2 m  E 0 0 5 m  E 0 5 0 m  u b A B 

0 0 4292" 0 3849" 0.2712" O 357 0 984 0.0604 
10 . . ,382 . . 
20 .4191 ,3753 ,2621 .420 .99 076 
30 4135 3700 .2578 .465 .99 085 
40 ,4075 3644 ,2534 ,517 1 00 ,094 
50 ,4005 3579 ,2483 ,582 1 00 103 
60 3915 3496 2417 ,662 1 . 00 . I12  
70 3806 3395 2337 .760 0.98 . I20 
80 3637 3237 2206 ,887 0 95 . I 28  
90 .3292 2902 .I910 1.050 1 10 .097 

" These e. m. f .  values calculated from the measurements of Scatchard. ' The 
theoretical u-values used. All e. m. f. values corrected to  760 mm. partial hydrogen 
pressure. 

2. Activity coefficients a t  infinite dilution and a t  concentrations used 
Alc , 2 0  02 m 70.02 m 70 05 m r 0  50 m YO 50  m 

w t , %  calcd obs. standard calcd. obs. 

0 0 877 0 877 0 831 0 759 0 759 
1 0 . . 
20 857 860 806 733 730 
30 843 ,846 786 710 698 
40 828 83 1 ,768 685 ,666 
50 808 81 1 ,742 649 627 
60 784 ,788 ,711 604 581 
70 755 758 674 545 529 
80 7 18 ,719 627 47 1 466 
30 679 679 ,580 395 .400 

3 E m f measurements by Scatchard for pure aqueous solutions 
HCI m E obs rcalcd robs.  

0 01002 0 46376" 0 905 0 905 
05005 38568 83 1 .828 
09834 35316 797 .794 
2039 31774" 767 767 
3063 29332 757 754 
3981 28407 756 753 
5009 27197 759 757 
6367 25902 769 767 

1 0008 23290 812 ,810 
1 5346 20534" .903 .903 

" These measurements used for the calculation of the empirical constants 

concentration is very similar for the four electrolytes mentioned. Figure 3 
gives an idea of the variation in distribution of the activity coefficient curves 
for potassium and sodium chlorides and hydrochloric acid at  various alco- 
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TABLE V 
TOTAL NUMBER N OF MOLES OF WATER AND METHYL ALCOHOL IN 1000 G. OF THE 
WATER-ALCOHOL MIXTURES, VAPOR PRESSURES IN MM. OF MERCURY AT 25' OF THE 
PURE MIXTURES AND WITH SUCCESSIVELY 1, 2, 3 AND 4 MOLES OF A UNI-UNIVALENT 

ELECTROLYTE ADDED. PRESSURE, p, MM. 
--- Concentration of electrolyte added-------- 

AIC., 0 m, 1 m, 2 m, 3 m, 4 m, 
wt. % N P P P P P 

0 55.55 23.7 22.9 22.1 21 2 20.3 
10 53.06 32.7 31.5 30.2 29.0 27.8 
20 50.64 41.6 39.9 38.3 36.7 35.0 
30 48.21 50.6 48.5 46.4 44.3 42.2 
40 45.78 59.5 56.9 54 3 51.7 49.1 
50 43 .42 68.6 65.4 62 3 59.1 56.0 
60 40.92 76.8 73.0 69.3 65.5 61.8 
70 38.49 86.5 82.0 77.5 73 .0 '  68.5 
80 35.95 97.6 92.2 86.7 81.3 75.9 
90 33.62 111.5 104.9 98.2 91.6 85.0 

100 31.19 126.1 118.0 109.9 101.8 93.7 

0 0.2 0.4 0.6 0.8 1.0 
4;. 

Fig. 2.-Curves for the activity coefficient of lithium 
chloride in water-methyl alcohol mixtures. The top 
curve is the one for pure water; then follow in order those 
for 10, 20. . . . etc., weight per sent. of alsohol. 
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hol concentrations in relation to  each other. The figure shows that the 
order of distribution of the curves for the different electrolytes remains 
unchanged although their dispersion with increasing alcohol concentration 
changes by a very large amount. In this connection might be mentioned 

the result of a number of measurements of the activity coefficient of hydro- 
chloric acid in acid-sodium chloride solutions at  varying constant total 
molality and a t  varying alcohol concentration. The curves for the loga- 
rithm of the activity coefficient as plotted against the acid concentration 



are straight lines and their slope is a constant independent of the total 
molality and alcohol concentration. In other words, strong electrolytes in 
alcohol solutions seem to show also in this respect the same general behav- 
ior, that has been demonstrated to be valid for water by Harned and Aker- 
1of12" Harned and Harriss and others. 

Figure 4 gives the curves for the logarithm of the activity coefficients a t  
infinite dilution in relation to unity for pure water as plotted against the 
inverse values of the dielectric constants of the pure water-methyl alcohol 

KC1 
* 2.8 

2.6 
NaCl 

2.4 

2.2 

2.0 
LiCl 

1.8 
+ 

% 1.6 

E 1.4 
3 -5 1.2 

3 1.0 
4 HCl 

0.8 

0.6 

0.4 

0.2 

0.0 
120 140 160 180 200 220 240 260 280 300 

l /D X 108. 

Fig. 4.-Curves for the logarithm of the activity coefficients of potassium, 
sodium, lithium and hydrogen chlorides a t  infinite dilution in water-methyl 
alcohol mixtures as plotted against the inverse values of the dielectric constants 
of these same mixtures. The dotted lines correspond to even curves through 
as many experimental points as possible. 

mixtures. The values for the dielectric constants were obtained from the 
measurements of D r ~ d e . ~  Since he found a linear variation of these con- 
stants with the alcohol concentration in weight per cent, and the tempera- 
ture coefficient is not particularly well known, the pure water value was 
interpolated to 25', the one for the pure alcohol taken as given by Drude 
for lgO and then interpolation was carried out linearly. A summary of all 
values used for Fig. 4 is given in Table VI. The values for log y, given 
in this table were calculated from the measurements for 0.02 molal solutions 

Harned and Harris, THIS JOURNAL, 50, 2633 (1928). 
Drude, 2. physik. Chem., 23, 267 (1897); compare also "International Critical 

Tables," 1929, Vol. VI, p. 100. 
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in the following manner. The electromotive force values for the con- 
centration mentioned gave first the ratios between the activity coefficients 
in pure water and the water-methyl alcohol mixtures, the last two values 
both related to unity a t  infinite dilution. Multiplication of the ratio ob- 
tained with the activity coefficient for 0.02 molal solutions in pure water 
and d9ision with the corresponding value in water-alcohol gave for the 
alcohol mixture the desired value a t  infinite dilution. 

MOLE FRACTION O F  METHYI, ALCOHOL 72, DIELECTRIC CONSTANTS D, T H E I R  INVERSE 
VALUES 1/D FOR THE PURE WATER-ALCOHOL MIXTURES, ACTIVITY COEP~ICIENTS 
OF POTASSIUM, SODIUM AND LITHIUM CHLORIDES AND HYDROCHLORIC ACID AT INFINITE 
DILUTION IN THE SAME WATER-ALCOHOL MIXTURES IN RELATION TO THE CORRESPOND- 

ING WATER VALUE ASSUMED TO BE UNITY 

Alc., KC1 NaCl LiCl HCl 
wt., % n D 1/D log Y, log Y, log Y, log Y, 

0 0 0000 78.8 0 0127 0 000 0 000 0 000 0 000 
10 0588 74 2 0135 .I71 ,160 . I18 . . 
20 ,1232 69 7 0144 345 ,324 239 ,095 
30 .I941 65 1 ,0154 ,528 ,492 ,361 ,150 
40 .2725 60 6 .Ole5 .733 .A67 ,487 ,208 
50 ,3608 56.0 ,0179 .931 ,853 ,620 ,278 
60 .4574 51 4 .0195 1 204 1.059 .769 ,367 
70 .5673 46 9 .0213 1 504 1 282 ,936 476 
80 .fig41 42.3 .0237 1 866 1.557 3 .I24 ,640 
90 ,8350 37 8 .0265 2 307 1 870 1 369 .956 

100 1 0000 33 2 .0301 . . . . . . . . . . 

Discussion 
The purpose of the present investigation was primarily to obtain the 

curves for the activity coefficient of the electrolytes used a t  infinite dilution 
as a function of the composition and dielectric properties of the solvent. 
To gain this result i t  was considered as fully justified to employ the simplest 
methods possible, although those selected appear to have a large theoretical 
disadvantage. The Debye-Hiickel theory gives as a limiting function for 
the logarithm of the activity coefficient of a strong electrolyte in very 
dilute solutions: log y = -u a m .  In the case of aqueous solutions i t  
has generally been possible to use the theoretical value for the constant u. 
The instances in which a very small or even negative distance of ionic ap- 
proach was obtained may be due to neglect of the higher terms. Actually 
Gronwall, LaMer and Sandved showed for the measurements of Braylo with 
zinc sulfate solutions that a positive, constant and reasonable limiting dis- 
tance could be calculated from their extended theory. 

In the case of the measurements presented in this paper for potassium 
and sodium chloride solutions, it proved to be impossible to use the theo- 
retical u-values of the limiting function. The equation of Gronwall, La- 

lo Bray, THIS JOURNAL, 49, 2372 (1927). 
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Mer and Sandved, which should be applied only to electrolytes having 
anions and cations of equal valence has the following form: 

where a is the ionic diameter, assumed to be the same for both positive and 
negative ions, X and Y are very complicated functions of x = Ha,' where 

This equation might have given positive and constant ionic distances, but 
aside from the large difficulties for practical use, widely varying values 

KC1 NaCl would have been obtained for 
3 1 the different electrolytes used 
2.9 and, further, as log y as a first 
2 7 approximation is inversely pro- 
2.5 portional to the dielectric con- 

2 3 stant of the medium, the con- 

2 1 centration range over which this 
formula may be regarded as 

v; 19 
2 LiC1 valid decreases rapidly with in- --, 1.7 creasing alcohol concentration. 5 1.5 Therefore, i t  seemed to be far 

1.3 H C ~  simpler to use u as a variable 
1.1 even though this procedure 
0 9 brings in an apparent theoreti- 

0.7 cal disadvantage. On account 
of the very large differences be- 

0.5 tween theoretical and calculated 
0.3 

20 30 40 50 70 u-values for potassium chloride 

Weight per cent. of methyl alcohol. solutions, the results for sodium 
Fig 5.-Curves for the u-values used for po- and lithium chloride were 

tassium, sodium, lithium and hydrogen chlorides treated in a manner similar to 
ill water-methyl alcohol solutions. The theo- that for the first mentioned elec- 
retical curve is identical with the one for hydro- trolyte. A graphical picture of 
chloric acid 

the change of the u-values for the 
different electrolytes is shown in Fig. 5. The curve for the potassium 
chloride solutions deviates with increasing alcohol concentration very 
much from the theoretical one. Those for sodium and lithium chloride 
come considerably nearer the one for hydrochloric acid, which is the same 
as the curve given by the theory. The activity coefficients calculated in 
the manner described above from the empirical constants obtained agree 
in most cases very well with the observed values. The A- and B-values do 
not always give smooth curves but this should not be taken too seriously 
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on account of the disturbing influence of small experimental errors in the 
electromotive force measurements. 

According to Debye and HiickeI, in very dilute solutions the potential 
of one ion with respect to another of opposite sign is approximately in- 
versely proportional to the dielectric constant of the medium and the 
distance between the ions. If we in our case assume that in very dilute 
solutions the distance two ions may approach reaches a limiting value inde- 
pendent of the properties of the solvent, then the logarithm of the activity 
coefficient of the electrolytes employed would a t  infinite dilution give a 
constant ratio with the dielectric constant of the medium. The dotted 

KC1 

NaCl 

LiCl 

HCI 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Mole fraction of methyl alcohol. 

Fig. 6 -Curves for the logarithm of the activity coefficients of potassium, 
sodium, lithium and hydrogen chlorides a t  infinite dilution in water-methyl 
alcohol mixtures as  plotted against the mole fraction of alcohol. 

lines in Pig. 4 give the experimental curves for log 7, when plotted against 
1/D. Considering the uncertainty of both the electromotive force and 
dielectric constant measurements as they were obtained from a single series 
of experiments, the deviations of the dotted lines from linearity may be 
regarded as fairly small a t  alcohol concentrations up to 80%. Above this 
concentration, especially, hydrochloric acid begins to show large deviations 
and for pure alcohol the measurements of Nonhebel and Hartley give a 
point that is very far above the one indicated by the extended straight line 
for lower alcohol concentrations. In Fig. 6 log y, is plotted against the 
mole fraction of the alcohol. In this case it seems to be possible that  the 
deviations from straight lines may be attributed to experimental errors 
except for hydrochloric acid at high alcohol concentrations. Prom the 
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known activities of potassium and sodium chloride as extrapolated from the 
measurements of Harned for the saturated solutions of these salts in pure 
water, their solubilities in pure methyl alcohol give the corresponding ac- 
tivity coefficients in this solvent, because the activity of the solid salt is 
constant. The values thus obtained give, when extrapolated to zero salt 
concentration, coefficients which agree quite well with those predicted 
through extension of the straight lines in Fig. 6 to pure alcohol solutions. 
The solubility of lithium chloride in pure water is far too high to give a 
reasonably safe value for the activity a t  the saturation point and conse- 
quently also for the activity coefficient a t  infinite dilution in pure methyl 
alcohol, but at least the order of distribution of this point in relation to the 
lithium chloride curve for the wateralcohol mixtures is the expected one. 
The reason for the deviation of the curve for hydrochloric acid from line- 
arity is difficult to trace. At present it seems to be somewhat improbable 
that the hydrogen- or silver-silver chloride electrodes could be in error. 
Scatchard,ll who previously noted this behavior of hydrochloric acid, did 
not succeed in giving a plausible explanation. 

Aside from the deviations for hydrochloric acid at high alcohol concen- 
trations, which may be due to purely chemical causes, we thus find the 
theory of the inverse proportionality of the dielectric constant to the loga- 
rithm of the activity coefficient a t  infinite dilution to be fairly well sup- 
ported by the experimental evidence. There are two questions that should 
be considered in relation to this result. Is the value for log y , at constant 
dielectric constant independent of the solvent mixture used and further will 
the slope of the activity coefficient curves under the same conditions be the 
same in all cases? Measurements to be found in the literature that might 
be used for a study of these two points seem to be rather unreliable or in a 
given case too few and it has not been possible to deduce any definite safe 
information from them. 

Summary 
The thermodynamic properties of potassium, sodium and lithium clilo- 

rides and hydrochloric acid in water-methyl alcohol mixtures have been 
measured a t  25' with the following cells 

Ag/AgCl/MeCl (m)  in water/Me,Hg/MeCl (m) in water-alc./AgCl/Ag 
Ag/AgCl/HCl (m) in wateralcohol/H2 (760 mm. partial pressure) 

From these measurements were calculated the activity coefficients a t  the 
concentrations used, which in turn gave the values a t  infinite dilution in 
relation to the corresponding pure water value assumed to be unity. 

The connection between the infinity values for the activity coefficients 
and the composition and dielectric properties of the water-methyl alcohol 
mixtures has been briefly discussed. 

N4w HAVEN, CONNECTICUT 

Scatchard, THIS JOURNAL, 47, 2098 (1925); 49, 217 (1927). 
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The hydrides of the type RH4 of carbon, silicon, germanium, tin and lead 
elements in the fourth group of the Periodic Table are known. Higher 
honiologs of the type RnH2, + of carbon, silicon and germanium have 
also been prepared. Carbon alone of these five elements has yielded 
hydrides of the type R,H2,. 

Of the hydrides of the type R,H,, acetylene is familiar, and analogous 
hydrides of ~i l icon,~ tin3 and lead4 have been announced, although each 
deserves further study. Bradley and Weeks give for the three compounds 
the formulas Si2H2, SnzHz and PbzHz but, since no determinations of the 
molecular weights were made, they should for the present be represented 
by the general formula (RH),. 

When an alloy of germanium and magnesium is treated with dilute hy- 
drochloric acid, the chief products5 are germanium hydrides of the type 
GenH2n + 2. 

Haller took up in the Cornell Laboratory some three years ago the study 
of the product obtained by treating an alloy of calcium and germanium 
with hydrochloric acid. He obtained a powder which spontaneously dis- 
sociated. No detailed study was made of it at that time. 

Experimental 
With the thought that an alloy of an alkali metal with germanium might 

yield unsaturated germanium hydrides more readily than a calcium- 
germanium alloy, a mixture of powdered germanium and small pieces of 
sodium in equi-atomic proportions was heated to 1000' in a small, special 
steel crucible provided with a steel cover which made an air-tight seal when 
bolted into place. When the cooled crucible was opened, i t  was found t o  
be filled with a dense, hard, pyrophoric product, analysis and microscopic 
examination of which showed i t  to be a homogeneous alloy of the composi- 
tion NaGe. Anal. Calcd. for NaGe: Na, 24.06; Ge, 75.94. Found: Na, 
24.08; Ge, 75.94. 

Sodium Germanide 
The alloy is slowly acted upon by moist air, and consequently i t  must 

be kept in a tightly closed receptacle or under a dry, inert gas. 
1 This article is based upon the thesis presented to the Faculty of the Graduate 

School of Cornell University by N. A. Skow in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 

3 Bradley, Chem. News, 82, 149 (1900). 
8 Weeks, Rec. trav. chim., 45, 201 (1926). 

Weeks, J. Chem. Soc., 127, 2845 (1925). 
Wennis, Corey and Moore, THIS JOURNAL, 46, 657 (1924). 
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When this sodium gcrmanide was added to cold water, or to dilute or 
concentrated hydrochloric acid, a dark brown powder was formed. 

When this was collected on a filter and washed with water, it decomposed 
with a puff but without detonation, when dried in the air. When water 
was removed from it by washing i t  on the filter first with alcohol and then 
with ether, it exploded with slight detonation as soon as the ether had run 
through the funnel. 

After somewhat extensive experimentation, the analysis of the product 
was successfully accomplished in the following manner. 

The sodium germanide was carefully ground to a fine powder in a dry agate mortar, 
and then was added in small portions to  cold water to  avoid rise of temperature during the 
reaction. The brown powder was then collected on a filter, washed first with water, 
then with alcohol and finally with ether, and, keeping i t  moist with ether, was rinsed 
with a jet of ether into B of the double U-bulb A, Fig. 1, which had previously been 
weighed while evacuated. The bulb-tube was attached to the chain by the ground 
joints as shown, and with M closed and R open, pure, dry carbon dioxide was passed 
over the sample until the ether was removed. D was closed and both B and C were 
evacuated through the two-way stopcock E, which was then closed. A was then de- 
tached and weighed. It was afterwards found that  the substance slowly dissociates 
in a vacuum a t  room temperature, but  as  the products of the decomposition could not 
escape from A, this partial disintegration had no effect upon the weight of the sample. 

TO PUMP 

Fig. 1 

A was now again attached to the chain, and all air in the connecting tubes and other 
parts of the apparatus was swept out by passing carbon dioxide through C and the re- 
mainder of the chain into the Schiff nitrometer N, which contained a concentrated 
solution of potassium hydroxide. When complete absorption of the gas in N showed 
t h a t  air had been removed, the stopcocks D and E were closed, and a glycerin-bath was 
brought up around B, which contained the sample. The bath was heated to  165", 
a t  which temperature the substance dissociated with a n  explosive puff, filling the bulb 
with finely divided germanium and liberating hydrogen. The bath was removed, D 
and E were turned to communicate with B, and carbon dioxide was slowly passed 
through the bulb, sweeping out all gases through S and T into N. S was a thin-walled ' 

tube of quartz which was heated by a gas flame during the passage of the gases: any 
germanium escaping from B as a hydride was deccmposed, depositing germanium on 
the walk of S, and liberating hydrogen, which passed on into N. T was a U-tube con- 
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tailling pumice aud sulftlric acid for absorption of any water that the sample might still 
have contained. 

S and T were now detached and weighed, and A was evacuated and then weighed. 
The hydrogen in N was measured, and its purity was then ascertained by combustion 
in a Dennis-Hopkins combustion pipet. 

Anal. Subs., 0.1847: found, Ge (in B and S), 0.1699; H, 0.0029; HzO, 0.0119. 
Subtracting from the weight of the sample the weight of water found, the results of the 
analysis were: Subs., 0.1728: Ge, 0.1699; H, 0.0029. Calcd. for (GeH),: Ge, 0.1699 
= 98.63; H, 0.0029 = 1.37. Found: Ge, 0 1699 = 98.63; H, 0.0029 = 1.37. The 
results of two other analyses, calculated on the dry sample as before, were: Anal. 
Subs , 0.1566, 0.1004: Calcd. for (GeH),: Ge, 0.1544, 0 0990; 8, 0.0021, 0 00137. 
Found: Ge, 0 1543 = 98.53, 0.0990 = 98.63; H, 0 0021 = 1.37; 0.00137 = 1 37. 

The analyses show the substance to be germanium monohydride. 

Germanium Monohydride 

Prepared in the manner above described, the compound is a dark brown 
powder that decomposes with an explosive puff when dried in the air. I n  
an inert gas or in a vacuum the substance dissociates only very slowly a t  
room temperature, but when warmed to about 165' i t  suddenly breaks 
down with a slight detonation, yielding hydrogen and germanium. 

Qualitative tests showed that the substance is not soluble without change 
in any of the usual inorganic or organic solvents. Dilute or concentrated 
nitric acid rapidly oxidizes the germanium to the dioxide. Concentrated 
solutions of alkali hydroxides are without action. Hydrogen peroxide 
readily oxidizes i t  with solution of the resulting germanium dioxide. 

The following experiments were made with samples of the compound 
that had been freed entirely from moisture; this was accomplished by 
holding it for two hours a t  140° in a current of carbon dioxide. Analysis 
of the residue showed i t  to be anhydrous (GeH), of high purity. 

Hydrogen chloride was without appreciable action upon the germanium 
monohydride a t  temperatures below that a t  which the compound dis- 
sociated. 

A solution of potassium permanganate acidulated with sulfuric acid 
quantitatively oxidized the substance. 

2GeH + 2KMn04 + 3H2SO4 = 2GeO2 + &So4 + 2MnS04 + 4Hz0 

Dry fluorine instantly attacked the compound with a burst of flame and 
the formation of germanium tetrafluoride and hydrogen fluoride. 

The reaction between germanium monohydride and dry chlorine was 
studied in the following manner. A sample of the hydride was collected 
and dried in B and both B and C were then evacuated and A was weighed. 
The amount of chlorine called for by the equation 

2GeH + 5C12 = 2GeC14 + 2HC1 

was brought into the bulb F, the chlorine was frozen by means of liquid air, 
and the air in the tube was pumped out through C and R. The refrigerant 



2372 SHIN'ICHIR~ HAKOMORI Vol. 52 

from around B' was then removed, D was opened and chlorine was admitted 
in small portions into B. The monohydride reacted energetically with 
chlorine and disappeared when all of the gas had been admitted. If the 
reaction proceeds according to the equation given above, 0.0606 g. of hydro- 
gen chloride, and 0.3566 g. of GeC14 should have been formed. The 
amounts found were 0.0609 g. of hydrogen chloride and 0.3562 g. of GeC14. 
The purity of the latter was shown by its vapor tension a t  0°, 24.4 mni. The 
experiment was repeated, introducing smaller amounts of chlorine than 
were called for in the above equation, to ascertain whether lower chlorides 
of germanium would be formed. In each case only a portion of the mono- 
hydride was acted upon, and only GeC14 was produced. 

The reaction with bromine was similar to that with chlorine, only pure 
GeBr4 being formed even when the germanium monohydride was present 
in excess. 

Vapor of iodine acted slowly upon the monohydride to form Ge14. 

Summary 
When sodium germanide, NaGe, reacts with water, germanium mono- 

hydride (GeH), is formed. This is a brown solid which instantly dissoci- 
ates with an explosive puff when the dry, or nearly dry, substance is brought 
into contact with the air. When in an inert gas or a vacuum the compound 
dissociates only slowly. The monohydride is a strong reducing agent, and 
unites with the free halogens to form compounds of the type GeX4. 

The preparation of (GeH), completes the series of hydrides of the type 
R,H, in the group carbon to lead. 

ITHACA, NEW YORK 

[CONTRIBUTION PROM GATES CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF 

TECHNOLOGY, NO 2471 

THE ELECTRODE POTENTIAL OF INDIUM AGAINST INDIUM 
CHLORIDE SOLUTIONS 

Upon the electrode potential of metallic indium there exist only the early 
inexact investigations of Erhard* and Thiel.2 Later, Richards and Wilson3 

determined with great precision the electromotive forces of cells containing 
indium amalgams of various concentrations, but they did not measure the 
pure metal in relation to these amalgams. 

This investigation was therefore undertaken for the purpose of obtaining 
accurate values of the electrode potential of metallic indium against solu- 

Erhard, 2. anorg. Chem., 39, 119 (1904). 
Thiel, Wied. Ann., 14, 504 (1881). 
Richards and Wilson, 2. plzysik. Chem., 72, 129 (1910). 
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tions of its chloride a t  various concentrations. The solutions were always 
given a definite concentration (0.02 f.) of hydrochloric acid, so as to  elimi- 
nate any possible hydrolysis of the salt. For the other electrode silver 
covered with silver chloride was used. The cells measured were, therefore 

In(s), InCl,(c f ) + HCl(0.02 f.), AgCl(s) 3- Ag(s) - 

This investigation was undertaken a t  the suggestion of Professor A. A. 
Noyes. I desire to express my indebtedness to him and to Professor Don 
M. ITost of this Tnstitute for many useful suggestions, and to Dr. H. D. 
Kirschn~an for the preliminary work which he did on this research. 

Substances and Solutions 
Purification of the Indium.-A commercial sample of metallic indium was dissolved 

in aqua regia, the solution was evaporated to  dryness, and the evaporation was repeated 
three times with addition of hydrochloric acid each time, so as to remove all nitric acid. 
The residue of indium chloride was taken up with water and the indium was precipi- 
tated as hydroxide by adding ammonium hydroxide to the hot solution. The precipi- 
tation was repeated three times, so as to  remove any impurities soluble in excess of 
ammonia. The indium hydroxide thus obtained was dissolved in hydrochloric acid and  
the solution was evaporated to  sirupy consistency. Then the residue was dissolved in 
the least quantity of water, and recrystallized ammo~lium thiocyanate was added. 
Since a red coloration showed the presence of considerable iron, the solution was ex- 
tracted with pure ether until no more coloration was produced when fresh thiocyanate 
was added. This ether extraction would also remove any gallium or thallium possibly 
present. The indium chloride solution was then electrolyzed, using 5 volts and 0.5 
ampere. A thick platinum wire placed in a porous cup served as anode, and a thin 
platinum wire with only its point dipping into the solution was used as  cathode. T h e  
spongy indium thereby resulting was washed thoroughly with water, pure alcohol, and 
ether, and was dried and kept in a desiccator. It was used both for the indium elec- 
trode and for the preparation of indium chloride. 

Preparation of the Indium Chloride.-The indium (mixed with sugar carbon when 
the quantity was large) was placed in a porcelain boat and'heated in a pyrex glass tube 
to a dull red heat in a current of well-dried chlorine gas, which was prepared by adding 
pure hydrochloric acid t o  potassium permanganate crystals. After the chlorination 
was complete, the indium chloride was sublimed a t  a red heat in a current of nitrogen 
into a pyrex glass receiver, which was then sealed off. Throughout all these operations 
moisture was carefully excluded. 

Preparation of the Silver and Silver Chloride.-The silver and the silver chloride 
uoed in the cell were prepared according to the directions of Randall and Young4 and 
kept in the dark under water. 

Water and Hydrochloric Acid.-All the water used in making the solutions had 
been redistilled from alkaline permanganate. The hydrochloric acid used was the 
"c. I?. analyzed," stated to contain entirely negligible quantities of impurities. 

Analysis of the Indium Solution.-The method of analysis adopted was the poten- 
tiometric process developed by Bray and Kirschman.5 It was found that  the precisioxl 
of the method was increased when the platinum electrode was carefully cleaned before 
each determination and when ample time was allowed for reaching equilibrium. 

Randall and Young, THIS JOURNAL, 50,990 (1928). 
Bray and Kirschrnan, itvid., 49, 2739 (1927). 
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Apparatus and Procedure 
Apparatus.-The electrode vessel was similar to those commonly used 

in this Laborat~ry.~ I t  contained two indium electrodes and three silver 
chloride electrodes, thus making it possible to check the constancy of the 
respective electrodes. The electrode vessel was placed in a water thermo- 
stat whose temperature was kept a t  25.00 * 0.02', as determined by a 
thermometer which had been compared with one calibrated by the Bureau 
of Standards. 

A Leeds and Northrup Type K potentiometer was used, also a Weston 
cadmium standard cell of the unsaturated type certified to have an electro- 
motive force of 1.01878 volts. 

Procedure.-The spongy indium and the finely divided silver and silver 
chloride, before they were put into the cell, were washed several times with 
the solution with which the measurement was to be made. This was found 
to be essential in obtaining the most concordant results. Potential meas- 
urements were made after six hours and after various longer intervals during 
two days. The potential was found to reach the equilibrium value in 
twelve hours after the setting up of the cell, and to remain constant within 
0.3 mv. for even forty-eight to sixty hours. The values with the three 
different silver chloride electrodes agreed with one another within 
0.2-0.3 mv., and those with the different indium electrodes within 0.4 mv. 

In some of the experiments the indium electrode was protected against 
the influence of dissolved atmospheric oxygen by bubbling a' current of 
purified nitrogen through the indium solution, but this had no effect on the 
constancy of the potential values. The silver chloride electrode was not 
protected from the light. 

The Observed Electromotive Forces.-The values in millivolts of the 
electromotive force at  various times after the cell was set up are shown in 
Table I. I t  will be seen that after six hours there was very little change in 
the reading. The values after twenty-four hours were adopted as the final 
ones. The formality of the indium chloride is expressed in formula weights 
per liter of solution. 

TABLE I 
THE OBSERVED ELECTROMOTIVE FORCES AT 25" 

Formality 
Soln. of indium , Electromotive force 
no. chloride 6 hours 12 hours 24 hours 36 hours 48 hours 
1 0.001515 735 94 736.96 737.03 . . . .  . . . .  
2 .005332 726.60 726.60 726.44 726.31 . . . . 
3 .01104 . . . . . . . .  719.11 719.43 719.41 
4 ,02744 . . . .  . . . . 706.13 706.14 706.27 

Discussion of the Results 
The electromotive forces B of the cells above considered should be ex- 

pressed by the following equations, in which (In+++) and (C1-) represent 
U. R. Bray, THIS JOURNAL, 49, 2372 (1927). 
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the molal concentrations, a ~ ,  and aa are the activity coefficients (here- . 
after called the activations) of the two ions in the solution involved, and 
Bin and 1 3 ~ ~ ~ ~  are the molal potentials of the two electrodes 

E = %jn - 1 3 ~ ~ 1  - 0.01972 logla fln*++)(Cl ~)~cq,a& (1) 

Or, introducing a new symbol E' and putting F,, - RAgCI = E;, we get: 
E + 0.01972 loglo (In"++)(C1-)3 = E' = 8: - 0.01972 log,, a jna~,  (2) 

Hence if the four known values of the first member of this equation are 
plotted against a simple function (such as the square root) of the concen- 
tration of indium chloride in the respective experiments, and if the graph is 
extrapolated for an indium-ion concentration of zero (and hence for a 
hydrochloric acid concentration of 0.02 formal), there will be obtained the 
electromotive force E:.,~ of a hypothetical cell with electrodes of indium and 
silver chloride containing the ions In+++ and C1- each a t  1 molal, but hav- 
ing such activations a ~ ,  and ole1 as these ions would have in a solution 
0.02 M in H+ and 0.02 M in C1- containing no other ions. Another 
graphical determination of this quantity E:.,, may be made by plotting the 
first member of Equation 2 against the square root, d+2(cz2), of the ionic 
strength of the solution, and reading oE the extrapolated value correspond- 
ing to an ionic strength of 0.02 molal. 

Table I1 shows the results of the computations and the data used for 
constructing the plots. 

TABLE 11 

COMPUTATIONS BASED UPON THE OBSERVED ELECTROMOTIVS FORCES 

Concentrations Flectromotive force Activation product, rrInakr 
E:xpt.no. (In"') (C1-) ~ z ( c z ~ )  E (obs) B' (calcd ) Expt. Theory 

I 0 02744 0 1023 0 1846 0 7061 0.6167 0 00106 0.0025 
2 .01104 ,05312 0862 ,7191 ,6051 .0041 ,0165 
3 ,00533 .03600 .0520 .7264 .5962 ,0116 ,0417 
4 .001515 .02425 ,0291 .7370 .5861 .0376 .0925 

From plots .00 .02000 .02000 . . . ,575 (. 139) 0.139 
By extrap. .OO . 00 . 00 . . .  558 1.00 1.00 

The values of E;,,, (that is, of E' in 0.02 f. HCl), obtained by extrapo- 
lating the graphs, are 0.574 and 0.578, respectively, thus in fair agreement 
with each other. Adopting 0.575 as the best value of E:,,,, the value of E: 
a t  zero concentration (which is equal to the difference f In - fAgC1 of the 
two molal electrode potentials) can be found with the aid of the last part of 
Equation 2 by taking the value7 of acl equal to 0.848 and that  of a,, equal 
to 0.228 as found by the e q u a t i ~ n , ~  loglo a = -0.357 z2 4z2  = -0.357 

' Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw-Hill Book Co., New York, 1923, p. 382, derived experimentally 
the value 0.89. I t  might be somewhat more exact to employ this value; but its use 
increases the calculated value of E: only inappreciably (from 0.558 to 0.559). 

Noyes, THIS JOURNAL, 46, 1099 (1924). 



. X 9 X f i 4  derived from the ion attraction theory of Debye and Hiickel 
for very dilute aqueous solutions a t  25'. A value of EL (at zero concen- 
tration) might also be found by extrapolating the graph to an ionic strength 
of zero, but the long extrapolation involved is so uncertain as to make the 
result of no value. 

The value of E; so derived is 0.558 volt. Adding to this the molal elec- 
trode potential (-0.222 volt)g of Ag + AgCl, C1-, there is obtained for the 
molal electrode potential of In, In++ + the value 0.336 volt, referred to the 
molal hydrogen electrode. 

By means of Equation 2 values of the activation product orI,a&, in the 
various solutions were calculated from the values of E' and E;. These are 
recorded in the next to last column of the table. In the last column of the 
table are given the values of this product calculated by the following equa- 
tion derived from the ion-attraction theory for very dilute solutions of a 
completely ionized salt of the type InC13 at  25'. 

-log,, qna:, = 12 X 0.357 4s 
The activation product derived from the electromotive forces will be 

seen to decrease with increasing concentration much more rapidly than do 
the theoretical values derived from the dilute solution formula of the ion- 
attraction theory. This is the opposite of what usually occurs. It may 
arise from the existence of the salt in the un-ionized form, or from the 
formation of complex ions (such as InC14 -), in considerable quantity in the 
more concentrated solutions. 

Summary 

In  this article there have been described precise measurements of the 
electromotive forces a t  25' of cells of the type In(s), InC13(c) + HC1 
(0.02 f.), AgCl(s) + Ag(s) with the molal concentration c ranging from 
0.0015 to 0.0274. From the observations, by graphic extrapolation and by 
applying the ion-attraction theory to the results a t  the smallest concentra- 
tion, the electromotive force of the cell In(s), In+ + + (1 m.) I /  C1- (1 M), 
AgCl(s) + Ag(s) (where the molalities represent ion activities) was found 
t o  be 0.558 volt. Adding to this the potential (-0.222 volt) of Ag + 
AgC1, C1-(1 M), the molal electrode potential of In(s), In++ + becomes 
+0.336 volt referred to the molal hydrogen electrode. This places indium 
in the electromotive series very near thallium (0.336 against T1+ ion), and 
between cadmium (0.397) and tin (0.13) or lead (0.12). 

PASADENA, CALIPORNIA 

9 Randall and Young, THIS JOURNAL, 50, 989 (1928). 



June, 1930 PHOTOCHEMICAL DECOMPOSETION OF OZONE 2377 
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THE MECHANISM OF THE PHOTOCHEMICAL DECOMPOSITION 
OF OZONE 

BY HANS JOACHIM SCHUMACHCR~ 

R e c ~ ~ v s u  Mnnca 14, 1930 PIJBLISHED JIJNE t i ,  1930 

Introduction 
Investigations concerning the photochemical decomposition of ozone 

have been presented by Regener,2 E. v. Bahr,3 Warburg,* Weigert,5 Wei- 
gert and B ~ h m , ~  Griffith and Shutt,' Griffith and McWillie8 and Kistia- 
k o ~ s k y . ~  The results of their researches have been summarized by 
KistiakowskyY and by Griffith and McKeown;1° nevertheless, i t  is neces- 
sary to restate briefly the experimental facts before proceeding to  a dis- 
cussion of the mechanism. 

Regener2 has investigated the equilibrium of formation and decomposi- 
tion of ozone in different regions of the ultraviolet light. The light source 
was an aluminum arc from which in one series of experiments all light of 
wave lengths X< 2100 A. was filtered out by a plate of calcite. As he was 
not particularly interested in the kinetics of the reaction, his velocity meas- 
urements are incomplete and only roughly quantitative. Nevertheless, 
it can be estimated that for constant light absorption the velocity of de- 
composition is nearly proportional to the ozone concentration. It is im- 
portant to note that a positive temperature coefficient for the decomposi- 
tion of ozone was obtained a t  total pressures of 1 atm., of which about 
14% was ozone and the rest oxygen. 

E. v. Bahr3 has worked with highly dilute mixtures of ozone, the pressure 
of which was usually of the order of I mm. of mercury or less. The total 
radiation of a mercury lamp was used and the ozone concentration deter- 
mined by optical measurements. Her data can be used only qualitatively be- 
cause experiments of the same kind deviate from each other by about 100% 
due to neglect of a dark reaction, and the inaccurate method of analysis. 
Nevertheless, her results are important. E. v. Bahr finds that  the quan- 
tum yield increases very markedly with decreasing pressure. (She meas- 
ured only the velocity of the reaction, but the quantum yield and velocity 

l International Research Fellow. 
Regener, A n n .  Physik, 20, 1033 (1906). 
3. v. Bahr, ibid., 33, 589 (1910). 

Warburg, Sitzb.  preuss. A k a d .  Wiss., 644 (1913). 
Weigert, 2. physik. Chem., 80, 87 (1912). 
Weigert and Bohm, ibid.,  90, 233 (1915). 
Griffith and Shutt, J. Chem. Soc., 123, 2752 (1923). 
Griffith and McWillie, ibid. ,  123, 2762 (1923). 
G. B. Kistiakowsky, 2. physik. Chem., 117, 337 (1925). 

'0 Grifith and McKeown, "Photoprocesses in Gaseous and Liquid Systems," 
Longmans, Greene and Co., London, 1929. 
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under the same conditions are, of course, proportional to each other.) At a 
total pressure of 20 mm. of mercury the reaction is ten to twenty times 
more rapid than a t  one atmosphere. 

Weigert5 has also investigated the decomposition of ozone in the ultra- 
violet, his light source being a mercury arc. The total pressure was always 
one atmosphere and the concentration of ozone varied from 0.9-6y0. He 
found that when all light was absorbed, the order of the reaction was about 
one, whereas when the concentration of ozone was small, so that the light 
was not completely absorbed, the order of the reaction increased. 

Weigert and Bohm6 also studied the influence of hydrogen on the reaction 
and observed that the velocity of the decomposition of ozone was greatly 
increased. In the presence of a large excess of hydrogen the reaction rate 
was changed five- to ten-fold and water was formed. 

Griffith7 and co-workers have studied the decomposition of ozone in the 
visible range in the presence of oxygen and foreign gases a t  total pressures 
of 1 atm. When the oxygen was replaced by helium, nitrogen or carbon 
dioxide the velocity increased in the order Oz + N2 -+- COz -+ He. 
Kistiakowsky

g 
has shown that all gases inhibit the reaction, the inhibiting 

influence decreasing in the order given. 
Hydrogen, according to  Griffith, shows qualitatively the same influence 

on the reaction in the visible that Griffith and Bohm found in ultraviolet 
light, i. e. ,  the rate of decomposition of ozone increases and water is formed. 

Heretofore these results were not of much use in the development of 
theories to explain the reaction because monochromatic light was not used, 
quantum efficiencies were not determined and the other experimental 
conditions were not varied sufficiently. Kistiakowsky

g 
has given an em- 

pirical equation for the representation of some of these results. 
Quantum yields for the decomposition of ozone in monochromatic light 

have been determined by Warburg4 in the ultraviolet and by Kistiakowsky
g 

in the red region. The important result of Warburg's work is that a t  a total 
pressure of 1 atm. and a partial pressure of a few mm. of ozone, the quantum 
efficiency is, with oxygen as added gas, about 0.30 mol. Oa/hv, with nitrogen 
1.09 and with helium 1.70. 

Most of the experimental facts upon which the following theoretical 
considerations are based are found in the work of Kistiakowsky: for he 
varied the total pressure as well as the concentrations of the gases over a 
wide range and, which is more important, in his experiments the thermal 
decomposition of ozone was eliminated or could be estimated approxi- 
mately. The velocity obtained by Warburg4 in ultraviolet light always 
included a dark reaction whose rate was not determined and, as will be 
shown later, this is of particular importance in explaining some of his 
results. 

The Decomposition of Ozone in Red Light.-To express the experi- 
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mental data obtained in red light, Kistiakowsky has given the empirical 
eauation 

d[Osl k [0311/2 - - =  
dt m [ X l +  to21 

in which X denotes the concentration of the added gas and m a factor less 
than one. The equation is valid over only a limited range of pressure and 
concentration; a t  low total pressures, for example, the velocity is nearly 
proportional to Iab,. Later unpublished experiments of Kistiakowsky, l1 
which represent the course of the reaction in a more satisfactory manner 
because of better energy measurements and the more accurate determina- 
tion of the final ozone concentration, show still more pronouncedly that the  
given equation can be used over only a limited range. On the other hand, 
since i t  is impossible to represent the reaction by a simple equation, i t  must 
be assumed that this can be done only by an equation of several terms. 

It is characteristic of the decomposition in red light that the quantum 
yield, even a t  high ozone concentration, is relatively small. The greatest 
values of the quantum yield are between 2 and 3 moles OB/hv and are 
obtained at relatively low total pressures and high ozone c o n c e n t r a t i ~ n . ~ ~  
At high total pressures the quantum yield decreases and a t  1 atm. pressure 
with 50% ozone i t  is less than unity (Experiment 3).12 

At total pressures below 10 mm. the quantum yield is nearly 2. I n  the 
presence of 1-2 mm. of oxygen and 8-9 mm. of ozone i t  is about 2.5 and in 
the presence of 8-9 mm. of oxygen and 1-2 mm. of ozone i t  is about 1.5 
(unpublished experiments of Kistiakowsky). It must be emphasized that  
greater velocities can also be obtained a t  higher total pressures if oxygen is 
replaced by foreign gases. According to Kistiakowsky, on the basis of 
oxygen equal to 1, the inhibiting action of helium is represented by 0.13, 
nitrogen 0.3 and carbon dioxide 0.8. The essential facts already given 
should readily follow from the mechanism of the reaction.13 

It is of considerable importance to know whether to assume for the 
primary reaction the formation of an excited molecule of ozone or an atom 
of oxygen. Before treating the energy relations and the ozone spectrum 
we shall see which of the two possibilities should be selected from the ki- 

l1 These experiments were carried out in 1925 by Dr. Kistiakowsky in the Kaiser 
Wilhelm Institut fiir Physikalische Chemie in Berlin, but could not be interpreted at 
that time and therefore were not published. 

l2 Kistiakowsky, 2. physik. Chem., 117, 348 (1925). 
l3  In  this treatment a chain will be regarded as formed when more than 2 molecules 

of ozone react per quantum absorbed. We shall find that the measured quantum 
yield is not necessarily identical with the number of ozone molecules which react per 
quantum absorbed because ozone may also be regenerated. In  spite of this difference 
the experimentally determined quantum yield, whose usual value is considerably less 
than 2, shows that there are often no chains or only a few short ones. Consequently, 
we can neglect chain formation without seriotlsly limiting the validity of the theoretical 
treatment. 
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netics of the reaction. If we assume for the primary reactioii the formation 
of an excited ozone molecule 

0 3  f h~ + 0 s '  (1) 

we have only a limited number of possible reactio~ls that may follow, 
namely 

Reaction 2 may start a chain if we assume that the energy-rich oxygen 
molecule (OZ*) can excite an ozone molecule. For reasons previously 
given we shall, however, neglect the formation of chains. Reactions 3 and 
4 indicate the deactivating influence of the two gases. From this mechan- 
ism the following equation is derived 

If a foreign gas X is present, another term k j [ X ]  is added to the denomi- 
nator. From this equation it is evident that the total pressure should have 
no influence. If the oxygen-ozoae ratio is constant, the quantum yield 
should be independent of the pressure. This is contrary to the experi- 
mental facts and, since on the assumption of excited molecules there are no 
other possible reactions than those already given, the formation of excited 
ozone molecules in the investigations previously discussed must be re- 
jected. Thus we see that kinetic considerations lead us to  assume the 
formation of oxygen atoms in the primary reaction. 

We shall now consider the energy relations involved. The work of 
G. Herzberg14 and R. MeckeI5 shows that the heat of dissociation of oxygen 
is below 6 volts; the value given by Mecke is 128,000 cal. per mole. The 
heat of decomposition of ozone is 32,000 cal. per mole. The minimum 
energy required by the reaction 

0 3  -+ 0 2  + 0 

is, therefore, only (128,000/2) - 32,000 = 32,000 cal., while the energy 
of the red light is more than 40,000 cal. (In the experiments of Kistia- 
kowsky the mean absorption was a t  6200 A.) Of course, absorption of 
light of greater energy than the heat of dissociation does not necessarily 
require the dissociation of the molecule. This depends on the nature of 
the spectrum, as was first shown by Pranck and his co-workers. 

The ozone spectrum1~onsists of very diffuse bands in the red so that we 
may assume that p r e d i s s ~ c i a t i o n ~ ~ ~ ~ ~  occurs even a t  these wave lengths. 

l4  G. Herzberg, Z physik. Chem., 4B, 223 (1929). 
R. Mecke, Naturwissenschaften, 51, 596 (1929). 

la Private communication from Dr. 0 .  R. Wulf, who is now investigating the ozone 
spectrum. 

l7 V. Henri, Nature, December 20, 1924; Trans. Faraday Soc , 25, 765 (1929). 
l8 Bonhoeffer and Parkas, Z. physik. Chem., 132, 235 (1928). 
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These considerations show that the reaction 
0 3  + hw -+ 0 2  + 0 

is quite probable. Neglecting the formation of chains, only the following 
reactions are possible 

O3 + hv -+ 0 2  + 0 (1) 
0 + 0 3  -+ 202* (a 

0 + 0 ~ - k M - - - f 0 3 + h f  (3) 

Reaction 2 can lead to chain formation. Equation 3 is a three-body reac- 
tion where M designates the third body. In the presence of little ozone 
and much oxygen, the oxygen pressure may be regarded as equivalent to  M. 
Tf oxygen is replaced by helium, nitrogen or any other gas, M is represented 
by the pressure of this gas. In polyatomic gases a first approximation for 
M is given by the total pressure of the mixture, since ozone has influence 
also. The effect of various gases is specific, due to their difference in struc- 
ture and specific ability to take up internal energy by collision; but poly- 
atomic molecules are nearly the same in this respect and differ from each 
other generally by a factor less than 3. 

From the preceding mechanism the following equation is derived 

Equation I should represent the experimental facts previously mentioned. 
It can be regarded as a first approximation since chain formation has been 
neglected. 

Of course, Equation I can be written 

Since Equation I illustrates the mechanism better, i t  will be used in the 
following discussion. 

When the ozone concentration is small and is held constant, e .  g. [03] < 
10 mm. of mercury, and the total pressure is decreased (which means also 
decreasing the oxygen pressure), the third term of the equation becomes 
smaller and smaller and the second term approaches unity. For the limit 
we have 

This case corresponds to Expts. 11 and 12 in the paper of Kistiakowsky 
(p. 149). The equation (I) shows that in this region the quantum yield is 
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strongly influenced by pressure. With a small increase of [Oz] and [MI 
the negative term can no longer be neglected. Experiments 10 and 12 of 
Kistiakowsky illustrate this point; some of his unpublished experiments 
bring it out still more clearly. E'urthermore, the experiments show that a t  
low total pressures and very small concentrations of oxygen the quantum 
yield is greater than 2. This is to  be expected from the proposed mechan- 
ism for under these conditions chain formation according to Reaction 2 is 
strongly favored. In t%e presence of more oxygen the activated molecules 
may be deactivated, so the probability of forming a chain is decreased. 

Let us now consider a high total pressure and a small concentration of 
ozone. In this case we have 

kzIOa1 < k3[O,I[Ml 

Then the equation becomes 

I n  consequence of the small [03], the total pressure and the oxygen con- 
centration can change only to  a slight extent during the reaction, which 
means that the denominator of Equation IV  becomes constant and the 
rate of ozone decomposition can be given by the simple equation 

This case was realized in the work of Griffith and Shutt, who found that a t  
total pressures of one atmosphere and small ozone pressures the reaction 

I n  their experiments the light absorption was proportional to the ozone 
concentration; hence these two equations become identical. Griffith and 
Shutt found at higher ozone concentration (above 5%) a decrease in the 
order of the reaction, which is a necessary consequence of Equations I and 
11. The two other limiting cases are those in which the total pressure and 
ozone concentration are both large or both small. In the former case with 
ozone concentration above 90%, a quantum yield greater than 2 should be 
found. At high pressure the greatest ozone concentration used was about 
60% and here, as can be predicted, the quantum yield was considerably 
less than 2.19 In the experiments with total pressures below 10 mm. of 
mercury, the quantum yield becomes much less than 2 if the ratio of oxygen 
t o  ozone is greater than five.20 

If middle values for the oxygen and vzone pressures are employed instead 
of the extreme concentrations in the cases discussed above, then for con- 

lo Kistiakowsky, Ref. 9, p. 345, Expts. 2, 3 and 5. 
20 Kistiakowsky, Ref. 9, p. 349, Expts. 10, 11, 12. The unpublished data show 

t h a t  the quantum yield is about 20% too low. 
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stant light absorption it is to be expected from Formula I or I1 that the 
dependence of the velocity on the ozone concentration will vary as [031° 
to [0311. AS can be readily seen from Equation 11, inhibition by oxygen 
is nearly proportional to its concentration, for the total pressure [MI is 
[ 0 3  0 2 1  and so, as a first approximation, the whole denominator is 
proportional to [Oz]'. Therefore we get 

which is identical with the empirical equation of Kistiakowsky. 
As is shown by his unpublished work, the limits within which the equation 

holds are smaller than originally stated by Kistiakowsky. This is in agree- 
ment with our deduction of the above equation as a zero approximation. 

There are difficulties involved in obtaining the exact mathematical rep- 
resentation of the velocity of decomposition of ozone over the whole range 
of pressures, for we know only little about the formation of the chains and 
the deactivation of the energy-rich oxygen molecules by ozone and oxygen. 
Furthermore, the value of the constant ka changes with the composition of 
the mixture. However, the course of the reaction is essentially represented 
by Equations I or I1 and the ratio of the velocity constants of Reactions 2 ,  
0 + O3 + 202, and 3, 0 + O2 + M 4 O3 + M, can be calculated. 
The reaction 0 + O2 --+ 03, which requires a three-body collision, occurs 
at every lo3 to lo4 collision at  atmospheric pressure, if we assume that no 
heat of activation is necessary and the third body is well adapted for taking 
up the excess energy. Then we have20" 

k - 
1 

- 10" 760 

if the total pressure is given in mm. of mercury (in place of loS, SO4 may 
be used). If ozone and oxygen are well adapted for taking up the excess 
energy, the above value of k3 may be used in our general equation. That 
oxygen is capable of so doing is shown by experiments on the quenching of 
f l u ~ r e s c e n c e , ~ ~ ~ ~ ~  for which oxygen is especially efficient. Likewise, from 
observations on the prevention of explosions in mixtures of bromine and 
ozonez3 by oxygen we must conclude that the oxygen molecule is extraor- 
dinarily able to take up and dissipate the heat of reaction. 

From Equation I1 we get for k g  

In the following discussion k2 and k3 are the ratio of the velocity constants to 
the number of two-body collisions, that is, k2 and k3 give the probability that  reaction 
occurs on collision. 

Wood, "Physical Optics," The Macmillan Company, 1923, p. 581. 
22 Norrish, J. Chem. Soc., 1604, 1611 (1929). 
23 Lewis and Schumacher, 2. Elektrockq., 35, 348 (1929); Z. 9hysik. Chem., 6B, 

423 (1930). 
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where E = ( - d [Os]/dt)/Iab,, , which is the experimentally determined 
quantum yield. The values for kz in the following experiments have been 
calculated by nieans of the above equation. 

TABLE I 
EXPERIMENTS OF KISTIAKOWSKY" 

E = Quantum yield. The pressures of 0 3  and OL are given in mm. of mercury 
Expt. 2 

0 3  0 2  Ptot r l  E kz X 104 

271 215 486 1 OB 0 58 
257 236 493 0 89 .50 
209 308 517 .73 64 
167 371 538 47 .48 k mean = 5.4 X 
153 392 545 44 51 
132 423 555 .36 51 
51 544 59 5 .17 .70 

Expt. 4 
167 90 257 1 .5  0.55 
14.4 125 269 1 3 .58 
131 144 275 1 2 .59 
98 193 291 0 81 60 
60 250 310 .51 58 k meari = 5.8 X 1 0 F  
57 255 312 .44 .52 
27 300 327 .30 49 
23 306 329 .23 .68 
20 311 331 .19 .67 

Expt. 5 
139 95 234 
133 104 237 1 4 0 63 
126 114 240 1 2 43 
112 5 135 247 5 1 05 43 
78 185 263 0.71 45 k mean = 4.6 X lod4 
55 221 276 .45 47 

UNPUBLISHED EXPERIMENTS OF KISTIAKOWSKY 
Expt. 1 

OS 0 2  Pbtat E kz x 103 
326 144 470 
317 158 475 1 4 [0 681 
295 191 486 1 2 54 
288 202 490 1 1 53 
281 213 494 1 0 47 
273 225 498 0 9 43 
256 249 505 .8  .40 
247 262 509 7 37 
220 303 523 .6 .35 
180 363 543 43 36 
160 393 553 40 40 
145 415 560 33 41 
133 432 565 30 40 
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TABI,~ I (Continued) 
Ptotnl E k2 X 101 

575 0 29 0 48 
581 .25 .47 
587 22 49 
592 2 1 54 
605 14 .46 

Expt. 2 

314 
318 1 4 0 50 
321 1 3 .46 
326 1 22 45 
327 1.10 39 
333 1.00 .36 
337 0 95 .38 
343 85 37 
345 .75 34 
349 .70 34 
353 65 .35 
358 60 36 
374 45 33 
380 35 36 
387 .29 38 
394 26 46 
395 .25 .50 

Expt. 4 

233 
234 1 40 0.48 
239 1 30 45 
241 1 20 44 
243 1 10 .43 
247 1 00 .37 
249 0 88 35 
251 82 32 
254 .77 .32 
257 73 33 
260 67 .33 
262 67 .37 
264 .57 32 
265 .51 30 
269 49 3 1 
270 .47 36 
272 44 33 
273 42 34 
274 41 34 
280 33 36 
2 8 4 5  31 40 
285 29 43 
292 22 36 
293 , 22 46 

k mean = 4.5 X lo-' 

k mean = 4.0 X lo-* 

k mean = 3 . 7  X 10-4 
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TABLE I (Concluded) 
01 OL ptotsl E k2 X 10s 

Expt. 6 
329 207 536 
315 228 543 1 .1  0.58 
307 240 547 1.0 .54 
295 258 553 0.9 .49 
282 278 560 .8 .45 
259 309 567 .7 .43 
240 337 577 .G .42 
229 354 583 .57 .45 
210 380 590 .50 .43 
195 402 597 .50 .50 
181 423 604 .43 .45 
174 434 608 .40 .48 
141 486 627 .25 .50 
128 506 634 .30 .54 
123 513 636 .27 .53 
97 552 649 .20 .44 
93 558 651 .21 .58 
90 562 652 .17 .48 
79 579 658 .16 .51 k mean = 5.0 X lo-' 

Expt. 7 
90 70 160 
88 73 161 1.4 0.40 
84 79 163 1.3 .35 
78 88 166 1.2 .34 
70 100 170 1.0 .28 
67 104 171 0.95 .31 
6 1 113 174 .90 .32 
59 116 175 .8G .32 
54 124 178 .76 .30 
51 128 179 .73 .32 
49 131 180 .69 .32 
47 134 187 .70 .35 
45 137 182 .66 .35 
44 139 183 .65 .36 
32.5 156 183.5 .55 .36 
31 159 190 .55 .47 
29.5 161 191.5 .49 .43 k mean = 3.5  X 

' Z. physik. Chew., 117, 345 (1925). 

It is to be seen that the values of kg are fairly constant when E < 1.5. 
Higher values of E indicate the formation of chains and in this region our 
equation is no longer correct. Furthermore, kz gradually increases toward 
the end of the experiment, which is to be accounted for by the fact that ka 
is assumed to be constant, whereas it really changes with the composition of 
the mixture. When it is considered that for the calculation of kz the 
quantum efficiency E has been used, and that the error in E is about 10 to 
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20%, i t  is realized that the constancy of k2 is very good. For high values 
of E (E near 2), large deviations in k2 are to be expected, because in the 
equation we have as a factor the difference (2-E). The mean value for kn 
in Expts. 2, 4 and S is i(5.7 + 5.8 + 4.6)/3] lo-* = 5.4 X in Expts. 
1 , 3 , 4 , 6 a n d 7 ,  (4.5 +4.0 + 3.7 + 5.0 +3.5)/5 = 4.2 X I n t h e  
two cases different light sources were used, which may easily account for 
the difference in the mean values of k2. The intensity measurements were 
more accurate in the unpublished experiments. We have, therefore, t o  
assume for k p  about 5 X which means that the reaction 0 + 0 8  --+ 
202, in which 0 is a normal atom, occurs only on every 2000th collisio~~. 
We have the important result that a highly exothermic "Elementarreaktion" 
does not take place on every collision.24 Recently two other similar cases 
have been pointed out by Kis t iak~wsky.~~ The probability of the occur- 
rence of the reactions C1 + Hz --+ HC1 f H and 0 + Hz --+ OH + H 
is also less than 
The Influence of Foreign Gases.-When oxygen is replaced by foreign 

gases which do not react with ozone, the quantum efficiency is always 
greater than that obtained with oxygen. The influence of helium is ex- 
traordinarily remarkable, for its inhibiting effect is only that  of oxygen. 
From the experiments of JostZ6 it is found that the recombination of bro- 
mine atoms is only slightly favored by helium. Hence, i t  may be readily 
assumed that also in the case of ozone the effect of helium is given by its 
influence on the efficiency of the three-body reaction 0 + 0 2  ---t 0 3 .  

If helium is the third body the efficiency of the reaction may be one order of 
magnitude less than with oxygen. The effect of the other foreign gases 
may depend upon the same phenomenon. Recently i t  has been shown that  
the recombination of chlorine atomsz7 is less favored by nitrogen than by 
oxygen, and similarly in the case of ozone the effect of nitrogen is noticeably 
less than that of oxygen. 

Another argument for the correctness of the idea developed is found in a 
comparison of the light reaction with the thermal" reaction. For the dark 
reaction the primary process is 

where 03' represents a thermally excited ozone molecule. The heat of 
activation of the thermal reaction is about 28,000 cal. If we assume that  
there are also excited ozone molecules in the photochemical reaction, then 
we should expect that foreign gases in both cases would have the same 

24 H. Beutler and M. Polanyi, 2. physik. Chem., lB, 1 (1925). 
25 G. B. Kistiakowsky, THIS JOURNAL, 52, 1868 (1930). See also H. J. Schu- 

macher, forthcoming article in 2. physik. Chem., Abt. B. 
26 Jost, ibid., 3B, 95 (1929). 
27 M. Bodenstein, H. J. Schumacher and G. Stieger, ibid., 6B, it1 press. 

H. J. Schumacher and G. Sprenger, nbid., 6B, 447 (1930). 
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effect. However, just the contrary is found. In the thermal reaction all 
foreign gases accelerate the decomposition, the velocity increasing with 
increased pressure of the added gas. The acceleration is the smallest for 
helium. In the light reaction, as previously indicated, it is quite different. 
All foreign gases inhibit the reaction, the velocity of which decreases in 
proportion to the amount of the added gas. The inhibiting effect of helium 
is the smallest. Compared with the oxygen experiments the velocity in- 
creases because the inhibiting influence of oxygen is extraordinarily large. 
By the assumption that in the photochemical reaction oxygen atoms are 
formed whereas the thermal reaction involves excited molecules, the 
different behavior in the two cases can be satisfactorily e ~ p l a i n e d . ~ ~  

The Reaction with Hydrogen.--The thermal reaction is only slightly 
influenced by hydrogen, while in the photochemical reaction, in the red as 
well as in the ultraviolet, the rate is greatly increased and water is formed.29 
The difference in behavior with respect to hydrogen in the thermal and 
photochemical reactions may be explained by assuming that excited ozone 
molecules do not react with hydrogen whereas oxygen atoms react.30 
Yet the reaction 0 + Hz -+ OH + H, where 0 is a normal oxygen atom, 
occurs only very seldom as was shown by the experiments of Kistiakowsky 
and my own  observation^.^' However, it may be assumed that water is 
formed according to the reaction 0 + 0 2  + Hz ---t Hz0 + 02, which is in 
agreement with the experiments of Weigert, and Griffith and Shutt. 
They found that in the presence of much hydrogen the rate of water forma- 
tion becomes constant and practically all of the oxygen formed by the 
decomposition of ozone is transformed into water. We may have, there- 
fore, for the predominant reactions 

The decomposition of ozone is strongly decreased by Reaction 2, since the 
reaction 0 + 0 2  + M -+ O3 + M, which regenerates ozone, is sup- 
pressed. The quantum efficiency in the investigated region in the absence 
of hydrogen is very small, hence a ten-fold increase in the velocity by 
hydrogen is not surprising. In the ultraviolet, where excited oxygen atoms 
are formed, the reaction 0 + Hz -+ OH + H may also occur." Our 
present knowledge of the reactions 0 + H2 and 0 2  + Hz, however, is not 
sufficient to give with certainty the real mechanism of water formation. 

The Effect of Temperature.-According to the proposed mechanism 
there should be no or only a very small temperature coefficient a t  low pres- 
sures where three-body collisions (Reaction 3) would seldom occur and 

29 Griffith and Shutt, J. Chem. Sac., 123, 2572 (1923); Weigert, 2. physik. Chem., 
90, 223 (1915). 

" Parkas, Goldfinger and Haber, Naturwissensclzaften, 17, 674 (1929). 
31 H. J. Schumachcr, forthcoming article in Z. physik. Chem , (1930). 
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where the oxygen atoms, therefore, would always have an opportunity for 
reacting with ozone molecules. At higher pressures, however, a small but 
larger temperature coefficient should be found, because the reaction 0 + 
0 2  + M ---+ O3 + M is practically independent of temperature, while the 
reaction 0 + O3 -f 202 must be influenced by temperature. The un- 
published experiments of Kistiakowsky show an increase of the temperature 
coefficient in the expected direction. (As was pointed out in the intro- 
duction, a small positive temperature coefficient a t  high pressures was also 
found by Regener.) 

In conclusion, it may be said that the decomposition of ozone in red 
light is satisfactorily represented by the mechanism given. 

The Decomposition of Ozone in Ultraviolet.-An exact interpretation 
of the decomposition of ozone in ultraviolet light is rather difficult because 
of the scarcity of quantitative data. Kistiakowsky has already pointed 
out the analogy between the reactions in red and ultraviolet light. There 
are only two important differences: (I) the higher quantum efficiency in 
the ultraviolet-the only available experiments are with small concentra- 
tions of ozone at atmospheric pressure and here the quantum yield is ten 
times that obtained in red light under the same conditions; (2 )  the in- 
fluence of water vapor. According to Warburg4 the decomposition of 
ozone is more rapid in the presence of moisture, whereas Kistiakowsky, 
in the red, observed no difference in behavior of dry or wet gases. By 
analogy with the reaction in the red and because of the fact that the ab- 
sorption spectrum contains very diffuse bands, we may assume that the 
primary process in the ultraviolet is also 0 3  + hv + 0 2  + 0. The ac- 
celeration of the reaction rate by a decrease in pressure, observed by 8. 
v. B a h ~ - , ~  may then be readily explained. At low pressures the reaction 
0 2  + 0 + M -+ O3 + M, which removes oxygen atoms and regenerates 
ozone, occurs less often since i t  requires a three-body collision. This is, 
of course, equivalent to an increase in the velocity of decomposition. The 
influence of nitrogen and helium, both of which increase the quantum 
yield compared with oxygen, is to be explained in the same manner as for 
the reaction in red light, i. e., nitrogen and especially helium are less adapted 
than oxygen in taking up the energy in a three-body collision. 

The higher quantum efficiency in the ultraviolet may be explained in the 
following way. In the red we must expect that by the reaction 0 3  + hv 
-+ 0 2  + 0 only a normal oxygen atom is formed, whereas in the ultra- 
violet the oxygen atom can contain much more energy, for the difference in 
energy between red (X ,- 620 W.) and ultraviolet (X lu 2537W.) is about 70 cal. 
Consequently, the reaction O3 + 0 ---+ 202 which, as has been previously 
pointed out, occurs at every 2 X lo3 collision, can now take place more 
frequently. From Warburg's experiments it can be calculated that the 
probability of the occurrence of this reaction is about 5 X loF2, assuming 
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that the reaction 0 + 0 2  + 0 2  --+- 0 3  + 0 2  a t  a pressure of 1 atm. occurs 
a t  every lo3 collision. 

The reaction 0 + 0 3  --+ 202* is the only one that can initiate chains; 
therefore, the probability of chain formation is greater in the ultraviolet, 
where this reaction takes place more frequently than in the red. Another 
reason for the high velocity in the ultraviolet is to be found in the fact that 
the reaction of ozone with an excited oxygen atom can form oxygen mole- 
cules with 80 cal. excess energy, while in the reaction with a normal atom 
the excited oxygen molecule may have a t  the maximum 50 cal., since it is 
quite plausible to assume that the probability that ozone is excited by an 
oxygen molecule for reaction or decomposition is increased with increase in 
energy content of the latter. From the above considerations the higher 
quantum efficiency in the ultraviolet light is readily understandable. 
Warburg found at  a total pressure of 1 atm., goyo O2 and 10% 03, the 
quantum yield 3.5. 

It is impossible to discuss the chains in detail since the behavior of con- 
centrated ozone mixtures needs to be known and no experiments in this 
region are available. 

The author has set up equations for d[03]/dt for every possible reaction 
scheme considering the reactions between 03, 0 ,  0 2  and 02*. Equations 
with more than four constants are always obtained and, as the value of 
some of these constants is not known, i t  is easy to represent the general 
course of the reaction by choosing suitable values for them. It is, however, 
impossible to find an equation which gives, for small concentrations of 
ozone (6  0.5%) and high oxygen pressures, a constant quantum yield and 
also describes the course of the reaction. Warburg found for ozone con- 
centrations between 0.2 and 0.5% a constant quantum yield of 0.28; at  
higher concentrations, however, the velocity depends greatly on the ozone 
concentration and even for 0 3  - 0.75% a quantum yield of 0.48 is obtained. 
This sudden transition to a zero order reaction is highly improbable. 
Furthermore, his results do not agree with those obtained by Regener and 
v. Bahr, who found a dependence of the velocity on the ozone concen- 
tration even in very dilute ozone mixtures. In the experiments of War- 
burg, as he himself states, there was always present an uncontrollable dark 
reaction which, with the long exposure necessary for a measurable amount 
of reaction to take place at  low pressures, would be sufficiently large to 
obscure any expected sm%ll change in the quantum yield. It would, 
however, be very desirable to have these experiments repeated. 

If the observation that water vapor accelerates the decomposition is 
correct, it can be accounted for by the reaction of excited oxygen atoms 
with water vapor. 

In conclusion it may be said that the decomposition of ozone in the ultra- 
violet, as well as the influence of foreign gases and total pressure, can be 
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explained if the primary reaction is assumed to be a dissociation into an 
excited oxygen atom and an oxygen molecule. It must, however, be 
emphasized that further experiments in this region would be of great use in 
order to elucidate the details of chain formation. 

The author is greatly indebted to Dr. G. B. Kistiakowsky for permission 
to use his unpublished experiments. Thanks are also due Dr. 0. R. Wulf 
of Washington, who kindly communicated the results of his investigations 
of the spectrum of ozone, and Dr. E. 0. Wiig for translating the paper into 
English. 

Summary 
1. A critical survey of the experimental data involving the photochemi- 

cal decomposition of ozone has been given. 
2 .  The kinetics of the reaction have been explained on the assumption 

that the ozone spectrum shows predissociation and that the primary process 
is therefore O3 + hv -+ O2 + 0 .  In red light a normal oxygen atom is 
assumed to be formed and in the ultraviolet an excited atom. 

3. The probability of the occurrence of the reaction 0 + 0 3  -+- 202 
has been calculated t o  be 5 X lo-* if the oxygen atom is normal and i t  is 
assumed that the reaction 0 f 0 2  --+ 0 3  occurs only in a three-body 
collision. 

4. The influence of temperature and of foreign gases has been discussed. 
The effect of gases which do not react with ozone can be interpreted by 
their specific influence on the three-body reaction 0 + 0 2  + M -+ 0 3  + M. 

PRINCETON, NEW JERSEY 

[CONTRIBUTION PROM THE.CHEMICAI, LABORATORY OF. THE UNIVERSITY OF MICHIGAN] 

PREPARATION AND PROPERTIES OF LEAD PERCHLORATE 
BY H. H. WILLARD AND J. I,. KASSNER~ 

RECEIVED MARCH 17, 1930 PUBLISHED JUNE 6, 1930 

Introduction 
Lead perchlorate was first prepared by Serullas2 by heating lead oxide 

with perchloric acid. It was also prepared by Marignac3 and Roscoe4 by 
adding lead carbonate to  perchloric acid and evaporating to a sirupy liquid. 
Roscoe was the first to point out the fact that lead perchlorate is extremely 
deliquescent. The formula of the salt which he obtained was Pb(ClO4)z.- 

From a dissertation submitted by J. L. Kassner to the Graduate School of the 
University of Michigan in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy in Chemistry. 

Serullas, Ann. chim. phys., 46, 297 (1831). 
3 Marignac, "Oeuvres Compl$tes," Vol. I. p. 401 (184040); Compt. rend., 

42,288 (1856); Mem. Soc. Phys. Genkve, 14,260 (1855); Arch. Phys. Nut., 31, 170 (1856). 
Roscoe, Proc. Roy. Soc. (London), 11, 493 (1861); Ann., 121, 346 (1862); J. 

C?zenz. SOL., 16, 82 (1863). 
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3Hz0, There is no record of any other hydrate of lead perchlorate, al- 
though Hoffmann5 interpreted Roscoe's figures as corresponding to the 
formula, Pb(C104)2.1.5HtO. 

Two forms of basic lead perchlorate have been described by Mar igna~ ,~  
Weinland6 and Weinland and Stroh.' Marignac prepared the basic salts 
by boiling a concentrated solution of normal perchlorate with a slight excess 
of lead carbonate and evaporating the filtrate. The formula of his salt 
was Pb0.Pb(C104)2.2Hz0. Rammelsbergs also prepared this same salt. 
Weinlandh7 prepared basic lead perchlorates to which he ascribed the formu- 
las, Pb~(C104)2(OH)z.1.5H20 and Pb3(OH)4(C104)2. He prepared the first 
by treating lead oxide with more than one and less than two equivalents of 
perchloric acid. The latter was prepared by treating three moles of lead 
oxide with two moles of perchloric acid and crystallized in two forms as 
described by Marigna~.~ 

Experimental 
Preparation of Normal Lead Perchlorate.-Lead perchlorate was prepared by add- 

ing to  lead nitrate about 1% excess over the calculated amount of perchloric acid and 
evaporating to remove all nitric acid. Lead nitrate of c. P. grade was twice recrystal- 
lized with centrifugal drainage and washing. Perchloric acid (72%) of a high degree of 
purity was further purified by fractional distillation in a vacuum. It was diluted with a 
little water, added to the lead nitrate and the solution evaporated until fumes of per- 
chloric acid were given off. The lead nitrate did not entirely dissolve in the acid a t  
first but gradually went into solution as the evaporation progressed. The solution was 
tested for nitrate from time to time by adding a drop of it  to  a solution of diphenylamine 
in concd. sulfuric acid, and the fuming was continued until no test for nitrate was 
obtained. 

Removal of Excess Perchloric Acid.-Owing to the great solubility of the salt, i t  
was found impossible to  remove the excess of perchloric acid even by two recrystalliza- 
tions. It could not be volatilized by heating because anhydrous lead perchlorate, stable 
up  to 200'' begins to  decompose above that  temperature into lead chloride and lead 
oxide, evolving both oxygen and chlorine, and also because the last traces of acid, be- 
coming anhydrous, readily decompose into chlorine and oxygen, contaminating the 
salt with chloride. Moreover, the salt containing excess of perchloric acid was de- 
composed slightly when dehydrated in a vacuum in the presence of phosphorus pentoxide. 

The obvious method of neutralizing the excess of acid by the addition of lead oxide 
or carbonate is not readily applicable in this case, because these substances are readily 
soluble in a solution of lead perchlorate, forming soluble basic salts and there is no way 
of knowing when just the proper amount has been added except by making rather 
troublesome analyses of the solution. 

Because perchloric acid dihydrate, unlike the anhydrous acid, is very stable, i t  
seemed probable that  the excess of acid could be removed by passing a stream of moist 
air over the fused salt, as was done by Richards and Willard-ith lithium perchlorate. 

Hoffmann, "Lexicon der anorg. Verbindungen," 1915, Vol. I,  p. 699. 
Weinland, 2. angew. Chem., 34, 354 (1921). 
Weinland and Stroh, Ber., 55, 2706 (1922).  
Rammelsberg, Handb kryst. phys. Chem., 1 ,  318 (1881). 
Richards and Willard, THIS JOURNAL, 32, 4 (1910). 
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This was found to be satisfactory and because it is the most effective method for many 
perchlorates, it will be described in some detail. 

A heater was constructed from a 20 X 30 cm. beaker which was wrapped with damp 
sheet asbestos and wound with seventy turns of chromel ribbon, 0.2 X 1.6 mm. The 
heating unit for the bottom of the beaker was made by coiling together chromel ribbon 
arid a strip of asbestos 1 cm. wide t o  form a disk of suitable size which, while damp, was 
pressed against the bottom of the beaker. The two heating units could be connected 
either in series or in parallel. The beaker was insulated by asbestos wool, held in place 
by sheet asbestos, and the whole supported on a base of asbestos board. The beaker 
was covered with a quartz plate. Air purified by passing it through a solution of silver 
nitrate and a soda-lime tower was passed through water a t  about 100" by bubbling it  
through a three-necked Woulff bottle, electrically heated by a winding of No. 28 chromel 
wire, and supplied with water from a large stock bottle. The moist air passed through a 
delivery tube extending t o  within 5 cm. of the bottom of the large beaker. 

The lead perchlorate solution, free from nitrate, was evaporated below 125' until 
i t  contained only a little more water than was required to form the trihydrate. This 
solution was then placed in the heater described above, on a support 10 cm. high, and 
steamed for three hours a t  about 160'. At the end of this time the salt was free from 
acid and a nephelometric testlo showed that it  contained only a few thousandths of 
one per cent. of chloride. 

If more than 1% excess of acid is used in preparing lead perchlorate, longer steaming 
will be necessary. The vapor pressure of water in the air passing through the heater 
must be high enough to prevent complete dehydration of the salt; otherwise consider- 
able chloride will be formed. 

In  order to  determine accurately the amount of free acid, a sample of 3 t o  4 g. of the 
salt was dissolved in about 7 cc. of water free from carbon dioxide. The lead was pre- 
cipitated as  sulfate by the addition of excess of neutral sodium sulfate, and removed by 
filtration. The acid in the filtrate was determined colorimetrically by using brom 
thymol blue as indicator and 0.001 N hydrochloric acid and sodium hydroxide as  stand- 
ard solutions. 

Crystallization of Lead Perchlorate.-Lead perchlorate is extremely soluble in 
water and the trihydrate melts a t  83-84". I n  order to obtain a satisfactory yield 
of crystals the amount of water present must be carefully regulated. It was found best 
to  start with a known weight of lead nitrate and for every 500 g. of lead perchlorate 
trihydrate, to  allow 8 t o  10 g. excess of water. A semi-fluid mass was then obtained 
on cooling t o  0". The crystals were drained centrifugally in platinum cups and a yield 
of 58% was obtained. The trace of chloride originally present could not be detected 
nephelometrically after crystallization. The yield decreased rapidly as  the amount 
of water increased beyond that required to  form the trihydrate. For example, in the 
above case, 555 g. of the salt was present, and if 26 g. of water instead of 10 g. was pres- 
ent, no crystals appeared on cooling to 0 O .  

Preparation of Anhydrous Lead Perchlorate.-Lead perchlorate trihydrate, dried 
a t  room temperature with phosphorus pentoxide in a vacuum for nine months, was not 
completely dehydrated. To increase the rate of dehydration by drying in a vacuum 
a t  a higher temperature the following apparatus was devised. A flanged pyrex cylinder1' 
60 cm. long by 12 5 cm. inside diameter and 0 5 cm. thick, was provided with covers t o  
which were fused glass stopcocks. The flanges and covers were so carefully ground that ,  
using only a trace of grease, the cylinder maintained a vacuum. This cylinder was 
placed in a n  electric oven 25 X 30 X 28 cm., made of "transite" asbestos board. The 

Richards and Wells, Am. Chem. J., 31, 235 (1904). 
Specially made by the Corning Glass Works. 
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oven was wired in two units, the sides and bottom with twenty turns of Xo. 28 chrome1 
wire and the top with twenty-two turns. There was a mica window on top and another 
on one side. The advantage of this apparatus was that the central portion of the cylin- 
der, containing the salt to be dehydrated, could be heated to the desired temperature, 
while the ends, containing the desiccant, phosphorus pentoxide, were relatively cool. 

Because anhydrous lead perchlorate takes up moisture with such extraordinary 
rapidity, it was necessary to handle it only in very dry air. A large tight box was con- 
structed of wood with a plate glass top and large enough to manipulate three ordinary 
desiccators. I t  was provided with a door, made air tight by means of a soft rubber 
gasket. There were two "manipulating arm-holes" in which long-sleeved rubber 
gloves were fastened air tight. A sulfuric acid manometer was provided for observing 
the pressure. Air, dried successively by calcium chloride and phosphorus pentoxide. 
was passed into the box for a few hours before and during use. 

Lead perchlorate trihydrate was placed in an evaporating dish supported in the 
center of the cylindrical pyrex desiccator described above. Phosphorus pentoxide 
placed in the cool ends of the cylinder served to remove the moisture. The oven was 
adjusted to maintain a temperature of 65". I t  was evacuated to a pressure of 35 mm. 
and the drying continued for nineteen hours. The salt was then removed and weighed 
on a platform balance in the manipulating box. When the hydrated salt had lost about 
one-third of its water of hydration, the temperature was raised to 100' for eight hours 
and then to 120" for fourteen hours. Analysis of the salt a t  this time showed 50.73% 
of lead compared with a theoretical value of 51.02% for the anhydrous salt. The heat- 
ing was continued a t  120° for twenty-four hours and a t  the end of this time the salt 
contained 51.02% lead. 

Analysis of Anhydrous Lead Perchlorate.--While still hot, the salt was removed 
from the vacuum desiccator and placed in an ordinary desiccator containing phosphorus 
pentoxide. This was then placed in the manipulating box along with a similar desicca- 
tor containing two tared weighing bottles with carefully ground stoppers. After 
flushing out the box with dry air, a sample was transferred to the weighing bottle, and 
replaced in the desiccator. The stoppers were so well ground that there was no gain in 
weight during the process of weighing. 

The amount of lead in the salt was determined by precipitating it as lead sulfate 
and weighing on a Gooch crucible. Duplicate analyses gave 51.016 and 51.020% of 
lead as compared to a theoretical value of 51.02%. 

Anhydrous lead perchlorate is white and when exposed to air takes up moisture 
with amazing rapidity, forming the monohydrate and trihydrate. It is stable a t  200 O 

but begins to decompose a t  about 250" into lead chloride and lead oxide, evolving both 
oxygen and chlorine. I t  fuses a t  270-275 O, and above this completely decomposes. 

Preparation of Lead Perchlorate Monohydrate.-Lead perchlorate trihydrate was 
partially dried a t  room temperature in a vacuum desiccator with phosphorus pentoxide. 
It then contained a little more water than corresponded to the monohydrate (6.77% 
instead of 4.25%, calculated from a determination of lead). The pentoxide was then 
replaced by a large excess of anhydrous lead perchlorate and the desiccator evacuated. 
The salt was allowed to remain in this desiccator for fifteen months and then analyzed 
for lead and perchlorate. 

To obtain samples without exposure to atmospheric moisture, the manipulating 
box was used as before. Lead was determined as sulfate and the perchlorate by pre- 
cipitation with "nitron" as described by Storm12 and also by removing the lead electro- 
lytically and then titrating the acid with standard alkali using methyl red as indicator. 
The results were as follows. Calcd. : Pb, 48.85%; Clod, 46.90%. Found: Pb, 48.85, 

la Storm, U. S. Bur, of Mines, Bull. 96, 1916, p, 65. 
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48.85; C104,47.06 (nitron), 46.67 (acid titration). A test of the methods of determining 
perchlorate showed that the nitron method, using twice the theoretical amount of re- 
agent, was excellent and that no correction for solubility loss was necessary if the 
precipitate was transferred by means of the filtrate and washed with 10 cr. of ice water, 
added in 1-2 cc. portions, using slight suction. The removal of lead electrolyticaUy 
tended to give slightly low results, perhaps due to slight loss by spraying. Precipitation 
of the lead by means of hydrogen sulfide and removal of the latter by boiling gave good 
results. No matter what method is used. the determination of perchlorate is less 
accurate than that of lead. 

The melting point of Pb(C104)2.H20 was found to be 153-155". The above data 
prove the existence of this hydrate, which has not previously been obtained, and indicate 
that there is no lower hydrate. 

Preparation of Lead Perchlorate Trihydrate.-A sample of lead perchlorate which 
had just been recrystallized was used. I t  contained 12.10% water as compared with 
11.74y0 for the trihydrate. I t  was placed in a vacuum desiccator over a large excess 
of the monohydrate and the desiccator evacuated. I t  was allowed to stand for twelve 
months and then analyzed. Calcd.: Pb, 45.03; C104, 43.73. Found: Pb, 45.17, 
45.15; C104 (nitron), 43.55, (acid titration), 43.20. The melting point of the trihydrate 
was 83-84'. The above data show the existence of the trihydrate and that  another 
hydrate does not exist between the tri- and monohydrate. 

Preparation of Basic Lead Perchlorate, Pb3(0H)4(C104),.-Tliis salt was pre- 
pared by saturating a hot solution of perchloric acid with lead oxide. The excess lead 
oxide was fiItered out of the hot solution using a hot water funnel. On cooling, the 
ba.;ic salt crystallized in large irregular crystals. I t  was centrifuged in platinum cups 
and washed twice on the centrifuge with hot water. The salt was then crystallized 
from carbon dioxide-free water, centrifuged and washed. Weinland and Stroh7. state 
that this salt may be prepared by treating three moles of lead oxide with two moles of 
perchloric acid. When attempting to prepare other hasic lead salts than those described 
by Weinland, it was discovered that this same salt could also be prepared by using lead 
oxide and perchloric acid in the molecular ratio of four to three. When the ratio of 
lead oxide to perchloric acid was less than 4 to 3 and greater than 2 to 3, a mixture of 
the above basic salt and another, described jater, was obtained This shows that the 
limits of the ratio for this basic salt are between 4 of oxide to 3 of acid and the saturation 
point of hot perchloric acid with lead oxide. The results of analysis are as follows. 
Calcd.: Pb, 69.96; C104, 22.39; OH, 7.65. Found: Pb, 70.05, 70.00; C104, 22.38, 
23.36; OH, 7.65, 7.60. 

The direct determination of hydroxyl was carried out as follows. The salt was dis- 
solved in a slight excess of N/10 nitric acid. The solution was diluted and the lead 
precipitated as lead sulfate by adding excess of neutral sodium sulfate. After warming 
for a time it was cooled in ice and filtered. The excess acid was titrated with N/10 
sodium hydroxide using phenolphthalein as indicator. I t  was observed that if the salt 
was dissolved in water, a turbidity appeared, probably due to a trace of carbonate, and 
if N/10 nitric acid was added slowly to the hot solution, the disappearance of the tur- 
bidity could almost be used as the end-point of the titration. I t  disappeared a trifle 
too soon, the difference being about 0.07 cc. of N/10 acid. Neither Marignac nor 
Weinland reported a determination of the hydroxyl group. 

Preparation of Pb2(OH)z(C104)2~1.5H20.-Weinland and Stroh? state that this 
salt may be prepared from a solution of lead oxide in the calculated quantity of per- 
chloric acid. An attempt was made to preparr this salt by his method, and also by 
varying the ratio of lead oxide to perchloric acid. Although the analysis indicated 
the existence of a salt of the above composition, it was not conclusive. The variation 
in the results seemed to indicate a mixture rather than a salt of definite composition. 
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The Solubility of Lead Perchlorate.-A slight excess of lead perchlorate trihydrate 
was added to water in a glass tube, which was sealed up and rotated for several days in 
a thermostat a t  25 +0.005°. After settling for several days, some of the clear liquid 
was transferred to a pycnometer with a carefully ground stopper consisting of a tube 
with a capillary bore. The capacity of the pycnometer a t  25" was found to be 9.9783 g. 
of water, or 10.0180 cc. The weight of lead perchlorate solution required to fill i t  was 
27.7950 g., or 27.8029 g. corrected to  vacuum. The calculated density is 2.7753. The 
solution was transferred to a beaker, precipitated as lead sulfate, filtered and weighed on 
a Gooch crucible after heating a t  600'. The corrected weight of PbSO4 was 16.9111 g., 
equivalent to 22.6464 g. of Pb(C104)~ or 25.6603 g. of Pb(C104)2.3H~0. The following 
table shows the solubility calculated from these figures. 

SOLUBILITY OP LEAD PERCHLORATE IN WATER AT 25 O 

Density, 25'/4O, 2.7753 
G per G. per Mole per Mole per 

100 cc. of soln. 100 g. of soln. 100 cc. of soln. 100 g. of soh.  

Pb(ClO4)e 226.103 81.472 0.55676 0 20061 
Pb(C104)2.3HaO 256.200 92.315 

Thiel and StollL3 called attention to the high density of the saturated 
solution and suggested its use as a heavy liquid for determining the specific 
gravity of organic substances. They stated that a solution saturated a t  15' 
had a density of about 2.6 and contained 78% of lead perchlorate. 

Anhydrous lead perchlorate is readily soluble in many organic solvents 
but work along this line was discontinued after the violent explosion of an 
almost saturated solution of this salt in anhydrous methyl alcohol. This 
solution was prepared by adding the perchlorate in small amounts to the 
alcohol, cooling after each addition because considerable heat was given off 
during this process. The solution was cooled in ice to see if crystals would 
form. This did not occur, and th& solution was allowed to warm up to 
room temperature. A little more of the salt was added and when the flask 
was disturbed the contents exploded. 

Summary 

1. Anhydrous lead perchlorate, the mono- and trihydrates, have been 
prepared in a high degree of purity and their properties studied. 

2. One basic lead perchlorate, Pb3(0H)4(C104)2, was prepared. 
3.  A method of determining the hydroxyl group in the basic salt is 

described. 
4. The solubility of lead perchlorate in water a t  2 5 O  is 81.472 g. per 100 

g .  of solution and the density is 2.7753. 
5. A solution of anhydrous lead perchlorate in anhydrous methyl alco- 

hol is explosive. 
ANN ARBOR, MICHIGAN 

l3  Thiel and Stoll, Ber., 53, 2003 (1920). 
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STUDIES IN AZO INDICATORS1 

BY E. E. HARRIS, H. W. HAUGEN AND B. E. FAHL 
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Since S@rensen's studies using indicators for the determination of hydro- 
gen-ion concentrations, there has been a constantly widening use of indi- 
cators for the measurements in various fields. One of the difficulties has 
been that it required several different types of indicators having entirely 
different color changes to cover the PH range from 1.0 to 14.0. Each of 
these has individual characteristics which make knowledge gained from 
the use of one useless when it is necessary to use another. If a satisfactory 
series of indicators with the same color change could be prepared which 
would cover the whole PH range, their use would be greatly simplified. 
Certain groups are known to affect the color of dyes and should alter 
the color change of indicators. This paper is the report of a study made to  
determine the effect of substitution in the benzene nucleus and the position 
of this substitution on indicators of the methyl orange and methyl red type. 
Published work of this nature has been given in the paper of A. Thiel,2 
this deals with substitutions in naphthylamino-azobenzene. Several com- 
pounds which contribute to such a study are included in the work of Clark3 

Studies in Derivatives of Methyl Orange 
Methyl orange has long been used as an indicator and several theories 

have been proposed for its color changes.4 The following work is to  de- 
termine the effect of changing the position of the "diazo" group relative 
to the sulfonic acid group about the benzene ring on the ease of the elec- 
tron shift, and also to determine the effect, if any, when substituent 
groups are introduced into either the benzene sulfonic acid part of the 
molecule or the dimethylaniline part, on this electron shift. 

The method which was used for preparing the various diazo compounds 
was a modification of the one described in Gattermann.5 The hydrogen- 
ion concentration a t  which color change took place was determined by a 
modification of the method of Fales and M ~ d g e . ~  

This communication is an abstract of theses submitted by Harold Mi. Haugen 
and B. Elwood Pahl in partial fulfilment of the requirements for the degree of Master 
of Science in Chemistry a t  the University of North Dakota. 

* A. Thiel, C. A. ,  18, 3568 (1924); Z. anorg. allgem. Chem., 136, 393-405 (1924). 
Value given in Clark, "The Determination of Hydrogen Ions," p. 78, 3.14.4. 

4 Ostwald, Z. physik. Chem., 9,  579 (1892); Stieglitz, THIS JOURNAL, 25, 1112 
(1903); Vorlander, Ber., 36, 1485 (1903); Hantzsch, ibid., 41, 1187 (1908); 46, 1537 
(1913); 48, 158 (1915); Thiel, C. A . ,  18, 56 (1924); Ber., 56B, 1667-1671 (1923). 

Gattermann, "Practical Methods of Organic Chemistry," The Macmillan CO., 
New York, 1925. 

Pales and Mudge, THIS JOURNAL, 42, 2447 (1920). 
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Experimental Part 
OBSERVATIONS 

PH between which color 
Diazo compound change took place 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Methylorange 
p-Dimethylamino-azobenzcne-o-sulfonic acid . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ethyl orange. 
p-Dimethylamino-azobenzene-2-sulfonic acid. . . . . . . . . . . . . . . . . .  
p-Dimethylaminobenzene-azo-4-methyl-benzene-2-sulfonic acid.. . 
p-Dimethylaminobenzene-azo-4-methylbenzene-2-sfonic acid . . 

. . . .  p-Dimethylaminobenzene-azo-4-nitrobenzene-2-sulfonic acid. 
p-Dimethylaminobenzene-azo-4-methylbenzene-3-sulfonic acid. . .  

. . .  p-Dimethylaminobenzene-azo-4-aminobenzene-3-sulfonic acid. 

Studies in Derivatives of Methyl Red 
It appears that methyl red undergoes two color changes while changing 

colors. This has been accounted for in the color theories of Stieglitz, 
Thie14 and Hantzsch. There are several references1° in the literature for 
the preparation of methyl red but the method given by Clark and Kirnerl' 
seemed the best to follow. In many of the derivatives several modi- 
fications were necessary. 

The method used for determining the indicator constant was by colori- 
meter12 for that concentration when half of the indicator had changed. 

EXPERIMENTAL OBSERVATIONS 
Approximate 

Indicator indicator constant 

Methyl red13.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.05 X lV6 
2-Carboxybenzene-azo-dimethyltoluidine. . . . . . . . . . . . . . . . . . . . .  6.19 X 
5-Nitro-2-carboxybenzene-azodimethylanilne. . . . . . . . . . . . . . . .  3.04 X 1W6 
4-Nitro-2-carboxybenzene-azodimethylaniline.. . . . . . . . . . .  3 07 X 
m-Carboxybenzene-azodimethylaniline. . . . . . . . . . . . . . . . . . . . . . . .  2.32 X 
p-Carboxybenzene-azodimethylaniline.. . . . . . . . . . . . . . . . . . . . .  4 5 X 
p-Dimethylamino-azobenzene-p-phenylacetic acid. . . . . . . . . . . . .  1.07 X 
p-Dimethylamino-azobenzene-p-bromo-p-phenylacetic acid . . . . .  4 37 X 

The value of the mid-point as determined by a modification of the Gillespie 
colorirneter as described in Clark, Ref. 3, p. 69, was 3.31, C. S. Slater, Master's "Thesis," 
University of North Dakota (unpublished). 

This compound seems to have many advantages over methyl orange for clear- 
cut color changes as an indicator for the same range. 

9 Value 3.5-4.5, given in Clark, Ref. 3, p. 86. 
lo Rupp and Loose, C. A. ,  3, 523 (1909); Tizard, C. A . ,  5, 1222 (1911); RUPP, 

C. A.,  10, 2214 (1912). 
l1 Clark and Kirner, "Organic Syntheses," John Wiley and Sons, Inc., New York, 

1922, Vol. 11. 
le This colorirneter was for two-color indicators as designed by G. A. Abbott of 

North Dakota and constructed by Bausch and Lomb. 
l3  This value agrees with that of Clark, C. A.,  11, 1443 (1918); THIS JOURNAL, 

46, 581 (1924), but is much higher than the value obtained in a different manner by 
Theil and Dassler, C. A , ,  18, 56 (1924). 
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Conclusions 

1. Substitution of methyl groups produces very little effect on the hy- 
drogen-ion concentration a t  which the indicator changes color. 

2. The position of the acid group produces the greatest change in indi- 
cator properties. When in the ortho position the change takes place a t  
the higher PH, when in para lower and lowest in meta. 

3.  The introduction of strongly negative groups such as the nitro group 
causes a change a t  a lower PH. 

~CONTKIBUTION PROM THE LABORATORY OF PHYSICAL CHEMISTRY, PRINCETON 
UNIVERSITY] 

THE CHAIN CHARACTERISTICS OF THE ETHYLENE-OXYGEN 
REACTION 

BY ROBERT SPENCE~ AND HUGH S. TAYLOR 

RECSIVED MARCH 21, 1930 PUB~ISHED JUNB 6, 1930 

It is now well known that many reactions once thought to  be of the simple 
classical type actually occur by a chain mechanism. Generally speaking, 
the existence of these chains has been demonstrated in one or more of 
three ways, by measuring the quantum yield in photochemical experi- 
ments, by studying the unusual kinetics of gaseous reactions, or by intro- 
ducing some active material or "trigger" to start the chains. I n  the case 
of hydrocarbon oxidations, the photochemical method is not very con- 
venient experimentally. Before making a study of the kinetics of these re- 
actions i t  was considered advisable to demonstrate their chain character in 
a direct manner by the last of the methods mentioned above. The use of 
ozone as a "trigger" in gaseous reactions was first developed by Semenoff 
and Rjabinin2 in the combustion of sulfur. An attempt has been made t o  
apply ozone as a "trigger" to  the ethylene-oxygen system a t  temperatures 
where sufficient reaction takes place to be measurable but well below the 
ignition point. Under these conditions ozone has an. extremely short life, 
so that the actual amount employed in starting chains may be very much 
smaller than the amounts actually introduced into the gas stream. We 
would therefore obtain only a lower limit of ozone efficiency and of chain 
length in this manner. 

Ethylene and oxygen (from cylinders), a t  measured rates of flow, and 
dried over phosphorus pentoxide, were passed through a reaction vessel 
maintained a t  a definite temperature in a furnace, then through a weighed 
tube of phosphorus pentoxide for a given time, the increase in weight being 
noted. With everything else constant, the oxygen was then partially 

1 Commonwealth Fund Fellow. 
Semenoff and Rjabinin, 2. physik. Chem., lB, 193 (1928). 
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ozonized by passing through a Brody's ozonizer and the increase in weight 
of the absorption tube again noted. This increase was many times the 
former increase, as the appended Table I shows. 

Normal 
tncrease Using 0 3  

, .. l t p ~ e ,  
T, OC. CzHa 01 ( a ) ,  s- ( b ) ,  g Ratio b/a mrn 

298 1 : 2 5  00020 0 1290 64 5 30 
298 1:2 0020 0878 87 5 15 
350 1 : 2 0030 ,1350 45 0 15 
358 1 : 2 ,0032 0506 15 8 15 
388 1:2 0152 Exploded . . 15 

Assuming that all the ozone introduced into the gas stream reacted to 
give water, the increase in fifteen minutes due to ozone alone would be 
0.12 g.; hence these experiments do not afford conclusive proof of the ex- 
istence of a chain mechanism. The explosion is significant in view of the 
fact that ethylene and oxygen normally do not explode until temperatures 
over 500' are reached. With ozone present, the system becomes very 
sensitive to shocks around 400' and often exploded a t  the turning of a 
stopcock. 

In  another series of experiments the solid and liquid products of the re- 
action were frozen out by a carbon dioxide-ether trap and the remaining 
gases analyzed. The ozonizer was calibrated so that any desired concen- 
tration could be obtained by varying the current in the 4000-volt trans- 
former. To prevent explosions, the apparatus was made of thick-walled 
barometer tubing (2-mm. bore) as far as possible and, in order to prevent 
decomposition of the ozone before i t  reached the furnace, the oxygen inlet 
tube was cooled by water circulating through a lead coil surrounding the 
inlet. The reaction chamber was also considerably smaller than in the 
first series of experiments, having a capacity of about 8 cc. instead of 150 cc. 
To prevent explosions due to sudden pressure variations a t  the moment 
when a gas sample was to be collected, the gas was first allowed to stream 
from the furnace intb the air. With the stopcock leading to the analysis 
buret open, the exit to the air was slowly closed by tightening a clip on a 
small rubber tube attached to the air exit. When the dead space of the 
collecting system was thoroughly swept out, a sample was collected in the 
gas buret in a given time, the pressure being maintained as far as possible 
constant throughout the procedure. The products collected in the trap 
appeared to be mainly formaldehyde and small amounts of a white solid, 
possibly a polymer. Carbon dioxide was absorbed by alkali in the gas 
buret, ethylene removed by bromine water and all the remaining gas except 
a small residue could be absorbed by pyrogallol. In order to make the two 
measurements under as nearly the same conditions as possible, oxygen, for 
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the sake of rapidity, was generally obtained by difference, a few check 
determinations being made a t  intervals. Results are given in Table 11. 
The effect of increasing temperature causes an apparent shortening of the 
chains but this is no doubt due to the thermal decomposition of the ozone. 
All the values derived for the chain length are greater than unity and hence 
constitute direct evidence for the existence of reaction chains in hydrocar- 
bon combustions; a small amount of ozone reacting is able t o  cause addi- 
tional amounts of oxygen to take part in the reaction. 

Time, 
sec. 

30 
30 
30 
15 
60 
60 
15 
15 
1.5 
30 
30 
60 
15 

Residual gas in given time interval 0 2  0 2  SLIP- 
Without 0 3  With 0 s  used due plied as 

0 2  C2H4 Oe CzH4 to 0 3 ,  cc. 0 3 .  CC. 

41 5 cc. 27.5 cc. 37 cc. 
36 29 32 
34 28 32 
52 5 13 6 49 
63 56 B9 
62 58 60 
49 18 47 5 
48 5 16.5 47 
4 8 5  17 47 5 
5 7 5  1 2 5  5 4 5  
57 5 13 5 56 5 

104 5 25 5 101 
4 8 5  1 4 5  46 

Ratio 

7 . 1  
6 .35  
3 . 2  
3 .64  
3 . 0  
2 . 4  
1 .6  
I . 6  
1 . 1  
3 .26  
1 . 1  
1 . 9  
2 .75  

Since this work was completed, a study of the oxidation of ethylene from 
the standpoint of reaction kinetics has been published by Thompson and 
Hinshel~ood.~ They conclude that "between 400 and 500' the oxidation 
is probably a chain reaction." They suggest that "the first stage in the 
reaction is the formation of an unstable peroxide; if this reacts with more 
oxygen the chain ends, but if it reacts with ethylene, unstable hydroxylated 
molecules are formed which continue the chain." They conclude "that 
from a consideration of the temperature coefficient and the influence of 
foreign gases on the rate of reaction that the chains are probably not of 
great length." 'l'he present experiments therefore constitute an important 
line of auxiliary evidence with respect to the chain characteristics of this 
hydrocarbon oxidation and supplement the data already supplied by Pease4 

with respect to  the chain nature of the oxidation of the saturated hydro- 
carbons. 

We desire to acknowledge our indebtedness to the Commonwealth Fund 
which provided one of us (R. S.) with the Fellowship with the aid of which 
this work became possible. 

Whompson and Hinshelwood, Proc. Roy. Soc. (London), 125A, 277 (1929). 
Pease, THIS JOURNAL, 51, 1839 (1929). 
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Summary 
The use of ozone as an initiator of reaction between ethylene and oxygen 

a t  temperatures below the normal reaction temperature in absence of ozone 
has been studied. 

The results are consistent with the hypothesis that the oxidation process 
is a chain reaction. 

PRINCETON, NEW JERSEY 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OR MICHIGAN] 

SOLUBILITY OF LEAD SULPATE, CHROMATE AND MOLYBDATE 
IN NITRIC AND IN PERCHLORIC ACID 

BY H. H. WILLARD AND J. L. KASSNCR~ 
RECEIVED MARCH 24, 1930 PUBLISH~ED JUNE 6, 1930 

It has been shown by Thiel and Sto112 that the difference in potential 
between lead electrodes in 0.05 molar solutions of lead perchlorate and ni- 
trate is 0.016 volt. From this they calculated the ratio of the concentra- 
tions of Pb++ in the two solutions to be 1:0.28. In connection with other 
work the present authors had noticed that lead sulfate, chromate and 
molybdate were less soluble in perchloric acid than in nitric acid of the same 
concentration. In order to investigate this matter more thoroughly, with 
the possibility of utilizing the results in analytical separations, the solu- 
bilities of these salts were determined in perchloric and in nitric acids of 
different concentrations, both with and without the addition of a common 
ion. 

Experimental 
Preparation of Lead Sulfate.-Lead sulfate was prepared by adding simultaneously 

from two burets dilute solutions of sulfuric acid and lead perchlorate to 800 cc. of slightly 
acidified water, with vigorous stirring. This gave a fairly coarse precipitate. It was 
washed with water five times by decantation, centrifuged in platinum cups and washed 
four times on the centrifuge. 

Preparation of Lead Chromate.-Lead chromate was prepared in the same manner 
as  lead sulfate, using lead perchlorate and potassium dichromate. The lead chromate 
was washed with water eight times by decantation, four times on the centrifuge, dried 
in a vacuum over phosphorus pentoxide and analyzed by electrometric titration with 
ferrous sulfate. The average of two closely agreeing analyses gave 16.09y0 chromium, 
compared to a theoretical value of 16.08%. 

Preparation of Lead Mo1ybdate.-lead molybdate was prepared in a similar man- 
ner by adding lead perchlorate and ammonium molybdate to hot water acidified with 
perchloric acid. After boiling the solution for a few minutes, the precipitate was washed 
eight times by decantation with hot 2% ammonium nitrate solution, centrifuged, and 

1 From a dissertation submitted by J. I,. Kassner to the Graduate School of the 
University of Michigan in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy in Chemistry. 

Thiel and Stoll, 2. anorg. allgem. Chem., 139, 317 (1924). 
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washed eight times on the centrifuge. Since it has been pointed out by Weiser3 that 
lead molybdate occludes ammonium molybdate, the salt was further purified by stirring 
about 10 g. in a litcr of normal perchloric acid for twenty-four hours After i t  had 
settled, a 500-cc sample of the clear solution was analyzed for lead and molybdenum 
and found to contain an excess of the latter, which must have been occluded as ammo- 
nium molybdate and subsequently extracted by the acid. The lead molybdate which 
had been stirred in perchloric acid was centrifuged and washed with hot 2% ammonium 
nitrate. After ignition it was analyzed, lead and molybdenum being separated by the 
sulfide method.* 

Anal. Calcd. : PbO, 60.78. Pound: 80.72, 60.76, 60.69, average, 60.72. Calcd. : 
MoOa, 39.22. Found: 39.18, 39.14, 39.11, average, 39.14. 

The lead molybdate possessed a yellowish-white tinge. This was also observed 
by Wei~e r .~  

Preparation of Nitric and Perchloric Acids.-c. P. perchloric and nitric acids were 
redistilled in a vacuum. The different concentrations were made up from these by 
means of a hydrometer, using for perchloric acid the table by van Emsters and for nitric 
acid the densities given by Lunge and Ray.6 The hydrometers were calibrated to 
read directly to 0.0005 a t  15.5 and it was possible to estimate to 0.0001. The accuracy 
of this method of making up the acid concentrations was checked by titrating with 
standard alkali. The maximum error was about 0.002 M for higher concentrations 
and much less than this for the very dilute solutions. 

Solubility Determinations.-Lead sulfate, lead chromate and lead 
molybdate were each placed in liter flasks and rotated with known concen- 
trations of nitric and perchloric acids, respectively, in a thermostat which 
was not observed to vary as much as 0.001'. The water used in the acid 
solutions was twice distilled, using a block tin condenser and a quartz 
receiver. The flasks were closed with well ground stoppers covered with 
sheet rubber to keep the water in the thermostat from contact with the 
ground-glass joint. They were rotated for fifteen hours, then supported in 
a vertical position for two hours and the salt allowed to settle. Although 
the supernatant liquid was clear, the solutions were filtered through a 
platinum sponge filtering crucible into which they were siphoned directly 
from the flasks, the first portion being discarded. In this way it was pos- 
sible to obtain samples absolutely free from particles of salt. A 500-cc. 
sample was taken for the low solubilities, and a 250- or 100-cc. sample for 
some of the higher ones. The results shown are the average of closely 
agreeing duplicates. 

Solubility of Lead Sulfate in Perchloric and Nitric Acids.-Saturation 
of the solutions was carried out in quartz flasks with ground stoppers. 
After rotating lead sulfate in the thermostat as described, a 500-cc. sample 
was measured out, 1 cc. of concentrated sulfuric acid added and the solution 

Weiser, J. Phys. Chem., 20, 640 (1916). 
* Treadwell-Hall, "Quantitative Analysis," 7th ed., Vol. 11, John Wiley and 

Sons, Inc., New York, 1928, p. 266. 
Van Emster, 2. apzorg. Chem., 52, 270 (1907). 

"unge and Ray, 2. angew. Chem., 4, 165 (1891). 
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concentrated in a quartz evaporating dish to about 23 cc. I t  was then 
transferred to a tared crucible, evaporated to dryness by means of a ring 
burner, and ignited a t  low red heat. I t  was possible to reproduce the 
weight of the crucible to within 0.05 mg. when the tare was ignited and 
cooled in the same way as the sample before each weighing. If the tare 
was not ignited each time, the variation was 0.1 mg. or more. 

Solubility of Lead Sulfate Using a Common Ion.--'l'he procedure was 
essentially the same except that the s~lutions were made up carefully from 
standard solutions so that when they were mixed and diluted to the re- 
quired amount, the normalities would be as indicated in the tables. All the 
samples in which sulfuric acid furnished the common ion were analyzed by 
direct evaporation as explained above, except in a few cases in which the 
solubility was so low that lead was determined colorimetrically as sulfide.' 

As there were no interfering substances present, the procedure was much 
simplified. A 500-cc. sample of the clear supernatant liquid was evapo- 
rated on the hot-plate and fumed until all the sulfuric acid was removed. 
The residue of lead sulfate was dissolved in ammonium acetate solution 
and diluted until the concentration of lead ion was low enough to deter- 
mine colorimetrically, as determined by a preliminary test. Of this diluted 
solution, 25, 50 or 100 cc. (depending on the amount of lead present) was 
made ammoniacal with 5 cc. excess of concentrated ammonia water and 
diluted to a definite volume, as 100 cc. Lead sulfide was precipitated bjr 
adding 4 or 5 drops of the sodium sulfide solution. A standard was pre- 
pared in the same way and its color compared with that of the unknown. 
A blank was run in each case on the unknown before adding sodium sulfide. 
It was possible to check results within 5%. 

In  the solubilities in which lead perchlorate and lead nitrate furnished 
the common ion, it was necessary to determine the sulfate ion. This was 
done by removing most of the lead electrolytically from the original solu- 
tion, concentrating the sample to about 75 cc. and removing the remaining 
lead. The solution was partially neutralized with sodium carbonate, 
after which the sulfate was precipitated with barium chloride. The 
weight of lead sulfate was calculated from the weight of barium sulfate 
obtained. The results are shown in Tables I and TI. 

It is interesting to note that the solubility of lead sulfate in perchloric 
acid increases up to a 2.0 M solution of acid and then decreases again, while 
the solubility of lead sulfate in nitric acid continues to increase with in- 
creasing acid concentration. Lead sulfate is much less soluble in perchloric 
acid than in nitric acid of the same concentration. 

Solubility of Lead Chromate.-Saturation of the solutions with lead 
chromate was carried out in glass flasks with ground stoppers. The 

Scott, "Standard Methods of Chemical Analysis," 4th ed., D. V a n  Nostrand 
Co., New York, 1925, p. 281. 
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TABLE I 
SOLUBILITY OF LEAD SULFATE IN PERCHLORIC ACID AT 25O 

PbSOa dissolved in 100 cc. 
Composition of solvent G. Millirnole 

0 1 M He101 0.0278 0 0917 
0.1 M HClOr + 0.005 M HzSOa ,0070 0230 
0 1 M HClOa + 0 02 M ,0024 .0079 
0 1 M HClOa + 0.05 M HzSO4 ,0013 ,0043 
0 1 M HClOr + 0.10 M HzS04 ,0010" 0033 
0 1 M He104 + 0 25 M HzS04 . (X)08" 0026 
0 1 M HClOl + 0 50 M Has04 0003" 0010 
0 1 M HClOa + 0 50 M P?J(CLOI)I 0002 0007 
0 5 M HCIOa 0$28 ,1742 
0 5 M He104 + 0 005 M HzS04 0206 ,0679 
0 5 M HClOr + 0 01 M HzSOa 0137 ,0451 
0 5 M He101 + 0 02 M HzSOa 0067 .0220 
0 5 M HClOa + 0 05 M HnSOc 0030 ,0099 
1 0 M HClOa 0714 2301 
1 0 M He104 + 0 005 &I HzS04 0367 1211 
2 0 M HClOa 0787 2596 
3 0 M HClOa 0687 2266 
4 2 M HClOe .(I490 1610 

" Lead determined calorimetrically 

TABLE I1 

SOI,UBII,ITY OP LEAD SULFATE IN NITRIC ACID A T  25 O 

PbSO4 d~s.;olved in 100 cc 
Composition of solvent G. Millimole 

0 1 M HN03 0 0426 0.1405 
0 1 M HN03 + 0 005 M HzSOa ,0078 ,0257 
0 1 M HNOa + 0.05 M &SO4 0015 0049 
0 1 M HNO3 + 0 25 M HzSOa 001 1 ,0036 
0 1 M HNOB + 0.50 M HzSOa .0009 .0030 
0 1 M HNOa + 0 50 M ~b(N03)z ,0008 ,0026 

0 5 M HNOB 0992 .3272 
0 5 M HNO3 + 0 005 M 0398 ,1313 
0 5 M HNOs + 0 01 M HzSOa 0328 ,1082 
0 5 M HNOI + 0 02 M 0159 0524 
0 5 M HNOy + 0 05 M H2SOa 0089 ,0293 
1 .O M HNOs 202 1 .6667 
1 0 M HNO3 + 0 005 M HzSOa .I007 ,3322 
2 0 M HN03 3605 1 1890 
3.0 M HNOI .5389 1.7770 
4 2 M HNOI ,7263 2 3960 

amount of lead chromate dissolved in the various concentrations of per- 
chloric acid was determined by adding potassium iodide and titrating the 
iodine liberated with sodium thiosulfate using starch as indicator. For 
those in nitric acid the lead chromate was titrated electrometrically with 
0.1 or 0.01 N ferrous sulfate. The solutions were concentrated to  150- 
200 cc., with addition of sulfuric acid when necessary, and cooled in ice 
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before titrating. When lead perchlorate and lead nitrate furnished the 
common ion, the chromate was determined by electrometric titration with 
ferrous sulfate. When sodium dichromate was used, the solution was 
analyzed for lead by reducing the dichromate with hydroxylamine hydro- 
chloride, adjusting the acidity of the solution, and precipitating the lead 
with hydrogen sulfide. The lead sulfide was filtered, washed and dis- 
solved in dilute nitric acid. This solution was boiled, neutralized and 
diluted to a suitable definite volume. Lead was then determined colori- 
metrically as described above. The results are shown in Tables I11 and IV. 

TABLE 111 

SOLUBILITY OF LEAD CHROMATE I N  PERCHLORIC ACID AT 25' 
PbCrOd dissolved in 100 cc. 

Composition of solvent G. Millimole 

0.1 M He101 0.0041 0.0127 
0.1 M He104 + 0.005 M Pb(C104)z . 0000 . 0000 
0.5 M HClOd .0120 .0371 
0 .5  M HClO4 + 0.005 M Pb(C104)z ,0005 ,0015 
0.5 M He104 + 0.01 M Pb(C104)z . 0000 . 0000 
1.0 M He101 ,0140 ,0433 
1.0 M HClO4 + 0.005 M Pb(Cl0a)p ,0013 ,0040 
1.0 M HClOa + 0.01 M Pb(C104)z . 0000 . 0000 
2.0 M HC104 ,0199 ,0616 
2.0 M Helo4 + 0.01 M Pb(C104)z ,0012 ,0037 
2.0 M He104 + 0.015 M Pb(C104)z ,0006 ,0019 
3.0 M HClOa ,0211 .0668 
4.0 M HClOa ,0213 ,0659 
5.0 M HClOa ,0191 ,0591 
5.0 M He104 + 0.02 M Pb(C104)z ,0001 ,0003 
5.0 M HClO4 + 0.03 M NazCrz07 . 0000 . 0000 

TABLE IV 

SOLUBILITY OF LEAD CHROMATE IN NITRIC ACID AT 25 
PbCrOa dissolved in 100 cc. 

Composition of solvent G. Millimole 

0 .1  M HNO3 0.0063 0.0195 
0 .1  M HNOs + 0.005 M Pb(N03)z ,0001 ,0003 
0.1 M HNO3 + 0.01 M Pb(NO3)s . 0000 . 0000 
0.5 M HNO3 ,0177 ,0548 
0.5 M HNO3 + 0.005 M Pb(N03)t ,0018 .0055 
0.5 M HNOs + 0.01 M Pb(NO3)a . 0000 . 0000 
1.0 M HNO3 ,0385 ,1190 
1.0 M HNO, + 0.01 M Pb(N03)z ,0038 ,0117 
2.0 M HNO3 ,0889 .2752 
2.0 M HNOa + 0.15 M Pb(N03)z ,0012 .0037 
2.0 M HN03 + 0.25 M Pb(N0s)z ,0002 ,0006 
2.0 M HN03 + 0.30 M NazCr~07 .0002 ,0006 
3.0 M HNOa ,1701 .5265 
3.0 M HNO3 + 0.02 M Pb(N03)z ,0381 .I179 
4 .0  M HNO3 ,2812 ,8700 
5.0 M HNOx .4367 1.3510 
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In the case of lead chromate the solubility in perchloric acid increases up 
to 4.0 M acid and then begins to decrease, while the solubility in nitric acid 
continues to increase with increasing concentration of acid. Lead chro- 
mate is much less soluble in perchloric acid than in nitric acid of the same 
concentration. 

Solubility of Lead Mo1ybdate.-The solubility determinations of lead 
molybdate were carried out like those for lead chromate, and the super- 
natant liquid analyzed for both lead and molybdenum. This was done 
by adding 4-6 cc. of concentrated sulfuric acid and evaporating to  remove 
the perchloric acid or nitric acid. The solution was diluted, the lead sulfate 
filtered off, washed with 0.5% sulfuric acid, ignited and weighed. If 
molybdenum is carried down it  is detected by a bluish tinge around the 
edge of the precipitate during ignition. After adjusting the acidity of the 
filtrate, the molybdenum was reduced to a trivalent salt by passing i t  
through a Jones reductor, received in a ferric alum and phosphoric acid 
solution and titrated with ~ermanganate.~ Perchloric acid must be absent 
because i t  oxidizes trivalent molybdenum even in dilute solution. The 
solubilities were discontinued a t  1 $1 nitric and 3 M perchloric acid, because 
the molybdate seemed to  be decomposed by the more concentrated acids, 
forming M003. 

Two methods were used for determining the solubilities of lead molybdate 
when lead perchlorate and lead nitrate furnished the common ion. E'irst, 
when the concentration of the salt giving the common ion was not greater 
than 0.05 M, the procedure was the same as that above, except that the 
supernatant liquid was analyzed only for molybdenum. With lower solu- 
bilities, where greater accuracy was required, the colorimetric method of 
KingY. was used, with certain modifications. A 500-cc. sample was pre- 
pared by evaporating to fumes with a slight excess of sulfuric acid. The 
lead sulfate was filtered off and the molybdenum determined colori- 
metrically. Pifty cc. of the solution containing 2-3 cc. of concd. hydro- 
chloric acid, about 2 cc. of concd. sulfuric acid and 1.5 g. of potassium thio- 
cyanate was placed in a separatory funnel with the ether and cooled to 0' ; 
1 cc. of stannous chloride solution was added and the mixture shaken im- 
mediately. Two ether extractions were made, using 70 and 30 cc., re- 
spectively, but no color was obtained in the second. 

When sodium molybdate furnished the common ion, the lead was sepa- 
rated by a double precipitation with alkaline s ~ l f i d e , ~  converted into sulfate, 
dissolved in ammonium acetate to free i t  from silica, and determined colori- 
metri~ally.~ 

The results are shown in Tables V and VI. 
Lead molybdate, like the sulfate and chromate, is much less soluble in 

Ref. 7 ,  p. 319. 
King, Ind. Eng. Chem., 15, 350 (1923) 
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TABLE V 
SOLUBILITY OF LEAD MOLYBDATE IN PERCHLORKC ACID AT 25' 

PbMoOa in 100 cc. 
Composition of solvent G. Millimole 

0.10 M He104 0 0016 0 0043 
0.10 M Helo4 + 0 01 M Pb(Cl0a)z 0002 .0005 
0 50 M He104 ,0136 0370 
0.50 M HClO4 + 0 01 M Pb(C104)z 0005 .0013 
0 50 M HClO4 + 0 02 M Pb(C104)z 0004 001 1 
0 50 M He104 + 0 10 M Pb(Cl0a)z 00006" 0001 
0 50 M Helo4 + 0.20 M Pb(C104)z 00004" 000 1 
0 50 M He101 + 0 02 M NazMoOa .0004~ ,001 1 
0 50 M HC104 + 0 05 M NazMoOc ,00027~ 0007 
1 .0  M HCIO4 ,0373 .I016 
2.0 M Helo,  ,1176 ,3204 
3 0 M HClO4 2436 ,6639 

" Mo determined colorirnetrically. Pb determined colorirnetrically. 

SOLUBILITY OF LEAD MOLYBDATE IN NITRIC ACID AT 25 O 

PbMoOl dissolved in 100 cc. 
Composition of solvent G. Millimole 

0 10 M HNOl 0.0020 0 0060 
0 50 M HN03 ,0244 ,0665 
0.50 M HNOs + 0 10 M Pb(N03)z ,00032" . 0Q09 
0.50 M HNOa + 0.20 M Pb(N03)z 0002" 0005 
0.50 M HNOs + 0.02 M NazMoO4 ,00064~ .0017 
0.50 M HN03 + 0.50 M NanM004 ,0007~ ,0019 
1 .0  M HNO3 .I086 ,2958 

" Mo determined colorirnetrically. Pb determined colorimetrically. 

perchloric acid than in nitric acid of the same concentration. The solu- 
bilities could not be carried far enough to determine whether i t  would pass 
through a maximum in perchloric acid as with lead sulfate and chromate. 

The solubilities suggest a number of quantitative separations which are 
now being investigated. 

Summary 

1. The solubilities of lead sulfate, chromate and molybdate have been 
determined in perchloric and nitric acids, both with and without the addi- 
tion of a common ion. 

2. All these salts are much less soluble in perchloric acid than in nitric 
acid of the same concentration. 

3. Both the sulfate and chromate pass through a maximum solubility 
in perchloric acid, and then, as the concentration of acid increases, the 
solubility decreases. 

ANN ARBOR, MICHIGAN 
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[CONTRIBUTION PROM THE SCHOOL OF CHEMISTRY, UNIVERSITY OF ~ I N N E S O T A ]  

THE VAPOR PRESSURE OF ALLENE AS A FUNCTION OF 
TEMPERATURE 

BY ROBERT LIVINGSTON AND G. B. HEISIG 

Since there are a t  present no data on the vapor pressure of allene avail- 
able in the literature, i t  seemed worth while to determine its vapor pressure 
a t  a series of temperatures, using a sample of the pure compound which was 
prepared by one of us (G. B. H.) in connection with a study of its radio- 
chemical and photochemical properties. 

The allene was prepared by the action of a suspension of zinc dust on 
2,3-dibromo-propene-l. The latter substance was prepared according t o  
the method of Lespieau and Bourguel.' The gas was condensed and sealed 
off in pyrex flasks. One of these flasks was later sealed to  the all-glass 
apparatus and the gas was admitted to the apparatus by means of a mag- 
netic breaking device. The allene was condensed in a liquid-air trap and 
distilled several times using liquid air as the condensing agent. Any 
permanent gases present were removed after each condensation by pumping 
off a t  a pressure of lop5 mm. The higher-boiling substances were dis- 
carded in each distillation and the middle fraction of the final sample was 
used in this determination 

The vapor pressures were measured with an open mercury manometer 
which was read with an accurate cathetometer. A correction of 1.4 mm. 
was made for capillary depression. The barometric pressure was recorded 
a t  half-hour intervals during the course of the work. The pressure meas- 
urements were reproducible within 0.2 mm. The tube containing the liquid 
allene was surrounded by a Dewar flask filled with an ether-alcohol mixture. 
The temperature of this bath was adjusted by adding solid carbon dioxide. 
The temperature measurements, which were reproducible within O.lO, 
were made with an accurate platinum resistance thermometer, which was 
made and calibrated a t  the Cryogenic Laboratory of the U. S. Bureau of 
Mines. The calibrations were checked, a t  the time these measurements 
were made, a t  the ice point, O.OO, and at the freezing point of carefully 
purified chloroform, - 63.5'. 

The observed values of the pressure and temperature are listed in the 

VAPOR PRESSURE OF ALLENE AS A FUNCTION OF TEMPERATURE 

T, "C. -76 0 -65 4 -55 7 -45 4 -40 2 -36 5 
P, mm. (obs.) 85 1 162 4 278 6 469 9 600 8 703 8 
P, mm. (calcd ) 85 1 162 5 279 3 409 9 599 6 709.6 

1 Lespieau and Bourguel, "Organic Syntheses," John Wiley and Sons, Inc., New 
York, 1925, Vol V, p 49. 
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first two lines of Table I. Each of these values is the average of five or 
six independent measurements. It is improbable that the errors in the 
absolute values of the pressure and temperature are greater than 2 mm. 
and 0.2', respectively. 

The values of the pressure given in the last line were computed from the 
linear equation 

0.05223 
log P = - -- T X 20,852 f 7.455 

The constants of this equation were obtained directly from the experi- 
mental measurements (not the averaged values) by the "method of aver- 
ages." This equation yields, by a short extrapolation, a value a t  the nor- 
mal boiling point of - 35.0'. 

Lespieau and Chavanne2 measured the boiling points of both allene 
(HZC=C=CH2) and allylene (CHBC-CH). For allene they obtained a 
value of -32.0°, three degrees higher than the value presented here. 
Their work is not presented in sufficient detail to make a criticism of their 
experimenta1,methods possible. It is noteworthy that their value for allyl- 
ene (-23.5') is 4 O  higher than that based upon the very careful measure- 
ments of Maass and Wright.3 It is not surprising that the vapor pressure 
equation obtained from the data of Maass and Wright for allylene 

log P = - 0.05223 --- X 21,372 + 7.429 
T 

differs only slightly from that presented here for the closely related isomer, 
allene. 

Summary 

The vapor pressure of pure allene has been measured for the temperature 
range - 76.1 to - 36.5, " and these data have been fitted to a linear equation. 

MINNEAPOLIS, MINNESOTA 

Lespicau and Chavanne, Compt. rend., 140, 1035 (1905). 
Maass and Wright, THIS JOURNAL, 43, 1098 (1921); "International Critical 

Tables," 1928, Vol. 111, p. 217. 
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[CONTRIBUTION PROM THE CHEMICAL LABORATORY OF THE JOHNS HOPKINS UNIVERSITY ] 

STUDY OF THE ADSORPTION OF WATER VAPOR AND CARBON 
DIOXIDE BY SAMPLES OF MANGANESE DIOXIDE AND 

HOPCALITE CATALYSTS 

Some time ago work in this Laboratory showed the great activity of 
manganese dioxide either alone or when mixed with other metallic oxides as 
an oxidizing catalyst. 

These catalysts are capable of considerable variation as to  composition 
but all possess a fineness of texture that renders them highly porous. 
Owing to their highly porous nature they tend to adsorb vapors readily and 
in the presence of gases having a considerable tension of water vapor, for 
instance, are likely to become "poisoned" by the condensation of liquid 
within the pores of the material. For this reason it was a matter of some 
interest to investigate the adsorption isotherms of these substances, es- 
pecially with respect to water vapor and carbon dioxide. 

Finely divided manganese dioxide has played a prominent role in the 
preparation of the most active catalysts of this type; also the condi- 
tions under which this oxide is prepared affect considerably its catalytic 
activity. Among the factors influencing the catalytic activity of the 
product is the alkalinity of the medium in which the oxide is prepared and 
consequently the amount adsorbed by the oxide. This effect of alkali 
might be to alter the degree of subdivision of the manganese dioxide or to  
alter the character of its surface. I t  was thought that the effect of alkali 
treatment on the structure of manganese dioxide could be determined 
by a careful study of the adsorption isotherms of the manganese dioxide 
after various treatments and in this way information gained that would 
be useful in preparing catalysts of this type. In addition i t  was hoped that  
such study would throw some light on the poisoning of the catalyst by water 
vapor, the possible poisoning by carbon dioxide, and the existence of defi- 
nite hydrates of manganese dioxide which might have some influence on 
the activity of the catalyst. 

Materials 
The manganese dioxide was prepared according to the method of F r e r n ~ , ~  which 

has been found to give uniformly a very finely divided product and to produce the most 
active catalyst. All samples were taken from this material. In  each case the sample 
was screened and the granules between six and ten mesh selected for experimentation. 
These were kept in sealed bottles until used. 

Sample 1.-The oxide was separated from adhering water as completely as possible 

The above article forms part of the author's dissertation submitted in June, 1920, 
for the Ph.D. degree and the work was carried out a t  the suggestion of J. C. W. Frazer. 

Fremy, Compt. rend., 82, 1231 (1876). 
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on a Biichner funnel with a water pump. It was then placed in a press and subjected 
for forty-eight hours to  a pressure of several tons per square inch. It was then removed 
and dried in an air-bath a t  110 O for three hours. 

Sample 2.-The oxide was separated from liquid water on a Biichner funnel as 
above and dried for three hours in an air-bath a t  140 O. 

Sample &-The oxide was dried on a Biichner funnel as above and for three hours 
in an air-bath a t  140". The material was then placed in a U-tube and for several days 
a current of a 1 % mixture of carbon monoxide and nitrogen was passed over it  a t  a tem- 
perature of 140 O. Nitrogen was selected as  a diluent to  guard against overheating and 
prevent reoxidation. 

Sample 4.-The oxide was dried as  far as possible on a Biichner funnel. It was 
then suspended in a 0.1 N solution of sodium hydroxide, stirred thoroughly and allowed 
t o  stand for twenty-four hours. It was again dried as much as possible on a Buchner 
funnel and then for three hours in a n  air-bath a t  140 '. 

Sample 5.-This sample was the catalyst, containing 63% MnOz and 37% AgzO. 

Experimental 

That these materials are very sensitive to changes in the moisture content 
of the air is shown by the following table giving results obtained by expos- 
ing two samples to the atmosphere alongside each other. 

TABLE I 
EXPERIMENTAL RESULTS 

(1) a, 5 4762; b, 6.8397 
Pressure Hz0 % gain in wt. 

Date Sample a Sample b III a ~ r  a b 

7/26/1919 6 0068 7.4990 15.25 mm. 9 69 9.64 
27 6 0391 7.5401 17.45 10 28 10.24 
29 5 8193 7 2696 8.05 6 266 6.285 

8/3/1919 5 8642 7.3271 9.5 7.086 7.127 
7 6 0841 7.6092 19.35 11.101 11 250 

Part I. Adsorption of Water Vapors 

The apparatus used for the study of the adsorption of water vapor con- 
sisted of a series of ten glass bulbs containing sulfuric acid of different but 
known concentrations, to establish definite vapor pressures in the system. 
The concentration of acid used varied from pure water in Bulb 1 to  con- 
centrated sulfuric acid in Bulb 10. These bulbs were all sealed to the ap- 
paratus and each could be shut off from the remainder of the system by a 
mercury trap. The sample to be investigated was weighed into a small 
glass bulb which was provided with a ground-glass stopper and a side tube 
with a stopcock, which was attached to the system by means of a ground- 
glass joint. The whole apparatus was contained in an air-bath, the tem- 
perature of which was kept constant within 0.10 of a degree. Before be- 
ginning the measurements permanent gases were removed from all parts 
of the system, including the sulfuric acid contained in the bulbs mentioned 
above, and the small bulb containing the sample. The removal of the air 
dissolved in the bulb containing pure water, and those containing dilute 
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sulfuric acid, was much more difficult than the removal from the bulb con- 
taining strong sulfuric acid; in fact, the permanent gases were given off 
quite readily from strong sulfuric acid, and the ease with which the dis- 
solved gases could be removed appeared to vary, rather regularly, with the 
concentration of the acid. The removal of the permanent gases from the 
whole system is of very great importance, as i t  has been found that  a small 
concentration of these permanent gases greatly delays the establishment of 
equilibrium. The manipulation of all parts of the apparatus was ac- 
complished without the necessity of opening the bath. The vapor pres- 
sures in the system were determined by means of a cathetometer. The 

Pressure, mm. of mercury. 
Pig. 1.-Adsorption of water vapor at 3 5 O .  

temperature of the bath during this investigation was 35'. The experi- 
mental results are shown below in Pig. 1, where, for comparison, there is 
included a graph of the values obtained by Anderson3 a t  18' for silica gel. 

Part 11. The Adsorption of Carbon Dioxide 
The apparatus used for this part of the investigation was essentially that 

described by Patrick and McGavack.4 The bulb containing the sample 
under investigation was kept a t  0' by immersion in ice contained in a 
Dewar flask. The carbon dioxide used was obtained from a small cylinder 
of the gas, after allowing the permanent gases to escape as completely as 
possible. Here, again, permanent gases were removed completely from 

3 Anderson, 2. physik. Chem., 88, 191 (1914). 
8 Patrick and McGavack, THIS JOURNAI,, 42, 946 (1920). 
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the whole system before the experiments were begun. The apparatus was 
carefully calibrated so that, from readings taken with the cathetometer, 
all of the data could be obtained for the accurate determination of the 
volume of carbon dioxide introduced into the system and the amount ad- 
sorbed a t  each stage by the sample. The results obtained are given in the 
form of curves in Pig. 2;  again for comparison, the data on the adsorption 
of carbon dioxide by silica gel, as determined by P a t r i ~ k , ~  were given. The 
only departure made in the regular routine procedure adopted was in the 
case of the sample which in its preparation had been exposed to  a solution 

100 300 500 700 
Pressure, mm. of mercury. 

Fig. 2.-Adsorption of carbon dioxide a t  OO. 

of caustic soda. In this case the sample was exposed for a considerable 
length of time to the action of carbon dioxide, which was subsequently 
pumped out of the apparatus before the experiment was begun. 

Discussion 

Since each point on the curves was duplicated, it is rcasonably sure that 
they represent equilibrium conditions. This conclusion is made more 
definite because of the care taken in the complete removal of permanent 
gases from the system. Other work in this Laboratory has shown that in 
the presence of permanent gases i t  is very difficult to get true equilibrium in 
adsorption of vapors. These results show: (I) the highly porous, finely 
divided nature of all of these samples. Calculation of the approximate size 

Patrick, "Inaugural Dissertation," Gottingen, 1914. 
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of the pores from the experimental data given above is not regarded as 
justifiable, but does indicate that the internal surface of these oxides is very 
high. (2) The adsorption curve of the sample prepared in the presence of 
caustic soda does not differ materially from the other curves, and the effect 
of alkali in depressing the catalytic activity of these oxides cannot be due to  
a change in the physical structure of the oxide. Other work in this Labora- 
tory6 has shown that when finely divided manganese dioxide is prepared in 
the absence of alkali i t  is extremely active catalytically. The effect of the 
alkali adsorption must, therefore, be that of a so-called "catalytic poison." 
(3) There is no evidence from any of these curves for the existence of defi- 
nite hydrates. 

Summary 
The author has investigated the adsorption of water vapor and carbon 

dioxide on samples of finely divided manganese dioxide and mixtures of this 
oxide with other metallic oxides. The results are given in the form of 
curves and the shape of these curves shows that in neither case is there 
evidence of the formation of definite chemical compounds, but brings out 
clearly the very fine porosity of these substances. 

BALTIMORE, MARYLAND 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, WEST VIRGINIA UNIVERSITY ] 

CYANOGEN IODIDE AS AN IMPURITY IN IODINE. ITS 
DETECTION AND ELIMINATION 

BY SAMUEL MORRIS, E. R .  CALLAGHAN, AND I,UCILE DUNLAP 

Cyanogen iodide is commonly considered one of the chief impurities in 
commercial iodine. According to Dammerl iodine has been known to  
contain as high as 28.75% of this impurity. B a ~ t e r , ~  in his work on the 
atomic weight of iodine, took great care to eliminate cyanogen iodide. 
In the method which he used, iodine was suspended in water and treated 
with hydrogen sulfide, which formed hydriodic acid and, in case cyanogen 
iodide was present, hydrocyanic acid also. The separation of these two 
acids, as employed by Baxter, involved long-continued boiling and was 
based upon the separation of hydrochloric and hydrocyanic acids by the 
method of Richards and Si~sger.~ 

In  the present paper, study was made first of the separation of known 
mixtures of hydriodic and hydrocyanic acids. This suggested a procedure 
for the detection of small quantities of -CN in iodine, which was worked out 

Whitesell, THIS JOURNAL, 45, 2841 (1923). 
Dammcr, "Handbuch der Anorg. Chem.," Vol. I, p. 542. 
Baxter, THIS JOURNAL, 26, 1579 (1904); 27, 876 (1905). 
Singer, Am. Chem. J., 27, 205 (1902). 
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upon samples of iodine with a known content of -CN, and then used for 
the detection of this impurity in samples of iodine on the market. 

Materials 
Iodine 1.-Mallinckrodt's C. P. iodine. 
Iodine 2.-C. P. iodine which was further purified by reduction to hydriodic acid 

and subjection to long-continued boiling to  remove any possible hydrocyanic acid. 
Iodine 3.-Crude Chilean iodine obtained from Mallinckrodt Chemical Works. 
Iodine 4.-Seaweed iodine obtained in 1920 from the U. S. Kelp Products Com- 

pany, Summerland, California. 
Iodine 5.-Baker's c. P. iodine. 
Cyanogen Iodide.-The general method of preparation by I,innemann4 was fol- 

lowed and a very pure product was obtained. 

Experimental 
By reducing mixtures of known weights of iodine and cyanogen iodide 

with hydrogen sulfide, mixtures of hydriodic and hydrocyanic acids of 
known concentrations were obtained. These mixtures were boiled in a bal- 
loon flask connected with an ordinary water-cooled condenser. The vol- 
ume of the undistilled mixture was kept practically constant by adding 
water from time to time. Successive portions (10 to 12 cc.) of the distillate 
were collected and these tested for -CN by the ordinary qualitative test 
involving the formation of Prussian blue. 

Preliminary experiments, the results of which are not recorded in this 
paper, showed that upon distilling dilute mixtures of hydriodic and hydro- 
cyanic acids, the hydrocyanic acid was concentrated in the first portions of 
the distillate. After about two hours of boiling, the concentration of the 
hydrocyanic acid in the distillate was so low that 10-cc. portions failed to 
show any test for the acid. 

I n  all experiments in Table I the above procedure was carried out, except 
that in Expts. 6 to 9 no ICN was added. In Expts. 1 to 5, Table I, the 
percentage of ICN added in succeeding experiments was steadily decreased. 

1-11 and 
HCN Iodine Iodine, ICN ICN, -$N, 12-cc. portions of distillate 

Expt. soln., cc. sample g. added, g. 70 Portion -CN Portion -CN 

500 1 
700 1 
675 1 
700 1 

1800 2 
700 1 

1700 1 
1700 3 
. . 4 

' Linnemann. 

Present 5-7 Absent 
Present 6-7 Absent 
Present 4-7 Absent 
Present 4-7 Absent 
Present 3-7 Absent 
Absent 
Absent 
Absent 
Absent 

, Ann., 120, 36 (1861). 
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The test for -CN in Expt. 5 was so slight, even in Portion I of the distillate, 
that the limit of detectability by this procedure, was considered sub- 
stantially reached. 

Since upon distilling mixtures of hydriodic and hydrocyariic acids the 
latter acid is concentrated in the first portion of the distillate, i t  seemed 
likely that by repeated redistillation the hydrocyanic acid could be con- 
centrated in a small volume. To test this out, the first distillate was 
collected over a period of about nine hours and was large in volume. This 
in turn was distilled, but for a shorter time, resulting in a smaller distillate. 
After ten similar operations about 15 cc. remained, which was tested for 
-CN. This procedure was employed in all experiments in Table XI, in- 
stead of the procedure involving a single distillation as used in Table I, 
and resulted in the detection of a considerably smaller percentage of -CN. 
The least amount detected by single distillation was 0.000670 in Expt. 5, 
while by repeated distillation, in Expt. 14, 0.00015% was detected. 

RESULTS OF EXPERIMENTS 

HI and HCN Iodine, Iodine ICN added, ICN, -CN, Tlmes -CN in final 
Expt. soln , ee g sample g % % red~st~lled dtst~llate 

10 1500 226 0 5 None 10 None 
11 1500 450 0 5 None 10 None 
12 1500 450 0 2 0 0081 0 0018 0 000305 10 Present 
13 1500 450 0 2 0016 00035 .00006 10 None 
14 3000 902 0 2 0081 00089 00015 10 Present 

In Expts. 6 to 11 samples of iodine from various sources on the market 
today were examined for -CN, but none was found. A larger sample of 
iodine of seaweed origin was desired for Expt. 9 but could not be obtained. 

Summary 
1. Hydriodic and hydrocyanic acids, in dilute solution, can be separated 

by boiling. 
2. A procedure is given by which a small percentage of -CN in iodine 

(approximately 0.0001570) may be detected by the Prussian blue test. 
3. No cyanogen iodide could be detected in samples of iodine on the 

market today. 
MORGANTOWN, WEST VIRGINIA 
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[CONTRIBUTION FROM THE METCALF CHEMICAL LABORATORY OF BROWN UNIVERSITY] 

T H E  REACTION BETWEEN NITROGEN AND HYDROGEN IN 
T H E  PRESENCE OF MERCURY VAPOR AND THE RESONANCE 

RADIATION O F  MERCURY 

In a previous article1 some experiments on the reaction between nitrogen 
and hydrogen in the presence of mercury vapor and the resonance radiation 
of mercury were described. It was pointed out that formation of ammonia 
was not observed either when a flow method was used or with low tempera- 
tures and low pressures of nitrogen, hydrogen and mercury vapor. Only 
a t  pressures of one atmosphere and higher and a t  the temperature of boiling 
mercury was there any observable formation of ammonia. In the article i t  
was assumed that the important step was the formation of atomic hydrogen 
through the agency of excited mercury. A reconsideration2 made it seem 
possible that the walls of the vessel may have exerted some influence on the 
reaction. Positive results, obtained under different conditions, have been 
reported by Hirst3 and Willey and Rideal.4 

Subsequently, Taylor and Marshall5 have shown that monatomic hy- 
drogen produced through the agency of excited mercury will not react 
with nitrogen to form ammonia under different experimental conditions. 
Bonhoefferqas also shown that n~onatomic hydrogen produced by Wood's 
method7 will not react with nitrogen to form ammonia. 

All of these researches may be interpreted as showing that the production 
of monatomic hydrogen is not sufficient to initiate the reaction between 
hydrogen and n i t r~gen .~  Recently, however, articles by Gaviola

g 
and 

Beutler and Rabinowitschl0 have given a possible explanation for the 
formation of ammonia under the conditions of the previous experiments.' 

In Gaviola's experiments
g 

the NH band a t  3360-3370 A. was observed in 
a mixture of Nz and H2 in the presence of excited mercury. The intensity 
of this band was proportional to the square of the intensity of the exciting 
light, a fact which led him to propose the pritnary mechanism Nz + 2Hg' = 

2N + 2Hg. The maximum energy available from two mercury atoms in 

Noyes, THIS JOURNAL, 47, 1003 (1925). 
Noyes and Kassel, Chem. Revzezos, 3, 199 (1926). 
Hirst, Proc. Cambridge Phil. Soc., 23, 162 (1926). 
Willey and Rideal, J. Chem. Soc , 671 (1927). 
Taylor and Marshall, J. Phys .  Chem., 23, 1140 (1925); Taylor, THIS JOURNAL, 

48, 2840 (1926). 
Bonhoeffer, Z. physik Clzem., 119, 385 (1926). 
Wood, Proc. Roy.  Soc. (London), 102A, 1 (1923). 
See B Lewis, THIS JOURNAL, 50, 27 (1928). 

"aviola, Nature, 122, 313 (1928); Phys .  Rev., 34, 1373 (1929). 
'"cutler and Rabinowitsch, Z. physik. Chem., 6B, 233 (1930). 
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the 23P1 state corresponds to 9.8 volts, so that the heat of dissociation of 
nitrogen must represent a value lower than this amount. The heat of dis- 
sociation of nitrogen has been revised downward during the past few 
years and is now fixed a t  a probable value in the neighborhood of'9 volts.ll 
Beutler and Rabinowitsch propose a mechanism involving two metastable 
mercury atoms (23Po) each possessing an energy of 4.64 volts. This 
mechanism they give as follows: 2Hg (4.64 v.) = Hg (9.1 v.) + Hg + 
0.18 v. and 2Hg (4.64 v.) + Nz = N + N + 2Hg + 0.18 v. The pro- 
duction of monatomic nitrogen and the undoubted production of mon- 
atomic hydrogen should lead to the formation of some a m m ~ n i a . ~  The 
first step may be N + H = NH (by triple collision or on the walls) or N + 
Hz = NH + H, followed by NH + Hz = NH2 + H and NH2 + Hz = 
NH3 + H or by other processes involving triple collisions. It is not im- 
probable that all of these reactions are possible energetically. 

We may now inquire as to whether this mechanism agrees a t  all with the 
previously found facts.12 The increase in total pressure would have the 
effect of broadening the absorption line of mercury, thereby increasing the 
amount of radiation absorbed and increasing the chance of reaction. 
Another effect would be the conversion of excited 23P1 atoms into meta- 
stable F P o  atoms by collision. Since these have a longer life, the process 
described by Beutler and Rabinowitsch would become somewhat more 
probable. In addition the absorption would take place in a region nearer 
the walls, thereby effecting an increase in concentration of energy-rich 
atoms in a small region and increasing the probability of processes involving 
two of them. 

I t  is to be noted that only small amounts of ammonia were formed, 
approximately the amount required at thermodynamic equilibrium. This 
is to be expected, since the excited mercury is known to cause the decompo- 
sition of this substance." Hence a steady state would be expected under a 
given set of conditions with the amount of ammonia at a low value. 

Summary 

Possible explanations for the previously reported formation of ammonia 
from nitrogen and hydrogen in the presence of mercury vapor and the 
resonance radiation of mercury have been discussed. 

l1 See, for example, Birge, Phys. Rev., 34, 1062 (1929). 
lZ A series of experiments was carried out subsequent to the publication of the 

previous article;' they gave results similar to those published. 
l 3  Dickinson and Mitcliell, Proc. Nat. Acad. Sci., 12, 692 (1926); Taylor and Bates, 

ibid., 12, 714 (1926); Bates and Taylor, TITIS JOURNAL, 49, 2450 (1927). 



NOTES 

A Note on the Density of G1ycine.-A search of the literature and 
various handbooks reveals considerable confusion with reference to the 
density of glycine. 

bandolt-Bornstein-Roth-Scheel give the density as 1.60. In the 
"International Critical Tables" the density is given as 1.160 a t  20'. The 
value given by the "Handbook of Chemistry and Physics" is 1.161 a t  15'. 
Beilstein gives the density of glycine as 1.161. Curtius1 determined the 
density of glycine, obtaining the values of 1.1607. 

The density of glycine was desired a t  50'. The pycnometer method 
using xylene as the liquid being displaced was employed. Data were ob- 
tained with three different materials. 

Eastman practical glycine gave an average value of 1.623 as the density 
a t  50°, Eastman purified 1.5767, and Pfanstiehl purified 1.5740, the mean 
of the purified materials being 1.5753. 

These results indicate a value of 1.5753 as the density, a t  50°, of purified 
glycine. The results also seem to point to a typographical error in the 
original publication of Curtius, this value apparently being the source of 
the values given in the various handbooks. 

COMMUNICATION NO. 428 RROM THE 
KODAK RESEARCH LABORATORIES 

R O C ~ S T E R ,  NEW YORK 
RECEIVED JANUARY 22, 1930 
PUBLISHED JUNE 6, 1930 

DifEerential Fractional Distillation.-Several authors1 have shown 
that the original method of plotting potentiometric titration data (the 
electromotive force, E, against the volume of reagent, V) could be improved 
upon by plotting the slope of the above curve, AE/ AV, as a function of V. 
The point of interest in the first type of curve is the point of inflection, 
while in the second type the point of interest is a sharp maximum. It 
seems that the common practice in plotting data from fractional distillation 
is to  plot the volume of the distillate, V, against the temperature, T. 
In  this curve, the boiling point of a component is a point of inflection. 
By direct analogy to the potentiometric titration, the author wishes to 
suggest that the fractional distillation data can be more readily interpreted 
if the slope of that curve, AV/ AT, is plotted against T. In this derived 
curve the boiling point of each component would be a sharp maximum, 

1 Curtius, J. prakt. Chem., 26, 158 (1882). 

1 Hostetter and Roberts, THIS JOURNAL, 41, 1341 (1919); Cox, ibid.,  47, 2138 
(1925); MacInnes and Jones, ibid., 48, 2831 (1926); Hall, Jensen and Baeckstrom, 
ibid.,  50, 2217 (1928). 
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instead of a point of inflection, much more easily interpreted in the au- 
thor's opinion. 

CONTRIBUTION FROM THE P. M. GINNINCS 
DEPARTMENT OF CHEMISTRY 
GREENSBORO COLLEGE 
GREENSBORO, NORTH CAROLINA 
Rl3CEIVED MARCH 12, 1930 
PUBLISEED JUNB 0, 1930 -- 

Inorganic Lubricants. I. Amalgams. -The great specific gravity and 
the fluidity of mercury have long permitted its use as a Aoating and lubri- 
cating liquid in the support of astronomical and other heavy moving instru- 
ments. Bearings have been operated in a bath of mercury as lubricant.1 

I t  has been proposed also to use a film of mercury or amalgam as lubricant 
on metal bearings,= as well as "soft metals" such as copper-zinc  amalgam^.^ 

For some laboratory operations, such as those involving gases from which 
aqueous and organic vapors must be excluded, mercury or its fluid amal- 
gams would be found useful as a lubricant for glass stopcocks and ground 
joints, except for the difficulty in obtaining an adherent film of the metal 
over the ground-glass surface and so securing the sealing of the joint. 
This difficulty may, however, be largely overcome in the following manner. 

Carefully clean and dry the ground surfaces and then heavily silver them 
with ammoniacal silver nitrate and rochelle salt solution. Surfaces not t o  
be silvered and passage openings may be protected by a thin layer of 
paraffin or ceresin wax. Immersion in as many as three to five fresh silver- 
ing solutions is usually necessary in order to secure the thickness of silvering 
required, although this depends upon the exact silvering formula used; 
too thick deposits obviously lessen the tightness of fit. After each depo- 
sition of metal the surface should be well rinsed in distilled water, but 
otherwise not disturbed. 

The silvered surfaces finally obtained are then allowed to  dry. Wax 
coatings on the passage openings should be entirely removed a t  this time. 
Amalgam paste or liquid is then dropped on the concave ground surface 
and the grinding parts are brought together and rotated gently with little 
contact pressure. Amalgamation of the silver fapidly takes place, and is 
complete when the motion is smooth and non-gritty, yielding a coherent 
film over the parts in contact, and tight lubrication. 

These amalgamated surfaces are, as a rule, not permanent, but with care 
will endure through a number of operations lasting over several days, par- 
ticularly if more amalgam is occasionally applied. They are rapidly de- 
stroyed on contact with aqueous solutions of many salts or with acid gases, 
and may not be used successfully with such materials, although when pure 

Harper, U. S. Patent 994,920 (June 13, 191 1). 
Sherwood, U. S. Patent 1,544,488 (June 30, 1925) ; 1,598,321 (Aug. 31, 1926). 

8 DeLattre and Hardy, U. S. Patent 1,559,077 (Oct. 27, 1925). 
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mercury is employed instead of an amalgam, an acid-resisting film is formed 
the ordinary life of which, however, is shorter than that of films formed with 
complex liquid amalgams. 

The complex amalgam employed may be almost any dilute mercury 
solution. One such is a mixture of 5 g. of solder, 5 g. of Wood's metal, 2.5 g. 
of zinc and 80 g. of mercury, solution being effected with heat. Such a 
liquid also has the curious property of wetting clean, polished glass surfaces 
with ease. 

CONTRIBUTION FROM THE WILLIS A. BOUGHTON 
CHEMICAL LABORATORY OF 
HARVARD COLLEGE 

CAMBRIDGE, MASSACHUSETTS 
RECEIVED APRIL 12, 1930 
PUBLISHED JUNE 6, 1030 

[CONTRIBUTION FROM THE UNIVERSITY O F  OTAGO] 

STUDIES IN QUINOLINE SYNTHESES 
BY WILLIAM LYALL BARR 

RECEIVRU JUI,Y 25, 1929 PUBLISHED JUNE 6, 1930 

Historical.-The Skraup synthesis is variously formulated as involving 
intermediate formation of (I) acrolein anil, (II) p-anilinopropionaldehyde 
or (111) the anil of this aldehyde. The literature affords no definite evi- 
dence for the formation of a type I intermediate; there are results com- 
patible with the formation of an intermediate of either type I1 or type 111, 
but not of type I. Thus hlurmannl obtained 2-phenylquinoline, not 4- 
phenylquinoline, by the condensation and oxidation of cinnamaldehyde 
and aniline, and Blaise and Maire2 formed 4-ethylquinoline from anilino- 
ethyl ethyl ketone heated with aniline hydrochloride. 

From the work of Beyer, Bngler and Riehm, and Knoevenagel, the last 
named investigator has shown3 that quinoline formation from simple ke- 
tones or aldehydes and aromatic amines proceeds by the intermediate for- 
mation of ketylidene or alkylidene anils, which form dimerides and then 
quinoline derivatives; e.  g., from aniline and acetone 

CH3 CH3 CH3 

I 
CH; 

1 Murmann, Monatsh., 25, 621 (1904). 
2 Blaise and Maire, Bull. sac. chim., [41 3, 658, 667 (1908). 

Beyer, J. prakt. Chem., [2] 31, 47 (1885); 32, 125 (1885); 33, 393 (1886); Ber., 
20, 1767 (1887); Engler and Riehm, ibid., 18, 2245 (1885); Knoevenagel and v. Baehr, 
ibid.,  55, 1912 (1922); Knoevenagel and Goos, ibid., 55, 1929 (1922); Knoevenagel, 
Wagner and v. Baehr, ibid., 56, 2414 (1923). 
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Any mesityl oxide or similar condensation product of the aldehyde or ketone 
is broken down to give the simple anil. The dimerides here mentioned are 
akin to  the type I11 intermediate. 

Another piece of evidence for the formation of the type I11 intermediate 
is the production of quinoline by Konig and Seifert4 from C6HsNHCH- 
CHCH=NCGI-IS heated with zinc chloride. 

Theoretical.-Formation of a ty ie  I compound would involve reaction 
a t  only one double bond of a conjugate system, which is improbable, es- 
pecially a t  a high temperature. Condensation of aniline with acrolein may 
be expected-to be by the usual 1,4-addition. Polarity effects would lead to 
CeHBNHCH2CH=CHOH, which can rearrange to the type I1 compound; 
but a t  the high temperature of the reaction, in the presence of aniline and 
the dehydrating agent, sulfuric acid, it is exceedingly unlikely that the 
aldehyde group would remain unattacked during the comparatively slow 
process of ring formation. Furthermore, as will be shown later, p-anilino- 
propionaldehyde polymerizes spontaneously to a substance from which no 
quinoline can be obtained. 

Interaction of this aldehyde with aniline, however, would yield the type 
I11 compound, able to form quinoline by oxidation and splitting off of 
aniline, as shown by the work of Knoevenagel and of Konig and Seifert. 

Experimental 

In  this work quinoline was detected in neutral aqueous emulsion or 
solution by the production with potassiomercurie iodide solution of a white 
amorphous precipitate which became yellow and crystalljne on addition of 
dilute hydrochloric acid.5 Recrystallized from hot water, this precipitate 
from quinoline melted a t  144-146'. 

The product of the direct interaction of acrolein and aniline, described 
by ManqG was first studied; the observations that this base yielded no 
quinoline on treatment with sulfuric acid and arsenic oxide or nitrobenzene 
(Mann) or chromic acid (Konig) were confirmed. A similar negative 
result was found on oxidation with acid permanganate or ferric chloride. 
This base, C18H200N2, is evidently far more complex than the Skraup inter- 
mediate. 

An attempt was made to carry out the series of reactions 

Raeth's work7 on this type of condensation of chloro-acetals with aro- 
matic amines is spoiled by inconsistent nomenclature; and Konig and 

Kbnig and Seifert, Ber., 56, 1853 (1923). 
"onath, ibid., 14, 1769 (1881). 
6 Mann, J.  Chem. Soc., 121, 2178 (1922). 
7 Raeth, Ber., 57, 550, 715 (1924). 



2424 WILLIAM LYALL BARR Vol. 52 

Buchheim8 have shown that in some of his work Raeth failed to identify 
the product correctly, and that no cyclization had occurred. 

Direct interaction in dry ethereal solution of 1 mole of aniline and 1 mole of (3- 
chloropropionacetal yielded aniline hydrochloride and, presumably, acrolein acetal. 
Use of excess aniline (2.5 moles) yielded aniline hydrochloride and a brown viscous 
liquid which, after removal of most of the aniline by distillation in vcacuo, changed to a 
dark red solid gum, soluble in alcohol and acetone, which would not crystallize or distil 
without decomposition even in vacuo. The last traces of aniline could not be removed; 
yield, 20-25%; N, 7.0% (anilinopropionacetal, N, 6.3%). This crude residue yielded 
a tiny amount of quinoline on treatment with sulfuric acid and arsenic oxide or nitro- 
benzene. As free aniline was present, no conclusion can be drawn as to  the-mechanism of 
the reaction. 

Acid hydrolysis of this substance yielded, instead of 0-anilinopropionaldehyde, a 
pink sticky gum which gave no aldehyde tests. An apparent polymer of this aldehyde 
was obtained by interaction of the chloro-acetal and a large excess of aniline in ether 
shaken with a saturated solution of sodium bicarbonate; distillation of the mixed bases 
in steam removed aniline and effected hydrolysis, leaving a brown resin soluble only in 
acetone and nitrobenzene; N, 9.4%; mol. wt. in nitrobenzene, 495 (anilinopropionalde- 
hyde, N, 9.4%; mol. wt., 149). This aniline-free substance yielded no quinoline. 

All attempts to condense the crude anilinopropionacetal base with 
aniline by the action of concd. hydrochloric acid or 70y0 sulfuric acid proved 
unsuccessful. Hence the type I11 intermediate was not obtained, and no 
conclusion can be drawn as to its place in the Skraup synthesis. 

Attempts were made to effect cyclization with propionanilide and with 
allylaniline. 

Propionanilide could not be made to undergo ring formation by heating 
with zinc dust, or with nitrobenzene and zinc chloride or sulfuric acid; 
nor by passing through a hot tube in air alone or over lead oxide. 

Koenigs

Q 

obtained quinoline from allylaniline vapor passed over lead 
oxide in a hot tube. Cyclization to quinoline was attempted under the 
conditions of the Skraup reaction. 

Ten g. of allylaniline and 20 g. of sulfuric acid with 8 g. of nitrobenzene or 20 g. of 
arsenic oxide dried a t  170 were refluxed for several hours, and the dark viscous mixture 
worked up for quinoline. There was much charring and production of tarry matter. 
Quinoline was detected in small quantities in every case; yield, about 1%. Picric acid 
was tried in place of nitrobenzene (vide Murmann), but it made the reaction explosively 
violent. 

Based on a preparation of acrolein by Wohl and Mylolo from glycerol vapor passed 
over heated magnesium sulfate, a synthesis of quinoline was attempted from the vapors 
of aniline and glycerol aspirated in air or carbon dioxide over magnesium sulfate a t  
370400°, with nitrobenzene vapor or lead oxide as oxidizing agent. No quinoline 
could be detected in the products of the reaction. 

To try to reduce the number of distillations in steam in the Skraup synthesis from 
three to two, transformation of excess aniline to phetiol with nitrous acid was tried in the 

"Kijnig and Buchheim, Ber., 58,2868 (1925) 
Koenigs, ibid., 12, 453 (1879). 

lo Wohl and Mylo, ibid., 45, 2046 (1912). 
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acid reaction mixture after distillation in steam to remove nitrobenzene and dilution 
with water. These attempts were unsuccessful, for though excess nitrous acid was shown 
to be present, the resulting quinoline contained a considerable amount of aniline. The 
destruction of aniline was incomplete even with the clear reaction mixture obtained 
by the method of Cohn and Gustavson." 

The author wishes to express his grateful thanks to Dr. J. K. R. Inglis 
for his kind interest and helpful advice in this investigation. 

Summary 
1, As neither P-anilinopropionaldehyde nor its acetal or anil could be 

obtained pure, nothing can be concluded as to the constitution of the 
Skraup intermediate. 

2 .  Allylaniline can yield small quantities of quinoline by oxidation in 
solution. 

DUNEDIN, NEW ZEALAND 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE OHIO STATE UNIVERSITY ] 

NITRIDATION STUDIES. I. INTRODUCTION. 11. MERCURIC 
NITRIDE AND BISMUTH NITRIDE AS NITRIDIZING AGENTS1 

I. INTRODUCTION 

'I'he term "nitridation" or "nitridation reactionH2 has been applied to 
all those reactions which for the ammonia system of compounds are es- 
sentially similar to oxidation reactions for the familiar water compounds 
or for those reactions in which nitrogen plays a part analogous to  that 
played by oxygen in ordinary simple processes of oxidation. 

Numerous examples of nitridation reactions are known.s 
The only agents to be examined to any extent, however, are hydrazoic 

l1 Cohn and Gustavson, TIIIS JOURNAL, 50, 2709 (1928). 

The material presented in this paper is from a portioti of a thesis submitted by 
Iman Schurman in partial fulfilment of the requirements for the Degree of Master of 
Science a t  The Ohio State University. 

(a) Browne and Welsh, THIS JOURNAL, 33, 1728 (1911) ; Franklin, J. Phys. Chem., 
27, 169 (1923); cf. Goldberg, THIS JOURNAL, 34, 886 (1912). Turrentine [ibid., 34, 
386 (1912)l calls hydrazoic acid a nitridizing agent because many of the reactions of 
hydrazoic acid are similar to  those of nitric acid, an oxidizing agent. (b) Cady and 
Taft [Science, 62, 403 (1925) 1 have proposed the terms "electronation" and "delectro- 
nation" to be used in place of "reduction" and "oxidation" in the broad sense. Ac- 
cordingly "nitridation" would be a particular type of "delectronation." 

a Franklin, J. Phys. Chem, 27, 169 (1923); THIS JOURNAL, 46, 2142 (1924), 
"Reactions in Liquid Ammonia," Columbia University Press, New York, 1927, p. 16,  
Bergstrom, THIS JOURNAL, 48, 2324 (1926), J Phys. Chem., 32, 440 (1928); Strain, 
THIS JOURNAL, 49, 1558 (1927), 50, 2220 (1928); 51, 271 (1929); Chuck, "Disserta- 
tion," Stanford Pniversity, 1925; Turrentine, Ref. 2a; Goldberg, Ref. 22. 
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acid (ammono nitric acid) and a solution of iodine in liquid ammonia which 
undoubtedly contains iodo-amine, H2N1, ammono hypoiodous acid.4 In 
addition, certain electrolytic nitridations have been carried ouk5 

The present investigation was undertaken in an endeavor to increase our 
knowledge concerning nitridation and particularly to discover new nitridiz- 
ing agents. 

11. MERCURIC NITRIDE AND BISMUTH NITRIDE AS NITRIDIZING AGENTS 

Mercuric oxide is a substance sometimes used as a mild oxidizing agent.6 
I ts  ammonia analog, mercuric nitride, should then be a mild nitridizing 
agent. The explosiveness of mercuric nitride7 when dry is in harmony with 
this view. Hydrazobenzene was chosen as a substance to be nitridized 
because it has been oxidized to azobenzene by nieans of mercuric oxide8 
and nitridized electrolytically in liquid ammonia ~olution.~' 

A preliminary nitridation using a solution of iodine in liquid ammonia 
showed that hydrazobenzene is easily converted into azobenzene. Mer- 
curic nitride reacts with hydrazobenzene in accordance with the equation 

~ C O T I ~ N H I I N C G H ~  + Hga?rTz ---+ 3Hg + 3CsHjN==NC6H5 + ZNI-IB 

fi-Hydrazotoluene is likewise nitridized to p-azotoluene by both iodine 
and mercuric nitride. 

Another nitride showing a considerable degree of instability is bismuth 
nitride.g In preparing this substance Franklin found that i t  is always 
contaminated with metallic bismuth as a result of its spontaneous decom- 
position. In harmony with this behavior of bismuth nitride, the present 
investigation shows that both hydrazobenzene and p-hydrazotoluene are 
nitridized to the corresponding azo compounds in liquid ammonia solution 
by bismuth nitride. 

Whenever an hydrazo compound was added to either of the nitride pre- 
cipitates, the solution above the insoluble nitride became dark red. Such 
behavior undoubtedly indicates either that mercuric and bismuth nitrides- 
although very insoluble in liquid ammonia-are, nevertheless, sufficiently 
soluble to give a weakly basic solution, or that the potassium amide had 
not been entirely removed from these nitride precipitates although the 

For the reaction between iodine and ammonia see Mellor, "A Comprehensive 
Treatise," etc., Longmans, Greene and Co., New York, 1928, Vol. VIII, p. 605-611; 
cf. also Bcrgstrom, J. Phys. Chem, 30, 12 (1926). 

Browne, Holmes and King, THIS JOURNAL, 41, 1769 (1919); Cady and Taft,  
J.  Phys.  Chem., 29, 1070 (1925). 

Gautier, Ann. chim. phys ,  [4j  17, 228 (1869). 
Franklin, THIS JOURNAL, 27, 820 (1905); Z anorg. Chem , 46, 1 (1905). 

* Perkin and Kipping, "Organic Chemistry," J. B. Lippincott Co , Philadelphia, 
1922, p. 425. This reference seems to be the only one in the literature on the reaction 
of hydrazobenzene and mercuric oxide. Cf the similar preparation of phenyl azo- 
methane from the correspondirtg hydrazine [Fischer, Ber., 29, 794 (1896) 1. 

Wranklin, Ref. 7 ,  p 847. 
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number of washings should have been sufficient to remove it. White and 
Knightx0 observed a similar coloration when a solution of hydrazobenzene 
or azobenzene was treated with a sodium solution and attributed their 
results to the formation of a salt, CGHSN(Na)-N(Na)C6H6. When a solu- 
tion of hydrazobenzene or p-hydrazotoluene is treated with a solution of 
potassium amide, a brown coloration develops. Cady and Taft observed 
a similar coloration with sodium arnide and hydrazobenzene. The present 
investigation has shown that this reaction with the alkali metal amides is a 
reversible one so that the hydrazo compounds, like triphenylmethane,ll 
serve as very sensitive indicators of the Ostwald type in liquid ammonia. 
In pure liquid ammonia or in the presence of an ammonium salt (an acid) 
the hydrazo compounds yield a light brownish-yellow solution, while in 
the presence of soluble bases, even at very low concentrations, the deep red- 
brown color of the alkali metal salt appears. Even potassium hydroxide, 
whose solubility in ammonia is exceedingly low, imparts a distinct brown 
color to the solution of hydrazobenzene. Sodium peroxide is also suf- 
ficiently soluble in liquid ammonia to give a similar c ~ l o r a t i o n . ~ ~  

Hexamethylenetetramine, amylene, styrene and azoxybenzene in liquid 
ammonia show no reaction with mercuric nitride over the space of one week. 

Experimental 

In carrying out the reactions described in this paper the familiar methods 
used by Franklin and his c o - ~ o r k e r s ~ ~  have been employed. In one leg 
of a two-legged reaction tube was placed a convenient amount of purified 
and dried mercuric iodide or bismuth iodide; in the other, an excess of 
potassium, contained in a short length of glass tubing, together with a spiral 
of iron wire. On distilling ammonia into the reaction tube both the iodide 
and the potassium dissolved. In the presence of the iron wire catalyst the 
potassium was rapidly converted, usually in a half hour, into the soluble 
potassium amide. 

After partially opening the stopcock for a moment to release the pressure 
of the evolved hydrogen, the solution of potassium amide was poured into 
the leg containing the iodide-an excess of potassium amide was necessary 
to prevent the formation of ammono-basic salts. The nitride precipitated 
and settled rapidly. 

3HgIz + 6KNHz --+ HgsNz + 4NH3 + 6KI 
Bila + 3KNHz --+ BiN + 2NH3 + 3KI 

These precipitates were washed by decantation with fresh ammonia about 

lo White and Knight, THIS JOURNAL, 45, 1782 (1923). 
l1  Kraus and Rosen, ibid., 47, 2743 (1925). 
l2 Franklin, ibid., 27, 831 (1905); 29, 1275 (1907); 35, 1460 (1913); J. Phys.  

Chem., 15, 510 (1911); 16, 694 (1912); Fitzgerald, THIS JOURNAL, 29, 1694 (1907); 
Bohart, J. Phys. Chem., 19, 539 (1915). 
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five times, to free them of potassium iodide and potassium amide. The 
solvent was next distilled into the leg containing the precipitated nitride. 
This leg was then cooled in a bath of liquid ammonia which was open to the 
atmosphere and the leg containing the washings was opened and cleaned. 
Finally the hydrazo compound was added and this leg resealed. After 
the seal had cooled, the other leg of the tube was removed from the liquid 
ammonia and allowed to warm to room temperature. The hydrazo com- 
pound was dissolved in ammonia and the solution poured over the nitride. 
The final reaction product was obtained by allowing all of the ammonia 
to evaporate from the tube, or by distilling the solvent into the opposite leg 
and cooling this leg in an open bath of ammonia. In either case the end of 

the tube was scratched with a file and broken 
off by means of a piece of hot glass. 

The azo compounds were purified by recrys- 
tallization either from ligroin or liquid am- 
monia. Azobenzene and p-azotoluene are only 
slightly soluble in liquid ammonia a t  the temr 
perature of an open bath of the liquid (about 
-40'). 

For those experiments in which iodine was 
used as the nitridizing agent, a two-legged reac- 
tion tube fitted with an addition tube was em- 
ployed (Fig. 1). The tube was sealed up with 
the hydrazo compound in leg A. After distilling 

g ammonia open bath into of liquid the tube, ammonia, leg A C. was With cooled a stream in an 
-- 

- - -- - -- - ---- 
of gaseous ammonia entering a t  D, the end of 

- - the addition tube, E, was cracked off with a 
bit of hot glass. Short pieces of glass tubing 

Fig. 1. 
packed with the desired weight of iodine were 

next dropped into the leg A and tube E resealed.13 After the tube had been 
removed from the cooling bath and allowed to warm to room temperature, 
the iodine slowly dissolved and reacted with the solution.14 

The hydrazobenzene and 9-hydrazotoluene used in this research were 
prepared by reducing the corresponding azo compound with zinc dust in a 
hot alcoholic alkaline solution15 and recrystallizing from alcohol; m. p. of 
hydrazobenzene, 129'; 9-hydrazotoluene, 124'. The values listed in the 
"International Critical Tables" are 131 and 126', respectively. 

l3  Such a modification of the usual procedure is necessary because iodine liquefies 
in a stream of gaseous ammonia and forms a dangerously explosive mixture. 

l4  This is the technique employed by Strain (Ref. 3), although not described fully 
by him. 

l6 Gattermann, "Practical Methods of Organic Chemistry," translated by Schober 
~ n d  Babasinian, 3d En~l i sh  ed frqm 1 l t h  German ed., 1928, p. 228, 
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Hydrazobenzene and Iodine.-To a solution of 0.2 g. of hydrazobenzene in liquid 
ammonia was added an excess of iodine. After all of the iodine had dissolved (three 
hours), the solution was cooled in an open-bath of liquid ammonia. The lowering of the 
temperature caused the separation of orange crystals (m. p. 68"). A mixture of equal 
quantities of these crystals and azobenzene fm. p. 68') melted at 68". 

p-Hydrazotoluene and Iodine.-To an ammonia solution containing 0.14 g. of 
p-hydrazotoluene was added an excess of iodine. Overnight all of the iodine had dis- 
appeared and orange crystals had separated out. After washing three times with fresh 
ammonia, these crystals melted a t  144O; when mixed with p-azotoluene, melting a t  144O, 
the mixture melted a t  144'. 

Hydrazobenzene and Mercuric Nitride.-To the mercuric nitride prepared from 
1.22 g. of the iodide was added 0.18 g. of hydrazobenzene in ammonia solution. At the 
end of two days, small globules of metallic mercury were visible in the bottom of the 
reaction tube. The ammonia-soluble product upon recrystallization from ligroin 
melted a t  67.5'. An equal mixture of these crystals and azobenzene, melting a t  68", 
melted a t  67.5". 

p-Hydrazotoluene and Mercuric Nitride.-Two and one-tenth g. of mercuric iodide 
was converted to the nitride and treated with an ammonia solution containing 0.22 g of 
p-hydrazotoluene. At the end of two days finely divided mercury as well as a pre- 
cipitate of p-azotoluene was visible in the tube. The latter product after extraction 
with ammonia and recrystallization from ligroin gave orange-yellow crystals which 
melted a t  143'. A mixture of equal quantities of these crystals and those of p-azo- 
toluene (m. p. 144") melted a t  143.5 ". 

Hydrazobenzone and Bismuth Nitride.--To the bismuth nitride obtained from 1.32 
g. of the iodide was added a solution containing 0.51 g. of hydrazobenzene. The mix- 
ture was allowed to stand for two days. The reaction product recrystallized from ligroin 
gave 0.483 g. of red crystals which melted a t  67"; yield, 95%. A mixtuire of these crys- 
tals and an equal quantity of azobenzene melted at 67'. 

Hydrazotoluene and Bismuth Nitride.-One and three-tenths grams of bismuth 
iodide and an excess ~f potassium were sealed in opposite legs of a reaction tube and am- 
monia distilled into the leg containing the iodide. During the subsequent distillation 
of ammonia from this leg into that containing the potassium small yellow needle crystals 
were observed in the iodide leg. Such a behavior indicates the probable existence of a 
moderately soluble ammono-basic iodide of bismuth'l6 The solution of p-hydrazo- 
toluene remained in contact with the nitride for two days. On recrystallizing the reac- 
tion product from ligroin, orange-yellow crystals were obtained which melted a t  143 "; 
a mixed melting point with p-azotoluene gave 143.5'. 

Hydrazobenzene as an Indicator.-In the legs of a three-legged reaction tube were 
sealed 0.5 g. of ammonium nitrate, a small amount of hydrazobenzene and 0.3 g. of po- 
tassium, respectively. After the conversion of the potassium to the amide, a drop of this 
solution was added to the yellow solution of hydrazobenzene. Immediately a reddish- 
brown color developed. Upon the careful addition of a drop of ammonium nitrate, the 

. hydrazobenzene solution resumed its original yellow color. With the saine sample of 
indicator, this process of discharging the color induced by bases was repeated several 
times. 

Small amounts of hydrazobenzene and potassium hydroxide were sealed in a one- 
legged reaction tube and ammonia was distilled onto the mixture. The solution was 
colored dark brown. 

pHydrazotoluene as an Indicator.-A three-legged tube similar to the one de- 

'6 Franklin and Cady [Tars JOURNAL, 26, 512 (1904)l report a similar ammono- 
basic bismuth nitrate. 
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scrlbed abovr was charged with ammonium cl~loride, p-hydrazotoluene and potassium 
amide. The same induction and discharge of color were observed as in the case above. 

Summary 
1. Mercuric nitride and bismuth nitride have been shown to have the 

properties of nitridizing agents. 
2 .  Hydrazobenzene and fi-hydrazotoluene have been nitridized to the 

corresponding azo compounds in liquid ammonia solution using iodine, 
mercuric nitride and bismuth nitride. 

3. Because of the formation of highly colored salts, both hydrazoben- 
zene and hydrazotoluene may be used as sensitive acid-base indicators in 
liquid ammonia solutions. 

COLUMBUS, OHIO 

. THE MONOPHENYL ETHERS OF GLYCERIC ACID 

Investigations on the oxidation of p-thioglyceric acid, whose preparation 
was described in a previous paper,l showed the desirability of extending 
the study there outlined to the still unknown or-thioglyceric acid. I t  was 
considered feasible to attempt the preparation of this compound through 
the following reactions: 
CHlCl CHzOCeHs CHzOCeHs CHzOCeHs 
I NaOCeH6 1 CzHsOH 1 SOClz 1 NaSH 

CHOH - YHOH -d CHOH d CHCl ------t 
I I I 

&OOH (A) &OOH (B) &OOC~H~ (C) & O O C ~ H ~  (D) 

(1) (11) 
CHzOCeHs CHzOH 

1 HOH I 
CHSH --+ CHSH 

I 
COOCzHs 

I 
COOH 

Reactions A, B and C were carried out successfully. Reaction D did 
not proceed as indicated; when ethyl a-chloro-8-phenoxypropionate (11) 
was treated with sodium hydrosulfide, a practically quantitative yield of 
phenol was obtained. The remainder of the reaction mixture was a black 
tar, the constituents of which are as yet unidentified. A study of this 
reaction is in progress. 

This paper deals with the substances obtained in Reaction A. The re- 
action between p-chlorolactic acid and sodium phenoxide gave a satis- 
factory yield of p-phenoxylactic acid (I), but when the reaction mixture 
was worked over, it was found that this was not the sole product. Along 

Koelsch, THIS JOURNAL, 52, 1105 (1930). 
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with the p-phenoxylactic acid melting a t  157.5-15g0, there was obtained 
about 1% of a more soluble acid melting at 107-109'. The analysis and 
neutral equivalent of this compound indicated that it was isomeric with 0- 
phenoxylactic acid. 

On treatment with hydriodic acid, the low-melting acid gave phenol and 
0-iodopropionic acid, the same products which were obtained by a similar 
treatment of 0-phenoxylactic acid. It seemed probable, therefore, that  the 
low-melting compound was a-phenoxyhydracrylic acid (IV) . 

That the acid melting a t  157.5-159' was the expected R-phenoxylactic 
acid was proved by converting it into the chloro ester (11) which was de- 
halogenated to give ethyl /3-phenoxypropionate. The acid resulting from 
the hydrolysis of this ester was identified as 0-phenoxypropionic acid by 
comparison with a sample prepared from P-bromopropionic acid. 

That the acid melting a t  107-109' was a-phenoxyhydracrylic acid was 
shown by its synthesis according to the following series of reactions 

CHOH CHqOH CHlOH 
CHzOCsHs Na 11 Hz 1 - HOH 1 

1 + HCOOCZHS + C-OCsH, 4 CH-OCsHs ----t CHOCsH6 
COOCnHs I (Nil I 

COOCzH, COOCzHs 
I 

COOH 
(111) (If') 

The reduction of formylphenoxyacetic ester (111) with zinc dust and acetic 
acid, with amalgamated zinc and acetic acid, or with amalgamated alu- 
minum in neutral solution caused phenol to be eliminated from the mole- 
cule. The o-benzoate of the en01 was unaffected by amalgamated alumi- 
num. The reduction of the free en01 was finally accon~plished by using 
molecular hydrogen in the presence of catalytic nickel. 

The first explanation for the formation of a-phenoxyhydracrylic acid 
which suggested itself was that the 8-chlorolactic acid used was contami- 
nated with a-chlorohydracrylic acid, and that the sodium phenoxide re- 
acted with this to replace the halogen atom directly with the phenoxyl 
radical. Certain facts militating against this explanation may be brought 
forward. The p-chlorolactic acid1j2 used was prepared from a-mono- 
chlorohydrin obtained by the action of hydrogen chloride on glycer01.~ 
This monochlorohydrin subjected to the further action of hydrogen chlo- 
ride gives a dichlorohydrin which has been shown to be nearly free of the 
a,p-c~mpound.~ Hence the monochlorohydrin used contained very little 
of the p-isomer, wliich would be the precursor of a-chlorohydracrylic acid. 
Although the above evidence does not preclude the possibility; that only ly0 

The acid melting a t  45-72" obtained from the oxidation was used without 
recrystallization. The unsharp melting point is considered to be caused by the  pres- 
ence of oxalic acid and, mainly, water. 

3 Conant and Quayle, "Organic Syntheses," John Wiley and Sons, Inc., New 
York, 1923, Vol. 11, p. 33. 

Conant and Quayle, THIS JOURNAL, 45, 2771 (1923). 
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of a-chlorohydracrylic acid may be present, Melikoff's experiments indicate 
that this acid would yield P-phenoxylactic acid rather than a-phenoxy- 
hydracrylic acid. 

Melikoff5 treated a-chlorohydracrylic acid with ammonia and was able to  
isolate only iso-serine, CH2NH2--CHOH-COOH, from the reaction mix- 
ture. He postulated that the a-chlorohydracrylic acid first lost hydrogen 
chloride, forming glycidic acid, which compound then added ammonia to 
form iso-~erine.~ Melikoff showed that glycidic acid added ammonia thus 
and considered this as evidence for the correctness of his assumed reaction 
mechanism. 

According to the partition principle of M i ~ h a e l , ~  the addition of an un- 
symmetrical reagent to an unsymmetrical unsaturated compound (or 
ethylene oxide) gives rise to two isomers, the amount of each isomer thus 
produced being in proportion to  the amount of chemical energy set free in 
its formation. 

If a reaction mechanism analogous to that postulated by Melikoff is con- 
sidered in the light of the partition principle, Reaction A may be formulated 

CH20CeHa 
I 

C H ~ C ~  CH CHON 
I 
CHOH + Na0C6H6 AH" + CGH~OH f !!OONa 

(1) 

I - 1  + NaCl 
COONa COONa \ FH20H 

 COON^ (IV) 

This formulation appears to account most satisfactorily for the formation 
of both P-phenoxylactic acid and a-phenoxyhydracrylic acid in the re- 
action which is reported here. 

Experimental 
0-Phenoxylactic and a-Phenoxyhydracrylic Acids from P-Chlorolactic Acid.-A 

mixture of 600 g. of phenol, 400 g. of 8-chlorolactic acid and a solution of 360 g. of so- 
dium hydroxide in two liters of water was refluxed for two hours, acidified and the excess 
phenol removed by steam distillation. Cooling the solution gave crude 8-phenoxylactic 
acid. The mother liquor contained P-phenoxylactic acid, a-phenoxyhydracrylic acid 
and sodium chloride, which were separated by evaporation and fractional crystalliza- 
tion. The a-phenoxyhydracrylic acid crystallized out only after the volume of the 
solution had been reduced to some 150 ml. 

The crude 8-phenoxylactic acid after treatment with charcoal, crystallized from 
water in colorless plates melting a t  157.5159° (uncorr.) ; yield, 400-425 g. 

Anal. Calcd. for CgHloOl: C, 59.33; H, 5.49. Found: C, 59.35; H, 5.90. Mol. 
wt. (by titration). Calcd.: 182. Found: 185.5. 

Melikoff, Ber., 13, 1265 (1880). 
The same result has been obtained more recently with a-bromohydracrylic acid 

and ammonia [Neuberg and Mayer, Biochem. Z., 3, 119 (1907)l. 
Michael, J. pralt. Chem., (21 60, 290 (1899). 
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A solution of the compound in concentrated sulftiric acid was colorless until warmed, 
when it became deep violet-red. 

The crude a-phenoxyhydracrylic acid was separated from tarry impurities by ex- 
traction with hot toluene. It was finally crystallized from chloroform, from which 
solvent it was deposited in fine needles melting at  107--109"; yield, 3.8-6.0 g. 

A n d .  Calcd. for CpHioOr: C, 59.33; H, 5.49. Found: C, 59.00; H, 5.61. Mol. 
wt. (by titration). Calcd.: 182. Found: 183, 183.5. 

TABLE I 
DERIVATIVES OF a-PHENOXYHYDRACRYLIC AND @-PHENOXYLACTIC ACIDS 

No. Compound Remarks Yield, % 

1 Methyl a-phenoxyhydracrylatea Oil 69 
2 Ethyl a-phenoxyhydracrylate" Oil 71 
3 a-~henox~hydracrylamide* Needles fr. water 54 
4 a-Phenoxyhydracrylanilidec Needles fr. water 82 
5 Silver a-phenoxyhydracrylate Flat needles . . 
6 Methyl 8-phenoxylactatea Oil 82 
7 Ethyl j3-phenoxylactatea Fine needles fr. dil. ale. 74 
8 j3-Phenoxylactamideb Plates fr. water 65 
9 j3-Phenoxylactanilide"." Plates fr. dil. ale. 85 

10 Silver j3-phenoxylactate Fluffy plates . . 
B. p. or m. p. 

No. OC. (mm.) (uncorr.) d'a: n'," Calcd. 
MD 

Obs. 

1 B. 168-169 (14) 1.1966 1.5213 49.92 49.90 
2 B. 174-175 (16) 1.1545 1.5117 54 52 54.55 
3 M. 137-139 .... .... ... ... 
4 M. 129-131d .... . . . .  . . .  . . .  
6 B. 168-170 (17) 1.1934 1.5190 49.92 49.96 
7 M. 71-72; (b. 173-176) (17) . . . .  .... ... ... 
8 M. 149-150 .... . . . .  ... ... 
9 M. 122-123 . . . .  . . . .  ... . . .  

Calcd. Found 
No. Formula C H N C H N 

.. ... 1 Ci&IizOa 61.2 6.12 60.9 6.19 

. .  . .. 2 CliHiaOd 62.8 6.67 62.7 6.44 
3 CsHii03N . . . . 7.74 . . . . 7.46 
4 Ci6Hi~.osN . . . . 5.46 . . . . 6 56 
5 C~H904Ag . . (Ag) 37.4 . . (Ag) 36.9 

.. . . .  6 CloHlz01 61.2 6.12 60 9 6.20 

. .  . . .  7 CllH1404 62 8 6.67 62 6 6.78 
8 CsHiiOsN . . . . 7.74 .. . . 7.54 
9 CisHieOsN . . . . 5.46 . . . . 5.14 

10 CsHoOrAg . . (Ag) 37.4 .. (Ag) 37.4 
" From the acid by the method of E. Fischer and Speier, Ber., 28, 3252 (1895)' 

using hydrogen chloride. From the methyl ester and coned. aqueous ammonia. 
From the acid by heating for four hours at  190' with a slight excess of aniline. Sin- 

tered a t  122'. A mixture with an equal amount of @-phenoxylactanilide melted at  
107-111'. * This compound could be obtained colorless for analysis only by crystal- 
lization from water, in which the colored impurities were insoluble. Four hundred 
ml. of boiling water was necessary to dissolve 0.4 g. of the substance; it was noted that 
all of the derivatives of 8-phenoxylactic acid were much less soluble than the corre- 
sponding derivatives of a-phenoxyhydracrylic acid. 
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A solution of the compound in concd. sulfuric acid was colorless until warmed, when 
it  became rose-red. 

Reaction of p-Phenoxylactic and a-Phenoxyhydracrylic Acids with Hydriodic 
Acid.-Although heating P-phenoxylactic acid with hydrochloric acid or with hydro- 
bromic acid gave only black resins, similar treatment with hydriodic acid gave substances 
which were characterized successfully. The solution resulting from heating 5 g. of 
6-phenoxylactic acid with 20 ml. of hydriodic acid (d 1.96) in a sealed tube a t  120-125" 
for four hours was diluted with water, decolorized with sulfur dioxide, and extracted 
with ether. By washing this extract with sodium carbonate and sodium hydroxide, 
there were obtained 4.0 g. of a mixture of unchanged P-phenoxylactic acid and p-iodo- 
propionic acid, and 1.4 g. of phenol (identified as phenyl benzoate). Since the mixture 
of acids could not be separated into its constituents by fractional crystallization, a 
portion (2.7 g ) was heated for three hours a t  180" with aniline (4.0 g.), giving a mixture 
of neutral P-phenoxylactanilide with basic 8-anilinopropionanilides which were easily 
separated. The latter compound was identified by analysis of its hydrochloride (calcd. : 
C1, 12.84; found: C1, 12.84) and by mixed melting points with the same compound 
prepared from 6-bromopropionic acid and aniline. 

The treatment of a-phenoxyhydracrylic acid (4.7 g.) with hydriodic acid was similar 
t o  that  described immediately above. There were obtained 1.5 g. of phenol, and 3.4 
g. of mixed acids. A hot benzene solution of a portion of the latter deposited a small 
amount of a-phenoxyhydracrylic acid (m. p. 95-100 "; mixed m. p. 100-104°) ; the p- 
iodopropionic acid remaining in the benzene melted, after crystallization from warm 
water, a t  80-81 ". The remainder of the mixed acids was treated with aniline, the re- 
sulting anilides being separated and identified as  before. 

Esters of or-Chloro-p-phenoxypropionic Acid.-The general method of Darzens
g 

for the replacement of the hydroxyl group with chlorine by the use of thionyl chloride 
and pyridine was applied successfully to  the methyl and ethyl esters of 0-phenoxylactic 
acid. The properties and analyses of the twice distilled esters are given in the accom- 
panying table. 

TABLE 11 
PROPERTIES AND ANALYSES OF ESTERS 

B. p., "C. (16 mm.) Yield, 
No. Ester (uncorr.) % d z  n: 

1 Methyl 153-154 77 1.2177 1.5166 
2 Ethyl 165-167 55 1.1812 1.5091 

Mi, 121 (Carius), % 
N o  Calcd Obs Pormula Calcd. Found 

1 53 34 53 25 CIOHI~OIC~ 16 53 16 41 
2 57 94 57 77 C I I H I ~ O ~ C ~  15 53 16 36, 16 65'16 54a 

" The third analysis of the compound was made on a sample purified by a n  addi- 
tional distillation; the constants of this sample were identical with those measured for 
the twice distilled ester. The low yield and high chlorine content were probably caused 
by  not cooling the mixture sufficiently during the addition of the thionyl chloride. 

Dehalogenation of Ethyl a-Chloro-0-phenoxypropionate.-A mixture of 10 g. of 
ethyl a-chloro-p-phenoxypropionate, 20 g. of dry alcohol, 10 g. of acetic acid, 10 g. 
of zinc dust and a little copper carbonate was refluxed for eight hours. The mixture 
was then filtered and concentrated on a steam-bath. The addition of water precipi- 
tated a n  oil which distilled a t  120-145' (15 mm.). A second distillation gave 3.4 g. 

* Cj. Autenrieth and Pretzell, Ber., 36, 1262 (1903). 
Darzens, Compt. rend., 152, 1601 (1911). 
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of a halogen-free fraction boiling a t  175-177" (50 mm.); 1.0821; n$ 1.5055; MD, 
calcd., 53.00; obs , 53.22. The boiling point of ethyl p-phenoxypropionate is reported 
to  be 170' (40 mm.).1° 

The acid obtained by the hydrolysis of the ester with a mixture of equal weights of 
acetic acid, water and sulfuric acid melted alone or mixed with a sample of ,8-phenoxy- 
propionic acid prepared from 8-bromopropionic acid a t  96-97 (uncorr ). The melting 
point of this acid is reported t o  be 98".'O 

Ethyl a-Phenoxy-p-hydroxyacrylate i"Formy1phenoxyacetic Ester," III).-This 
compound was prepared by the method of Johnson and Guestu by the action of sodium 
on a mixture of ethyl formate and ethyl phetioxyacetate in ether. Contrary t o  the 
statement12 that  the compound could not be distilled under reduced pressure without 
decomposition, it  was found that  no decompositioi~ took place when the distillation was 
carried out with the aid of an efficient water pump. This was shown by distilling the 
compound repeatedly, under which treatment the boiling point was not changed; the 
thrice distilled compound gave a benzoate identical with that  obtained from the  crude 
undistilled product. The following constants were observed: b. p., 14&150° (11 mm.) ; 

1.1637; n: 1.5210; MD calcd. (keto), 53.18; (enol), 54.13; obs., 54.43. 

Anal. Calcd. for C11HlzOa: C, 63.46; H, 5.77. Found: C, 63.45; H, 5.83. 

Benzoate.-This compound was prepared from the ester by the Schotten-Bau- 
mann reaction. It crystallized from dilute alcohol in fine needles which melted a t  76- 
77 ". 

Anal. Calcd. for C18H1606: C, 69.24; H, 5.13. Found: C, 68.93; H, 5.11. 
Ethyl a-Phenoxyhydracrylate from Ethyl Formylphenoxyacetate.-The oxy- 

methylene compound was reduced in alcohol solution with hydrogen in the presence of 
catalytic nickel a t  a pressure of 150 atmospheres and a t  a temperature of 100".13 On 
distillation, the product boiled a t  168-170' (10 mm.); 1.1558; n2' 1.5125; MD, 
calcd., 54.52; obs., 54.56; found: C, 62.50; H, 6.67. These constants agree well with 
those obtained for ethyl or-phenoxyhydracrylate prepared from 8-chlorolactic acid 
(cf. Table I,  No. 2). 

The reagents usually employed for the reduction of oxymethylene compounds gave 
unsatisfactory results in the present instance. An ether solution of formylphenoxy- 
acetic ester (10 g.) was treated with amalgamated aluminum according t o  the procedure 
described by W. Wislicenus.14 From the ether solution there was obtained only phenol, 
which gave, on benzoylation, 8.0 g. of pure phenyl benzoate. The reduction of the 
oxymethylene compound in glacial acetic acid with zinc dust or amalgamated zinc led 
to a like result. 

Phenoxyhydracrylamide (found: N, 7.49) prepared by ammonolysis of the ester 
was identical (mixed m. p.) with that obtained from p-chlorolactic acid (cf. Table I 
No. 3). Saponification of the ester gave the free acid (found: C, 59.01; H, 5.54) which 
melted a t  109-110"; a mixture with an equal amount of the acid obtained from p- 
chlorolactic acid melted a t  10&llOO. The acid obtained by reduction gave a colorless 
solution in concd. sulfuric acid, which became yellow on warming. The color reaction 
and slightIy low melting point of the acid prepared from p-chlorolactic acid are probably 

lo Powell, THIS JOURNAL, 45, 2708 (1923). 
l1 Johnson and Guest, Am. Chem. J., 42, 285 (1909). 
l2 Johnson and Heyl, ibid., 37, 636 (1907). 
l3  This reduction was carried out by Professor Homer Adkins The procedure will 

be described in detail in a forthcoming paper. The author wishes t o  express his sincere 
appreciation to Professor Adkins. 

l4 W. Wislicenns, Boklen and Reuthe, Ann., 363, 359 (1908). 
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caused by the presence of a small amount of 0-phenoxylactic acid which could not be 
removed by fractional crystallization. 

The assistance given by Professor S. M. McElvain during the course of 
this work is gratefully acknowledged. 

Summary 
The monophenyl ethers of glyceric acid, P-phenoxylactic acid and a- 

phenoxyhydracrylic acid, and a number of their derivatives have been pre- 
pared and characterized. 

The possibility that both of these isomers may be formed simultaneously 
in the reaction between P-chlorolactic acid and sodium phenoxide has been 
pointed out. 

MADISON, WISCONSIN 

[CONTRIBUTION PROM THE DEPARTMENT OF CHEMISTRY, COLUMBIA UNIVERSITY, 
No. 6261 

THE INFLUENCE OF CERTAIN NEUTRAL SALTS UPON THE 
ACTIVITY OF MALT AMPLASE 

Recent work1 has shown that pancreatic amylase not only is dependent 
for its activity upon the presence of electrolytes but that it differs markedly 
in its response in activity to the presence of different salts. In view of this 
fact and of the recent findings of several investigators2 that the influence of 
electrolytes upon enzymic activity is dependent on several interrelated 
factors, it seemed of special interest to continue our studies of typical 
starch-splitting enzymes of plant and animal origin by ascertaining whether 
quantitative differences might also be obtained in the action of malt amy- 
lase by the presence or absence of certain salts when the other factors were 
very fully controlled in the light of all present knowledge. One phase of 
this work, that dealing with the influence of acetate and phosphate upon 
the activity of malt amylase, has already been des~ribed.~ The results 
of the quantitative study of the influence of other salts upon the activity of 
malt amylase are reported briefly here. 

Experimental 
The general procedure employed in this investigation consisted in allow- 

ing the enzyme to act a t  40° (*O.OlO) for thirty minutes upon 2% starch 
solutions which differed among themselves with respect to either the salt 
content or the hydrogen-ion activity or both as explained below. At the 

(a) Sherman, Caldwell and Dale, THIS JOURNAL, 49, 2596 (1927); (b) Sherman, 
Caldwell and Adams, ibid., 50, 2529, 2535, 2538 (1928). 

Sherman, Caldwell and Boynton, ibid., 52, 1669 (1930), and references therein 
contained. 
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expiration of this half-hour period, the extent to which the starch had been 
converted to reducing sugars, mainly m a l t ~ s e , ~  was established according 
to  the gravimetric method previously described4 and this was taken as the 
measure of the relative activity of the enzyme. 

The hydrogen-ion activities of the substrates were adjusted by mixtures 
of sodium acetate and acetic acid, present in a total concentration of 0.01 M 
acetate. Such mixtures had been shown2 to be satisfactory for work with 
this enzyme. By changing the proportions of equimolar sodium acetate 
and acetic acid, it was possible to adjust the solutions to different desired 
hydrogen-ion activities without changing the total concentration of acetate. 
The total concentration of 0.01 &I acetate was chosen for several reasons. 
It had been found to  afford the desired buffer effect and a t  the same time 
was low enough not to  interfere with the study of the influence of other 
salts. Previous work had also shown2 that acetate as well as phosphate 
exerts a very slight favorable influence upon malt amylase. This influence, 
in the case of acetate, is practically constant through a wide zone of con- 
centrations including 0.01 M, which is therefore a suitable concentration 
to use. The hydrogen-ion activities of all solutions were measured electro- 
metrically. In all of the experiments here reported, the conditions of time, 
temperature and the concentrations of starch, enzyme and total acetate 
were constant. 

As regards the factors which were varied, the plan of the work was as 
follows: (1) in order to determine whether or not sodium chloride has any 
influence upon the activity of malt amylase, direct comparisons were made 
of the enzymic activity (a) a t  graded hydrogen-ion activities in the pres- 
ence and absence of the salt a t  fixed concentrations, and (b) in the pres- 
ence of graded concentrations of the salt at fixed hydrogen-ion activities. 
(2) The other neutral salts studied, potassium chloride, sodium nitrate and 
sodium sulfate, were compared in a similar manner as to  their effect upon 
the hydrolysis of starch with malt amylase. The enzymic activity in the 
presence of these salts a t  a single concentration and hydrogen-ion activity 
was compared with that exerted in the absence of salt both a t  the same 
hydrogen-ion activity and a t  the optimal hydrogen-ion activity for the 
enzyme and conditions here employed. (3) Finally, the effect of different 
concentrations of each salt upon the activity of malt amylase was es- 
tablished a t  each of three hydrogen-ion activities: (a) a t  the optimum, 
(b) on the alkaline side of the optimum, (c) on the acid side of the optimum. 

A dry preparation of malt amylase, purified from dialyzed malt extract 
according to  a modification of the method described by Sherman and 
Schlesinger, was used. 

8 Sherman and Punnett, THIS JOURNAL, 38, 1877 (1916). 
4 Sherman and Walker, &id., 43, 2461 (1921). 
Sherman and Schlesinger, ibid.,  37, 643 (1915). 
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All reagents were carefully purified. The salts were of the highest purity 
obtainable and were recrystallized three times in all cases with the exception 
of sodium chloride, which was prepared and purified by the method of 
Richards and Wells6 Soluble starch which constituted the substrate was 
washed repeatedly and air dried. Redistilled water was used for all 
solutions. 

Results with Sodium Chloride.-Parallel measurements of the activity 
of the enzyme in the presence of 0.01 A 1  sodium chloride and in its absence, 
each a t  closely graded hydrogen-ion activities from PH 4.0 to PH 6.2, 
showed that the enzymic activity was greater in the presence of the sodium 
chloride in the more acid solutions, PH 4.3 to PH 4.0, and in the more alka- 
line solutions, PH 5.1 to PH 6.2. In solutions of intermediate reaction from 
approximately PH 4.3 to PH 5.1, however, the presence of sodium chloride 
had no appreciable influence upon the activity of the enzyme. These 
solutions correspond approxiniately to the optimal hydrogen-ion activity 
previously established2 for this enzyme in the presence of this concentration 
of acetate. Similar results were obtained in a series of experiments with 
0.02 M sodium chloride. Thus sodium chloride in concentrations of 0.01 
and 0.02 M did not increase the activity of the enzyme at  the optimal, but 
rendered it more active in solutions of less favorable, hydrogen-ion activity. 

This was also found to be true when, in another series of experiments, 
the influence of several concentrations of sodium chloride (0.0 1, 0.02, 0.05, 
0.07 and 0.10 &I) was carefully and repeatedly measured: a t  the optimal 
hydrogen-ion activity (PH 4.5), in solutions more acid (PH 4.0) and in 
solutions less acid (PH 5.5). 

At its optimal hydrogen-ion activity, the enzyme was as active without 
as with the sodium chloride; but the presence of this salt helped to over- 
come the retarding influence of an unfavorable hydrogen-ion activity upon 
the action of the enzyme. 

This was demonstrated for all of the five concentrations of sodium chlo- 
ride tested (0.01 to 0.10 M), the lower concentrations of the salt appearing 
more favorable on the acid, and the higher concentrations on the more 
alkaline side. 

If the activity of the enzyme a t  its optimal hydrogen-ion activity (PH 

4.5) be taken as loo%, its activity a t  PH 4.0 was 89% without added salt 
and 99y0 with 0.01 M sodium chloride; while at  PH 5.5 the activity of 
the enzyme was 77% without neutral salt and 97% with 0.10 M sodium 
chloride. 

Thus malt amylase showed a practically optimal action through a wider 
range of hydrogen-ion activity when sodium chloride was present in suitable 
concentration than it did in the absence of the salt. 

Results with Potassium Chloride.-The influence of potassium chloride 
Richards and Wells, THIS JOURNAL, 27, 459 (1905). 
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was studied in the same way as that of sodium chloride and with nearly 
the same results. The differences between the data obtained with these 
two salts were no greater than might reasonably be allowed for experi- 
mental error, but the average activity of the enzyme was in most cases 
slightly higher in the presence of the potassium, than of the sodium, salt. 

Results with Sodium Sulfate.-At the optimal hydrogen-ion activity, 
PH 4.5, the average enzymic activity was slightly higher in the presence of 
0.01 M to 0.10 M sodium sulfate than in its absence, but here again, as in 
the case of potassium chloride, the differences were so small as to be of 
doubtful significance. At hydrogen-ion activities on either side of the 
optimum, (viz., PH 4.0 and PH 5.5, respectively) the activity of the enzyme 
was increased by the presence of the sulfate (0.01 to 0.10 M), but this favor- 
able influence was less than that exerted by the same concentrations of 
sodium or potassium chloride under the same conditions and decreased 
with increasing concentrations of the salt in solutions on the acid side of 
the optimum. 

Results with Sodium Nitrate.-Sodium nitrate was found to have a 
less favorable influence upon the activity of malt amylase than the same 
concentrations of sodium or potassium chloride when tested under the 
same conditions. 

Summary and Conclusions 

The influence of sodium chloride, potassium chloride, sodium sulfate and 
sodium nitrate upon the saccharogenic activity of malt amylase has been 
investigated and special consideration has been given to the influence of 
changes in hydrogen-ion activity and salt concentration. 

Under the experimental conditions here described, neutral salts are not 
essential to the activity of malt amylase nor do they increase the sacchari- 
fying action of the enzyme above that shown in their absence a t  the optimal 
hydrogen-ion activity. 

The activity of malt amylase was increased a t  unfavorable hydrogen-ion 
activities by the presence of these salts, but not to the same extent by dif- 
ferent salts. Those studied here may be arranged according to the de- 
creasing magnitude of their effect upon the activity of the enzyme a t  un- 
favorable hydrogen-ion activities as follows: sodium and potassium 
chlorides, sodium sulfate, sodium nitrate. 

In solutions of unfavorable hydrogen-ion activity, the addition of sodium 
chloride in the concentrations most favorable to the action of the amylase 
(0.01 M at PH 4.0 or 0.10 M a t  PH 5.5) restored the enzyme to an activity 
practically equal to that obtaining in the absence of salt a t  the optimal 
hydrogen-ion activity, Pa 4.5. Thus with the addition of the proper 
amount of sodium chloride, malt amylase exerts its highest activity in 
solutions differing more widely in hydrogen-ion activity than in its absence. 
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The findings here reported explain the contradictory evidence presented 
by various workers from time to time regarding the influence of salts upon 
the activity of this enzyme and emphasize anew the importance of con- 
trolling the hydrogen-ion activities of the solutions in which the enzyme 
action occurs. 

The influence of salts upon the activity of malt amylase appears to be 
specific. 

These findings as a whole establish quite definitely a difference, in de- 
pendence of optimal activity upon neutral salts, between pancreatic and 
malt amylases, which are being studied in detail as representative and 
analogous enzymes of animal and plant origin, respectively. 

NEW YORK CITY 

[CONTRIBUTION FROM THE LILLY RESEARCH LABORATORIES, ELI LILLP AND COMPANY] 

DIALKYL BARBITURIC ACIDS 
BY H. A. SHONLE, ANNA K. KELTCH AND E. E. SWANSON 

RECEKVED FEBRUARY 10, 1930 P U B I ~ I S H E D  JUNS 6, 1930 

Nearly a hundred different 5,5-disubstituted barbituric acid derivatives 
have been prepared in the quarter of a century since Fischer and Diltheyl 
and Fischer and von Mering2 found that certain of these derivatives could 
be used therapeutically as sedatives and hypnotics. These investigators 
were aware that certain of the compounds were more active as hypnotics 
than others and that the effect could be markedly changed by varying the 
chemical nature of the substituent radical. 

Subsequent investigations3 have shown that those barbituric acids in 
which the sum of the C atoms in the two substituent groups is 6, 7 or 8 are 
the most effective. When evaluated on rats, cats, rabbits or mice, by the 
intravenous or subcutaneous injection of their sodium salts, this group 
shows, in most instances, a wider margin of safety between the anesthetic or 
down dose and the toxic dose than does, for example, diethylbarbituric acid. 

The investigation was started in 1927 for the purpose of studying the 
various isomeric amyl-ethyl and amyl-ally1 derivatives of the barbituric 
acids because of the commercial availability of certain of the amyl alco- 
hols, and to extend the study of the secondary alkyl-ethylbarbituric acid 
series. 

1 Fischeiand Dilthey, Ann., 335, 334 (1904). 
2 Fischer and von Mering. Therap. d.  Gegenwart., 44, 97 (1903) ; 45, 145 (1904). 
a (a) Carnot and Tiffeneau, Compt. rend., 175, 242 (1922); (b) Shonle and MO- 

ment, THIS JOURNAL, 45,243 (1923); (c) Volwiler, ibid., 47, 2236 (1925); (d) Nielson, 
Higgens and Spruth, J. Pharmacol., 26, 371 (1926); (e) Swanson and Page, ibid., 31, 
1 (1927); (f) Dox and Hjort, ibid., 31, 455 (1927). 

(a) During the course of this investigation Dox and Jones, THIS JOURNAL, 50, 
2033 (1928), have reported on 5-n-amyl-5-ethylbarbituric acid. (b) Volwiler and Tabern 
described a number of amyl-ethyl and amyl-allyl derivatives at the Minneapolis Meet- 
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In view of Hsueh and Marvel's5 statement relative to sec.-butylethyl- 
barbituric acid we carefully repeated our work and found that this acid 
does not melt a t  197', as stated by them, but that after repeated crystalliza- 
tion sec.-butyl-ethylbarbituric acid melted at 164-165' (corr.). Our former 
figure3b of 158' (uncorr.) had been obtained with a limited amount of sub- 
stance. 

In repeating this former work of ours we found that if we introduced the 
set.-butyl group in ethylmalonic ester, we obtained a satisfactory yield of 
scc.-butylethylmalonic ester, which yielded sec.-butylethylbarbituric acid 
melting a t  164'. However, if we reversed the procedure, we were able to  
introduce but an insignificant amount of the ethyl group into the sec.- 
butylmalonic ester, and could not separate any of the diethyl sec.-butyl- 
ethylmalonate by fractional distillation. The barbituric acid prepared 
from the higher-boiling fraction of the ester was physiologically inert, 
melted a t  about 190' and proved on analysis to be sec.-butylbarbituric 
acid contaminated with a trace of sec.-butylethylbarbituric acid. It was 
possible to introduce the allyl group into this sec.-butylbarbituric acid, sec.- 
butylallylbarbituric acid having the correct melting point being obtained 
on recrystallization. 

It was likewise found impossible to introduce the ethyl group into the 
sec.-amyl- or the cyclopentylmalonic esters or the allyl group into sec.- 
butylmalonic ester. To all outward appearance the reaction was normal, 
sodium bromide being deposited as usual. The reaction occurred, however, 
between the aliphatic bromide and the sodium ethylate instead of between 
the aliphatic bromide and the sodium sec.-butylmalonic ester, which indi- 
cates that the equilibrium was displaced toward the sodium ethylate since 
i t  reacted with the alkyl bromide. This may be interpreted as an instance 
of steric hindrance, or as an instance of the difference in the negativity 
of the secondary aliphatic substituted as compared to the primary aliphatic 
substituted malonic esters. 

Experimental 

Alcohols.-In view of the improbability of successfully purifying the commercial 
sec.-amyl alcohols by fractionation, the synthetic sec.-amyl alcohols prepared by the 
Grignard method a t  the Eastman Kodak Laboratories were used. Di-n-propylcar- 
bin01 and methylbutylcarbinol were likewise obtained from the same source. Cyclo- 

ing of the American Chemical Society, September, 1929, TIIIS JOURNAL, 52, 1676 (19301, 
including propylmethylcarbinyl- and sec.-butylcarbinyl-ethylbarbituric acids and the 
esters from which they were prepared. 

Hsueh and Marvel, ibid.,  50, 855 (1928). 
Dr. Marvel was kind enough to send us asample of his acid and the ester from 

which i t  was prepared. Investigation showed that the 197" melting acid was almost 
physiologically inert, and analyzed as sec.-butylbarbituric acid which melts a t  1 9 7 O .  
The ester had a boiling point and refractive index much closer to dietbyl set.-butyl- 
malonate than to diethyl sec.-butylethylmalonate. 



pentanol was prepared by reducing, in the presence of a platinum ~ a t a l y s t , ~  cyclo- 
pentanone obtained from adipic acid.8 The other alcohols, obtained from various 
sources, presented no unusual aspects. 

Alkyl Bromides.-The primary alkyl bromides were prepared according to the 
method of Kamm and M a r ~ e l , ~  while the secondary alkyl bromides were prepared by the 
Norrisl0 method. 

When the work was initiated, the authors had not considered that rapidly 
distilling a secondary alcohol with hydrobromic acid would produce other 
than the corresponding bromide in a degree of purity satisfactory for 
synthetic work. I t  was noted a t  that time, however, that the malonic 
esters and barbituric acids prepared from 2-bromo- and 3-bromopentane 
which had been made by the above method had similar physical character- 
istics. Dr. M. S. Kharasch, in discussing these reactions with one of us, 
pointed out that even rapidly distilling either of the 2 or 3-pentanols with 
hydrobromic acid should result in a rearrangement tending to give the same 
equilibrium mixture of 2 and 3-bromopentane, the exact proportions of 
the isomers depending on the conditions of the reaction. 

We were later informed of the quantitative determination made by Dr. 
Sherrill and her co-workers,ll now published, in which the values of the 
D line of 2-bromopentane and 3-bromopentane were shown to be a t  20°, 
1.4412 and 1.4443, respectively. Since Lucas, Simpson and Carter12 
have shown that there is a linear relation between the composition and 
refractive index, one can determine by calculation that the bromide ob- 
tained by Sherrill from diethylcarbinol and hydrobromic acid was a mixture 
of 71Yo 2-bromopentane and 29Yo 3-bromopentane, while that obtained 
from propylmethylcarbinol was a mixture of 81Y0 2-bromopentane and 19Yo 
3-bromopentane. 

It is evident that the preparation of sec.-amyl bromides by the usual 
methods results in mixtures and this circumstance doubtless obtains for 
the higher secondary bromides. In  order to be sure then of the homo- 
geneity of secondary bromides, one should use the method of Kharasch as 
described in detail by Sherrill, which gave as judged by the refractive index 
a 2-bromopentane slightly purer than that obtained by Lucas and Moyse.13 

When the bromopentane obtained by rapidly distilling propylmethylcarbinol with 
48% hydrobromic acid was washed and dried as directed by Sherrill, and fractionated, 

7 Adams, Voorhees and Shriner, "Organic Syntheses," John Wiley and Sons, Itlc., 
New York, 1928, Vol. VIII, p. 92. 

s Thorpe and Kon, ibid., 1925, Vol. V, p. 37. 
9 Kamm and Marvel, ibid., 1921, Vol. I ,  p. 1. 

10 Norris, Am. Chem. J., 38, 626 (1907); THIS JOURNAL, 38, 1075 (1916); MC- 
Cullough and Cortese, ibid., 51, 225 (1929). 

" (a) Sherrill, Otto and Pickett, ibid., 51, 3023 (1929); (b) Sherrill, Baldwin and 
Haas, ibid., 51, 3034 (1929). 

l2 LUCBS, Simpson and Carter, ibid., 47, 1462 (1925). 
l3  Lucas and Moyse, ibid., 47, 1459 (1925). 
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two main cuts were obtained, one boiling a t  117-118°, having a refractive index n2z 
1.4416, the other boiling a t  118--118.5", with a refractive index 722 1.4418, corresponding, 
respectively, to 87 and 81% of 2-bromopentane. In another trial, a 118-119° cut from 
technical pr~p~lmethylcarbinol was used. The two main cuts of the bromide boiled 
a t  116.E~-117~, with a refractive index n: 1.4413, and 117-117.5", with a refractive 
index n2$ 1.4415, corresponding, respectively, to 97 and 90% of 2-bromopentane. 

On distilling diethylcarbinol with 48% hydrobromic acid, a bromopentane is ob- 
tained which on fractionating gave a main fraction boiling at 117', with a refractive 
index n2: 1.4433, corresponding to 68% of 3-bromopentane. However, when diethyl- 
carbinol, obtained from technical alcohol, was used, the resulting bromides could be 
separated into two main fractions, one boiling a t  115-116O, having a refractive index 
n2$ 1.4419, and the other boiling a t  116-117", having a refractive index n: 1.4425, 
corresponding, respectively, to 77 and 58% of 2-bromopentane. 

This explains then why rnalonic esters prepared from these secondary alkyl bromides 
had a wider range of refractive indices and boiling points than did the malonic esters 
containing primary alkyl groups. Since the see.-hexyl and -heptyl bromides used in 
this research were prepared in an analogous manner, similar rearrangements may have 
occurred. 

When isopropylmethylcarbinol is distilled from 48y0 hydrobromic acid, the dis- 
tillate is a mixture oi amylene, tert.-amyl bromide and some 2-bromo-3-methylbutane.'" 

Mono-alkyl Malonic Esters.-The usual methods of preparing the mono-alkyl sub- 
stituted malonic esters were employed,l%o marked differences being observed in the 
yields from the primary and secondary aliphatic bromides. In actual practice it is 
unnecessary to use an amount of alcohol more than 10 times the weight of the sodium. 
The yields of the mono-substituted esters were generally greater than of the correspond- 
ing disubstituted esters and the reaction was completed in less time. 

Dialkyl Malonic Esters.-The usual method of preparing the disubstituted malonic 
esters was employed when primary bromides were used. The use of iso-amyl chloride 
instead of iso-amyl bromide in the preparation of diethyl iso-amylethylmalonate did 
not lower the yield. When the sec.-amyl or -hexyl bromides were used the yields by the 
above methods were quite low, although the secondary group was introduced last. 
If, however, most of the alcohol was removed from the sodium salt of the mono-substi- 
tuted ester before the bromide was added, the yields were bettered. 

Diethyl hydroxyethylethylmalonate was obtained in a 27% yield when ethylene 
chlorohydrin was caused to react in the usual manner with sodium diethyl ethylmalonate. 
In contrast to diethyl hydroxyethylmalonate, it  can be distilled under vacuum without 
decomposition. A better yield would undoubtedly be obtained if benzene were used in 
place of the alcohol. 

Mono-substituted Barbituric Acids.-The mono-substituted barbituric acids were 
prepared by condensing the mono-substituted malonic esters with urea in absolute al- 
cohol in the presence of sodium ethylate,' gently reflusing for two to three hours. Too 
prolonged refluxing causes a poor yield. They were isolated and purified in the usual 
manner. 

Disubstituted Barbituric Acids.-Certain of the allyl-alkyl barbituric acids were 
prepared by the interaction of ally1 bromide on the sodium salt of the desired mono- 

14 Wischnegradsky, Ann., 190, 328 (1878), obtained tertiary halides instead of 
secondary halides on treating isopropylmethylcarbinol with aqueous hydrochloric and 
hydriodic acids a t  40'. 

15 Adams and Kamm, "Organic Syntheses," John Wiley and Sons, Inc., New York, 
1924, Vol. IV, p. 11. 
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substituted barbituric acid l6 The most satisfactory yields were obtained when the 
barbituric acid was dissolved in a molecular quantity of 25 to 35% aqueous potassium 
hydroxide, to which was added somewhat in excess of a mole of ally1 bromide and 
alcohol to about 10% of the total volume. The reaction was carried out in a shaking 
machine, from forty to fifty hours' time being required. Without the alcohol the 
reaction proceeded more slowly. The disubstituted acids were isolated and purified 
in the usual manner. 

Most of the disubstituted barbituric acids were prepared by Fischer's 
method with the exception that a prolonged refluxing in a boiling water 
bath or on the sand-bath advantageously replaced the briefer period of 
heating in an autoclave. In some instances, after refluxing for one hour, 
most of the alcohol was removed under vacuum and the solid residue was 
heated in a boiling water-bath for four hours. 

Technique.-In carrying out the fractional distillation under vacuum i t  
was found that the refractive index was a better measure of purity than the 
pressure and boiling point. Consequently fractionation was repeated until 
a middle portion having a constant refractive index (or relatively constant 
in the instance of esters having a secondary group) was obtained. 

The refractive indices were determined with an Abbe refractometer, 
with the temperature held constant to 0.2'. Duplicate observations taken 
on different days checked within one point in the fourth place. 

The fractional distillation was carried out with the Fischer and Harries1' 
apparatus which permits the fractionation to proceed while samples are 
being removed. Instead of the Claisen flask, a 200- or 500-cc. round- 
bottomed pyrex flask was used to which was attached a 30-cm. column.18 
The temperature was recorded by an Anschiitz thermometer, the stem of 
which was entirely contained within the top of the fractioning column. 
During the course of the fractional distillation, even though the tempera- 
ture was constant, repeated small cuts were made in order to obtain more 
data on the refractive index of the distillate. 

No attempt was made to obtain the ultimate analysis of the esters since 
they were to be used as intermediates. The constancy of boiling point and 
refractive index served as the basis for making the cuts. Two or more 
preparations of each of the esters and barbituric acids have been made 
during the course of this investigation. 

The mono- and disubstituted malonic esters prepared are given in Tables 
I and 11. The yields are reported only for the ester having the described 
physical properties. In every instance refractionation of the lower cuts 
would have increased the yield. 

l6 (a) Volwiler, THIS JOURNAL, 47,236 (1925); (b) Preiswerk, U. S. Patent 1,444,802 
(1923); (c) Dox, U. S. Patent 1,615,870 (1927). 

l7 Fischer and Harries, Ber., 35, 2158 (1902). 
lS This column had an internal diameter of 2 cm. and is indented as described in 

'&IS JOURNAL. 39, 2718 (1917). 
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TABLE I 
MONO-S~ST~TUTED MALONIC ESTERS 

Diethyl malonate derivatives 

B-Hydroxyethyla 
Set.-buty13" 
n-Amy18 
Iso-amy13" 
Diethylcarbinyl 
Propylmethylcarbinylc 

Cyclopentyl 

Boiling point 
Yield, % "C. Mm. D 

8.3 136-137 15 1.4312' 
50.8 94-95 3 1.4248 
44 121-123 6 1 .4253 
54.4 102 3 1.4255 
35.5 100-102 3 1.4276 
50.5 103-104 4 1.4273 
56 113.8 4 1.4434 

" Traube and Lehmann, Ber., 32, 720 (1899), first described this ester. Cretcher, 
Koch and Pittenger, THIS JOURNAL, 47, 3083 (1925), were unable to distil hydroxy- 
cthylmalonic ester prepared from ethylene oxide and malonic ester without decomposi- 
tion. We treated an absolute alcoholic solution of 1 mole of the sodium salt of malonic 
ester with 1.05 moles of ethylene chlorohydrin in the usual manner. The low yield 
obtained was due both the fact that most of the malonic ester had not entered into the 
reaction and that decomposition occurred during the fractionation. Refractive index 
a t  25". " Boedecker, U. S. Patent 1,739,662, gives 122-125' at 13 mm. 

TABLE 11 

DISUBSTITUTED MALONIC ESTERS 
Boiling point 

Diethyl malonate derivatives Yield, % 'C.  Mm. 

n-Butyl-ally1 80 127-131 11-12 
~ e r . - b ~ t y l - e t h y l ~ ~  39 100-103 3 . < M  
j3-Hydroxyethyl-ethyl 27 128-131 6 
n-Amyl-ethyl3 39.7 136.5 10 
~ s o - a m ~ l - e t h ~ l ~ ~  41 130.5 10 
~ec.-butylcarbinyl-ethyl4b 29.8 141-143 15 
~ro~~lmethylcarbin~l-ethyl4b 27 111-112.5 4 
Diethylcarbinyl-ethyl 20 110-112 4 
Isopropylmethylcarbinyl-ethyl 10 110-116 7 
Cyclopentyl-ethyl 48 115.4-116 2 4 
n-Butylmethylcarbinyl-ethyl 33-43 126-134 9 
Di-n-propylcarbinyl-ethyl 31 127-133 10 
Phenylethyl-ethyl 39 173-177 5 
n-Heptyl-ethyl 62 1435 3 5 

" Refractive index a t  25". 

Boiling Points.-The following boiling points were observed: for diethyl ethyl- 
malonate, 92.2" at 10 mm., 106' a t  19 mm., 115.5' at 30 mm , 121 " at  40 mm. ; for di- 
ethyl iso-amylethylmalonate, 121.5' a t  6 mm., 130.5' at 10 mm., 143.5' a t  20 mm., 154' 
a t  30 mm.; for diethyl iso-amylmalonate, 104.4" a t  4 mm., 119.5' a t  8 mm., 125.5O 
at  10 mm., 137.5" a t  19 mm. and 146.5" a t  29 mm. 

Tables 111 and I V  describe the mono- and disubstituted barbituric acids prepared 
from the above described esters. 

Isopropylmethyl~rbinyl-ethylbarbituric acid was prepared in the usual manner 
from the corresponding malonic ester in an exceedingly low yield. I t  melts a t  183- 
186 O and is physiologically active. An amount of the barbituric acid sufficient for analy- 
sis and complete phannacological testing was not prepared. 

The di-n-propylcarbinyl-ethylbarbituric acid prepared gave a nitrogen value al- 
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TABLE: 111 
MONO-SUBJTITUTED BARBITURIC ACIDS 

Yield, M~lt ing point, Nitrogen, yo 
Barbituric acid derivative % C. (corr.) Calcd. Found 

Propylmethylcarbinyl" 76 164-166 14.14 14.47 14.33 
I3iethylcarbinylb 69 165-168 14.14 14.58 14.63 
Cyclopentyl 51 221-223 14.29 13.97 13.95 

" Boedecker, U. S. Patent 1,739,662 gives 162-163', corr. German Patent 
293,163 describes a diethylcarbinyl barbituric acid having a melting point .of 198 O. 

TABLE IV 

DISUBSTITUTED BARBITURIC ACIDS 
Yield, Melting point, Nitrogen, % 

Barbituric acid derivative % O C .  (corr.) Calcd. Found 

Propylmethylcarbinyl-ethyla 52 128.5-130 12.39 12.50 12.59 
Diethylcarbinyl-ethyl" 36 127-129 12.39 12.00 11.88 
~ec.-butylcarbinyl-ethyl4b 54 5 136-138 12.39 12.57 12.59 
Cyclopentyl-ethyl 73 182-183 12.50 12.40 12.48 
n-Butylmethylcarbinyl-ethyl 42 121-123 11.66 12.17 1208 
p - ~ ~ d r o x y e t h ~ l - e t h ~ l ~  67 178 . . . . . . . . . . . . .  
Propylmethylcarbinyl-ally1 50 86-88 11.76 12.01 12.04 
Diethylcarbinyl-ally1 . . Wax-like 11.76 . . . . . . . . . .  
Cyclopentyl-ally1 23 161-163 11.86 11.63 11.58 
n-Butyl-allylc 58 125-125.5 . . . . . . . . . . . . .  

" German Patent 293,163 describes both of these barbituric acids but gives a 
melting point of 162" for the diethylcarbinyl-ethylbarbituric acid. I t  was found 
possible to prepare the 0-hydroxyethyl-ethylbarbituric acid in the usual manner from 
diethyl hydroxyethylmalonate. Cretcher, Koch and Pittenger, THIS JOURNAL, 47, 
3083 (1925), using an indirect method, obtained a melting point of 176" (corr.) for this 
acid. " Prepared from diethyl n-butyl-allylmalonate instead of by the action of ally1 
bromide on potassium n-butylbarbiturate, as described by V~lwiler.~' 

most 1% above the theoretical and melted around 158". An acid melting about 10" 
lower was also obtained; both were physiologically active. 

n-Butylmethylcarbinyl-ethylbarbituric acid. When the crude acid was recrys- 
tallized from a benzene-gasoline solution and then from dilute alcohol, two fractions were 
obtained; the major fraction melted a t  122.5", and had 12.08 and 12.17% of nitrogen, 
while the minor fraction melted a t  106' and had 11.70 and 11.95%. Both were equally 
effective as hypnotics. The higher-melting product is presumed to be the n-butyl- 
carbinyl-ethylbarbituric acid isomer. 

Discussion 

The disubstituted barbituric acids described are readily soluble in hot 
benzene (in contrast to the slight solubility of the mono-substituted) and 
can be crystallized from benzene or dilute alcohol. The one exception 
was the diethyl-allylbarbituric acid which precipitated as an oil, hardening 
on standing. These barbituric acids are almost insoluble in water, but 
dissolve readily in dilute sodium hydroxide solutions. 

That the aqueous solutions of the alkali metal salts of the disubstituted 
barbituric acids are not indefinitely stable does not seem to  be generally 
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recognized outside of the chemical laboratory. Solutions of some of these 
salts show evidences of decomposition after a few days' standing. When 
a 5 or 10% solution of the sodium salt is boiled but for a short time, the 
ring is ruptured and ammonia is evolved. After a more prolonged boiling, 
a solid separates out as the solution cools. In the case of sodium iso-amyl- 
ethylbarbiturate, this solid was shown to be iso-amyl-ethylacetylurea. 
The amount of the precipitate which occurs after boiling an aqueous solu- 
tion is not a measure of the full extent of the ring cleavage. 

Initial decomposition can be detected by slowly adding a 1: 10 solution of 
hydrochloric acid to the cold solution of the sodium barbiturate until the 
precipitation of the barbituric acid is complete, filtering off the precipitate, 
washing it with water and drying for a few hours at  70 and SO0. If there 
has been any decomposition the melting point will be lower than that of 
the pure barbituric acid initially used to prepare the salt. Since the dif- 
ference may be only a few degrees, the melting points of the control and 
the test sample should be run a t  the same time. 

It is essential in preparing solutions for biological study that any excess 
of alkali over one molar proportion should be avoided, that only a mini- 
mum amount of warming should be employed, and that only freshly pre- 
pared solutions be used. 

Various salts of ammonia, mono-alkyl- and dialkylamines were prepared 
by dissolving the above-described barbituric acids in an excess of a solution 
of the volatile base and then evaporating the excess of the base and solvent 
until the solid salt was obtained. I t  was found that unless the salt was 
protected from exposure to air, the loss of the volatile base continued, 
leaving a mixture of the barbituric acid and the salt which was not water 
soluble. lg 

The addition of alcohol or glycerin to aqueous solutions of the various 
sodium barbiturates lessens the rate of decomposition. If, further, a 
weak organic acid is added to just short of the point of precipitation, the 
stability is further increased because of the lowering of the alkalinity. 
In  this way solutions of the salts of more labile barbituric acids may be 
stabilized for some months. An absolute alcoholic solution of a sodium 
barbiturate does not decompose on boiling. The different barbituric 
acids exhibit varying rates of decomposition under the same conditions, 
those with a greater molecular weight usually being the more readily de- 
composed. 

The alkali metal salts are best prepared by concentrating under vacuum 
non-aqueous solutions of equimolar proportions of the alkali metal hydrox- 

l9 Kubli, U. S. Patent 1,316,047, has prepared various alkylamine salts of bar- 
bituric acids with the expectation of overcoming the decomposition caused by the 
strong alkaline solution of the sodium salts. We have observed that the ampouled 
solution of Somnifen, an alkylamine salt of allyl-isopropylbarbituric acid, has de- 
composed in standing, forming the usual alkali-insoluble precipitate. 
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ide and the barbituric acid until the salt is obtained in solid form. The 
alkali metal salts of the barbituric acids of higher molecular weight are 
more hygroscopic than those of a lower molecular weight. 

The calcium and magnesium salts are less soluble than the sodium, 
potassium or lithium salts, and may be prepared by adding the calculated 
amount of a soluble salt of the desired alkaline ~ a r t h  metal to a solution of 
the sodium barbiturate, and concentrating until a precipitate of the alkaline 
earth barbiturate occurs.20 

No attempt will be made to report extensive pharmacological data, nor 
will any theory be advanced as to the mode of action of the barbituric 
acids. However, the exceedingly prompt effect following intravenous in- 
jections of solutions of their sodium salts and the relatively delayed ap- 
pearance of unchanged barbituric acid in the urine are presumptious of the 
functioning of the intact molecule. 

The effective and fatal doses were obtained by injecting intraperitoneally 
into white rats freshly prepared 2% solutions of the sodium salts of the 
various barbituric acids. Animals of about 100 g. weight, which had been 
starved for twenty-four hours previous to the injection, were used. The 
effective dose reported (M. E. D.) is that amount which will abolish reflexes 
when the inner ear is touched with a thin wooden applicator. (This depth 
of anesthesia is not sufficient to permit indiscriminate operative procedures 
to be carried out.) The M. I,. D. is that dose which caused the death of all 
or a majority of animals on that dose. Variations of as much as 75% in 
the amount of the identical lot of barbituric acid required to produce 
anesthesia and death have been noted when this lot was tested at  varying 
periods throughout a year.21 The percentage of the M. I,. D. required to 
produce anesthesia at  these various periods, however, was not materially 
different. The data reported in Table V were obtained under controlled 
conditions so that the doses may be compared with one another, taking into 
consideration that the usual biological variations obtain in these experi- 
ments in which the number of animals are employed is limited. 

No sedative or hypnotic effect was noted when large doses of the mono- 
substituted barbituric acids were injected. The replacement of a hydrogen 
in the j3-position in one ethyl group of diethylbarbituric acid by an hydroxyl 
group results in the loss of the hypnotic activity. The animals did not 
exhibit any toxic symptoms a t  the doses injected. 

It will be noted that diethylbarbituric acid and ~hen~lethylbarbituric 
acid give a similar value for M. L. D./M. a. D. and it is this fact that has 

20 Quade, U. S. Patent 1,461,831, prepared the calcium and magnesium diethyl- 
barbiturate by digesting an aqueous solution of diethylbarbituric acid with calcium 
oxide or magnesium carbonate and concentrating the filtrate, a method quite satis- 
factory for the more soluble barbituric acids. 

2' These variations were probably clue tn differences in strains of rats, seasonal 
changes, etc. 
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PHARMACOLOGICAL  DATA^ 
% of M L D. 

No M E D., M I,. D , required 
of mg per mg per to abolish 

Barbituric acid derivative animals kg. kg. ear reflexes M. E D. 

Diethyl 32 300 400 75 1 .33 
Phenyl-ethyl 24 175 240 73 1.37 
11-Amyi-ethyl 18 80 210 38 2 68 
Iso-amyl-ethyl 18 72 180 40 2.50 
Sec.-butylcarbinylethyl 18 80 210 88 2.63 
Propylmethylcarbit~ylethyl 18 3 5 90 39 2.57 
Diethylcarbinyl-ethyl 16 35 90 39 2 57 
Iso-propylmethylcarbinyl-ethyl 11 80 180 44 2.25 
Cyclopentyl-ethyl 18 80 180 44 2.25 
n-Butyl-ethyl 24 100 200 50 2.00 
Isobutyl-ethyl 24 110 260 42 2.36 
Sec.-butyl-ethyl 16 50 140 36 2.80 
Propylmethyl~arbin~l-allyl" 24 3 5 90 39 2.57 
Diethylcarbinyl-ally1 27 40 100 40 2.50 
Cyclopentyl-ally1 23 50 130 38 2.60 
n-Butylmethylcarbinyl-ethyl 20 00 140 43 2.33 
8-Hydroxyethyl-ethyl 7 Absent > 2000 
Diethylcarbinyl 5 Absent > 4000 
Propylrnethylcarbinyl 5 Absent > 5000 
Cyclopentyl 5 Absent > 1000 
Sec.-butyl 5 Absent > 1000 

" We are indebted to W. E. Fry for his careful and painstaking work in adrninister- 
ing the solutions of the sodium salts and in observing the condition of the  animals a t  
regular intervals after the administration of each compound. 

Boedecker and Ludwig, Arch. exp. path. Pharmkol. ,  139, 361 (1929), mention 
this acid. 

undoubtedly led to the many statements that the various barbituric acids 
are not essentially different in their action. 

It is possible by varying the substituent groups to change or modify the 
pharmacological properties of the barbituric acids. Dimethyl and hy- 
droxyethyl-ethylbarbituric acids are devoid of hypnotic activity, while di- 
iso-amylbarbituric acid causes only muscular incoijrdination. Propyl- 
methylcarbinyl-ethylbarbituric acid is eight times as active as diethyl- 
barbituric acid, and twice as active as iso-amyl-ethylbarbituric acid. 
n-Butylmethylcarbinyl-ethylbarbituric acid is three times as active as its 
isomer, di-n-butylbarbituric acid. Sec.-butyl-ethylbarbituric acid is 
twice as effective as n-butyl-ethylbarbituric acid. While three-fourths of 
the M. 1;. D. of diethyl and phenyl-ethylbarbituric acid is required to pro- 
duce a state of anesthesia in rats, only two-fifths of the M. L. D. of the vari- 
ous amyl-ethylbarbituric acids are required. Death after the adminis- 
tration of a fatal dose of the amyl-ethylbarbituric acids occurs usually 
within the hour, while with diethylbarbituric acid it is delayed for ten to 



twenty-four hours. On the other hand, animals recover from a sub-lethal 
dose of iso-amyl-ethylbarbituric acid in half the time required for recovery 
from diethylbarbituric acid, indicating that the body is able to destroy or 
eliminate the one more readily than the other. Eddy,22 who administered 
various barbituric acids orally to cats, noted that they did not act in an 
identical manner. L o e ~ e n h a r t , ~ ~  found that iso-amyl-ethylbarbituric 
acid was more than five times as effective as diethylbarbituric acid in pro- 
tecting rabbits against death from procaine hydrochloride. 

When considered from a molecular basis, the differences are even more 
significant; for example, a molecule of iso-amyl-ethylbarbituric acid is five 
times as effective as a molecule of diethylbarbituric acid, while a molecule 
of propylmethylcarbinyl-ethylbarbituric acid is ten times as effective in 
producing anesthesia in rats. 

These changes, caused by varying the substituent groups, have been ob- 
served in mice, rats and dogs. It is quite probable that in man somewhat 
similar relationships hold qualitatively if not quantitatively. The selec- 
tion of the most suitable member of that group having the highest thera- 
peutic index, for medical use, must be dependent on additional pharma- 
cological factors. 

In  considering the isomeric amyl-alkylbarbituric acids, slight variations 
only are noted in the therapeutic index. It is probable that a lOyo varia- 
tion in this ratio may occur due to biological variations beyond the control 
of the investigator. Consequently one could not ascribe the differences 
obtained in the therapeutic index to differences in the structure of the 
amyl groups. With the isomeric butyl-ethylbarbituric acids the differ- 
ences in the therapeutic index seem too wide to be ascribed solely to bio- 
logical variation and indicate the superiority of the sec.-butyl group in this 
series. In the butyl-alkyl series, Volwiler '~~~ data show that while the sec.- 
b~ityl-allylbarbituric acid was effective a t  a lower dose than was the iso- 
or n-butyl derivative, it had the lowest ratio for M. L. D./M. E. D. This 
is in contrast to the butyl-ethyl series in which the sec.-butylethylbarbituric 
acid gives the highest therapeutic ratio. 

The most striking effect was the observation that the sec.-butylethyl and 
both the propylmethylcarbinyl and the diethylcarbinylethyl and allyl- 
barbituric acids were effective in half the amount required for the primary 
isomers. In contrast to this, isopropylmethylcarbinyl and cyclopentyl- 
ethylbarbituric acids were no more effective than the primary isomers, 
while the cyclopentyl-allyl-barbituric acid was almost as effective as the 
propyl-methylcarbinyl isomers. The pharmacological significance of this 
difference in the action of the secondary groups is being investigated. 

The therapeutic indices of the sec.-butyl, sec.-amyl and sec.-hexyl deriva- 

22 Eddy, J. Pharmacol . 33, 43 (1928). 
23 Knoefel, Herrick and Loevenhart, ibid., 33, 265 (1928). 



June, 1930 TWO ISOrnRIC  QUINONEDITHIOGI,YCOL,IC ACIDS 245 1 

tives show a slight decrease as the molecular weight increases, although 
less of the sec.-amyl derivative is required to produce anesthesia than of the 
set.-butyl or the sec.-hexyl derivatives. 

The writers wish to express their appreciation to Dr. G. H. A. Clowes, 
Director of the I,illy Research Laboratories, for his suggestions. 

Summary 
1. The following new esters of diethylmalonate have been prepared 

and described: diethylcarbinyl, cyclopentyl, n-butyl-allyl, p-hydroxyethyl- 
ethyl, diethyl-carbinyl-ethyl, isopropylmethylcarbinyl-ethyl, cyclopentyl- 
ethyl, n-butylmethylcarbinyl-ethyl, di-n-propylcarbinyl-ethyl, phenyl- 
ethyl-ethyl and n-heptyl-ethyl. 

2. The following new barbituric acids have been prepared and de- 
scribed: cyclopentyl, cyclopentyl-ethyl, n-butyl-methylcarbinyl-ethyl, pro- 
pylmethylcarbinyl-allyl, diethylcarbinyl-allyl, and cyclopentyl-ally1 barbi- 
turic acids. 

3. No marked difference was found in the ratio, M. I,. D./M. E. D. of 
the various isomeric amyl-ethyl or ally1 barbituric acids. The ratio ob- 
tained for the amyl group was, however, double that obtained for diethyl or 
phenyl-ethylbarbituric acid. The secondary isomers usually were effective 
a t  a much lower dose than were the primary. 
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TWO ISOMERIC QUINONEDITHIOGLYCOLIC ACIDS 
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In the course of some work on the formation and properties of a variety 
of thioindigoid derivatives, the preparation of a 1,4-benzoquinone-2,5- 
dithioglycolic acid was attempted. 

Usually the arylthioglycolic acids are prepared by alkaline condensation 
of the corresponding mercaptan with monochloro-acetic acid. As to the 
method of preparing the quinonedithioglycolic acids a general procedure 
was given by German Patent 175,070. According to this patent, p- 
quinones are found to react with substances represented by the general 
formula RSH (R representing an acid radical) as indicated by the equation 

Q + HSR -+ (j--R 
11 OH 
0 
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This reaction is said to proceed further when a second mole of quinone oxi- 
dizes the hydroquinone-monothio derivative to the corresponding quinone. 
A third and fourth RS group is said to be introduced by this method with 
primary formation of the corresponding hydroquinone derivatives by re- 
peating the reaction. 

The patent mentioned a variety of substances to be used as RSH. 
However, no reference could be found ior the reaction with thioglycolic 
acid, which apparently is of possible value. In fact, the reaction did not 
proceed, as we found, in the way indicated by the general equation given, 
since under all circumstances tested the reaction product consisted chiefly 
of two isomeric 1,4-benzoquinonedithioglycolic acids, which were separated 
by their different solubilities in ether. 

Upon treatment of the two isomers with dehydrating agents, they behave 
differently. The one which forms the main part of the reaction yields 
finally an intensely violet substance if added to an excess of chlorosulfonic 
acid. I t  dyes cotton (vat dye) as well as wool (acid dye) a greenish-blue 
color. The fact that condensation actually occurred makes it most likely 
that  the isomer in question is the 1,4-benzoquinone-2,5-dithioglycolic 
acid (2,6-substitution is unlikely but possible). 

The second isomer upon treatment in the above manner yielded no 
colored substance. Its structure therefore is given as the 1,4-benzoqui- 
none-2,3-dithioglycolic acid. 

The dual behavior of the thioindigoid dye prepared from the 2,5-isomer 
as noted above possibly gives a clue as to the structure of the dye obtained, 
even though it was not obtained in a sufficient degree of purity to insure 
reliable analysis. It will be discussed elsewhere. 

The 1,4-benzoquinone-2,5-(2,6?)-dithioglycolic acid was found to exist 
in two modifications: brown needles (from ether by precipitation with 
ligroin below 30-40') and a red powder m. p. 171 (from other solvents at  
elevated temperatures). The two modifications can be converted into 
each other and crystallized from water in deep violet, sometimes nearly 
black, needles containing one mole of water; the water of crystallization is 
lost a t  50-60' with formation of the intensely red colored modification 
mentioned above. 

Experiments 
Preparation and Behavior of the Two Isomeric 1,4-Benzoquinone-dithioglycolic 

Acids.'-After a number of preliminary experiments varying the relative amounts of 
the components, temperature of the reaction and solvents to be used, the following pro- 
cedure was finally adopted for the preparation and isolation of the two isomeric quinone 
dithioglycolic acids. Ten grams of quinone were dissolved in 100 cc. of chloroform and 
8.6 g. of thioglycolic acid dissolved in 100 cc. of chloroform was added. The reaction 
mixture first turned greenish-black (quinhydrone) but began to deposit a red precipitate 

1 The preliminary experiments were carried out with H. A. Beatty. 
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after thirty-six hours. After seventy hours the mixture was filtered and dried in a 
vacuum. Upon extraction with ether for twenty-four hours in a Soxhlet apparatus, a 
red residue was left. This residue was then extracted with benzene several times t o  
insure its freedom from hydroquinone and repeatedly recrystallized from water. Fi- 
nally violet (black) needles were obtained melting a t  205" (const.). The figures ob- 
tained by the analysis correspond well with the values for a I ,4-benzoquinonedithio- 
glycolic acid. 

Anal. Subs., 5 205 nig. Con, 7.904 mg.; H20, 1.461 mg. Subs., 0.1016: BaSOd, 
0.1697. Calcd. for C ~ ~ H ~ O O S ~ :  C, 41.04; H, 2.80, S, 22 26. Found: C ,  41.42; H, 3.14; 
S, 21 59. 

The ether extract was evaporated to dryness and extracted with benzene in a Soxhlet 
apparatus. The extraction was stopped when all of the hydroquinone present was dis- 
solved. Thc residue finally gave, on repeated recrystallization from water, violet 
(black) needles which melted a t  171' and analyzed well for 1,4-benzoqninonedithio- 
glycoIic acid plus one mole of water. 

Anal. Subs., 5.181 mg.: C02, 7.591 mg.; Bz0, 1.578 mg Calcd. for CI;H~OF,%.- 
HzO: C, 39.19; H, 3.29. Found: C, 39.96; H, 3.41. 

The water of crystallization is lost a t  about 60" with the formation of a bright red 
substance. Its formation is also noticeable when the melting point is determined. 
These red needles analyze well for a water-free quinonedithioglycolic acid. 

Anal. Subs., 5.301 mg.: C02, 8.066 mg.; Hz0, 1.606 mg. Calcd. for Cl&sO&: 
C, 41.66; H, 2.80. Found: C, 41.50; H, 3.39. Subs., 0.0155: after drying it1 a vacuum 
of 13 mm. to constant weight, 0.0145; diff , 0.0010. Calcd. for CloHsOaSz.Hz0: HzO, 
5.89. Found: H,O, 6 45. 

Upon the recrystallization from water of both isomers an appreciable amount of 
substance is lost, the mother liquors become brown and contain decomposition products 
of the original acid. These mother liquors, upon acidification, dye wool a clear and fast 
brown color; the substances found have not been investigated. 

The hydrated and water-free modifications are interconvertible. Both forms dis- 
solve in ether giving an orange-red solution and are precipitated from such solutions 
in the form of brown needles by an excess of ligroin. These needles apparently represent 
a second water-free modification (containing no solvent of crystallization). It is stable 
only a t  low temperatures, since it was found that when the ligroin precipitation is carried 
out a t  40° the red modification is obtained immediately. The brown modification 
upon recrystallization from water also yields the violet (black) needles containing one 
mole of water. 

The two isomeric quinonedithioglycolic acids described are the main products of the 
reaction. There are, however, other substances formed and found in the various ex- 
tracts and mother liquors. Their isolation has not yet been attempted due to the com- 
paratively small amounts formed. 

The 1,4-benzoquinonedithioglycolic acid, m. p. 205", was treated in the usual man- 
ner with chlorosulfonic acid but was found not to condense. The acid, therefore. is 
most likely the 1,4-benzoquinone-2,3-dithioglycolic acid 

The second isomer, m. p. 171°, condensed readily upon heating with an excess of 
chlorosulfonic acid for twelve hours a t  50-70'. The thioindigoid dye was isolated. 
This isomer therefore represents a 1,4-benzoquinone-2,5(2,6?)-dithioglycolic acid. 

Summary 
Two isomeric benzoquinonedithioglycolic acids have been prepared. 

Their structures are given and their properties described. Upon condensa- 
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tion with chlorosulfonic acid the 1,4-benzoquinone-2,5-(2,6?)-dithioglycolic 
acid forms a thioindigoid dye. 

CHICAGO, ILLINOIS 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OF THE JOHNS HOPKINS UNIVERSITY] 

THE EFFECT OF DISSOCIATED WATER VAPOR ON CERTAIN 
VEGETABLE OILS 

BY G. I. LAVIN AND E. EMMET REID 

RECEIVED FEBRUARY 15, 1930 PUBLISHED JUNE 6, 1930 

Introduction 
Bonhoefferl has shown that atomic hydrogen will attack the double 

bond in a straight-chain compound like oleic acid. Watermann and 
Bertram2 found that active hydrogen (dried) caused the oleic acid to 
undergo a polymerization along with the hydrogenation. Wood3 has con- 
ducted some experiments with cottonseed oil and atomic hydrogen and 

obtained a white solid. In a recent paper Urey and I,avin4 have shown 
that  water vapor dissociated in a discharge tube is an energetic reducing 
agent and it is the purpose of this note to describe some experiments carried 
out with dissociated water vapor and cottonseed oil. 

Apparatus.-The apparatus used is shown in the accompanying dia- 
gram. It consists essentially of a source of water vapor A, a capillary B, 
discharge tube C and traps E and I?. 

Bonhoeffer, 2. physik Chem., 113, 199 (1924). 
a Watermann and Bertram, Chem. Umschau Fette, Oele, W'achseu. Harze, 34, 255 

(1927). 
Private communication. 
Urey and Lavin, THIS JOURNAL, 51, 3290 (1929). 
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Experimental 
The cottonseed oil was poured into the first trap E, so that i t  formed a 

film on the walls; the second trap F was cooled with dry ice and ether to * 

protect the pumps from water vapor. Under the influence of the active 
gas from the discharge the oil was almost immediately converted into a 
solid. 

The reaction takes place rapidly and appears to go best on the walls; 
the product forms as a tightly stretched film or skin. A small piece of 
iron was placed in the bulk of the oil and by the use of an electromagnet 
it was possible to stir the mass and so renew the oil surface. With this 
arrangement it was easy to observe the continued formation of the film. 

The product is a white solid, fibrous and resilient. It is insoluble in 
water and in all of the organic solvents tried and can be washed free of un- 
changed oil by ether. When the solid is shaken with ether i t  seems to 
absorb the ether and swells somewhat. The substance does not melt but 
chars. Under the same conditions olive oil, linseed oil and castor oil yield 
white, insoluble substances which have similar properties. 

Summary 
I t  has been shown that cottonseed oil is attacked by the active gas from 

a water vapor discharge tube. Fibrous substances are produced which are 
insoluble in ether and other organic solvents. Olive oil, linseed oil and 
castor oil yield similar compounds. 

BALTIMORE, MARYLAND 

[CONTRIBUTION PROM THE CHEMISTRY LABORATORY OF THE UNIVERSITY OF MICHIGAN] 

THE ACTION OF THE SYSTEM Mg f MgBr, UPON 
TRIPHENYLCARBINOL, TRIPHENYLBROMOMETHANE AND 

UPON TRIPHENYLMETHYL1 

BY M. GOMBERG AND W. E. BACHMANN 

RECEIVED F~BRUARY 17, 1930 PUBLISHED JUNE 6, 1930 

The method used by Conant2 for the reduction of carbinols directly to 
free radicals suggested that a similar reduction, but in non-aqueous sol- 
vents, might be accomplished by the system Mg + MgBr2.3 Triphenyl- 
methyl was actually produced in this manner from triphenylcarbinol, but 
its formation, we found, was brought about by a secondary reaction, and 
not by direct reduction of the carbinol. 

When a solution of triphenylcarbinol in a mixture of ether and benzene 
From a paper presented before the Division of Organic Chemistry, American 

Chemical Society, at the third Organic Symposium, Princeton, New Jersey, Decemberg 
1929. 

Conant, THIS JOURNAL, 45, 2466 (1923). 
3 From experiments by Dr. F. J. Van Natta, this Laboratory. 
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is heated with magnesium bromide alone, the basic salt, MgBr(0H)-- 
(CzHb)zO, precipitates from the solution, and the reaction proceeds to the 
extent of 75-80%, as follows 

(C8Ha)aCOH + MgBrz --+ (CaH5)rCBr + MgBr(0H) (1) 

When, however, the carbinol is heated with a mixture of MgBrz + Mg, 
and the reaction product is treated with water in absence of air, there 
results a mixture, in varying proportions, of triphenylmethyl and tri- 
phenylmethane. The former was interpreted as originating from the 
action of metallic magnesium on carbinol bromide (Equation 2), and the 
methane as coming from some triphenylmethylmagnesium bromide 
(Equation 3) ; triphenylchloromethane is well known to  give an analogous 
Grignard reagent. 

2(Cf,H5)3CBr + Mg -+ 2(CsHs)aC 4- MgBrz (2) 
Mg HOH 

(C6H6)3CBr -+ (CoH5)3CMgBr ---+ (CBH~)~CH + MgBr(0H) (3) 

Our erstwhile interpretation that Reactions 2 and 3 are merely compet- 
ing reactions became untenable when i t  was found that the longer the 
reaction mixture (carbipol + Mg + MgBrz) is heated, the less triphenyl- 
methyl and the more triphenylmethane (i. e., Grignard reagent) is ob- 
tainable. Instead of competing, the triphenylmethyl represents, i t  
seemed, an intermediate stage in the formation of the final magnesium 
compound 

In  order to test this conclusion we studied in detail the reaction between 
triphenylbromomethane and magnesium. 

One gram-mole of the carbinol bromide was found to react with one 
gram-atom of magnesium, and the Grignard reagent is produced in prac- 
tically quantitative yield. However, when only one-half that amount of 
metal is used, no Grignard reagent is present a t  the end of the reaction 
and the solution contains only triphenylmethyl and magnesium bromide, 
as may be represented by Equation 2, although the mechanism may, in 
reality, be more complex than indicated (see page 2459). If an additional 
one-half gram-atom of magnesium is now added a t  this stage, the tri- 
phenylmethyl is completely converted into triphenylmethylmagnesium 
bromide. Obviously, the second part of the process must consist in the 
reaction 

~(C~HE,)~C MgBrz Mg = 2(CsH5)3CMgBr (5) 

This inference has been verified by experiment. Pure triphenylmethyl 
has been found to react with the binary system quantitatively in accord- 
ance with Equation 5. 

The failure to recognize that triphenylmethyl is an intermediate stage 
in the production of triphenylmethylmagnesium halide has been the cause 
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of the many perplexing contradictions in the discussion on this subject by 
Schmidlin and Chichibabin.' 

That free radicals with a transitory existence play an important role 
in the mechanism whereby a Grignard reagent is formed has been previously 
suggested by us:S (a) MgXz (activator) + Mg BMgX, or in 
absence of activator, RX + Mg = R + MgX; (b) RX + MgX = R + 
MgX2; (c) R + R = RR; (d) R + MgX = RMgX, (c)  and (d) being two 
competing reactions. Recently KinneyG and Gilman and co-workers7 have 
interpreted the formation of the Grignard reagent substantially in accord- 
ance with our hypothesis. The latter investigators also remark that "it is 
possible to prepare triphenylmethylrnagnesium iodide from triphenylmethyl 
and magnesious i ~ d i d e , " ~  but no experimental details are given. 

The results here presented constitute a realization of our surmise- 
a Grignard reagelzt can be produced from a free radical and the system llPgX2 
+ Mg. 

Experimental 

Triphenylmethylmagnesium Bromide 

Schmidlin, who first prepared triphenylmethylmagnesium chloride, found it  neces- 
sary t o  use iodine as  an activator and to heat the mixture of the reactants for several 
hours or, otherwise, instead of the normal "&modification," there was produced much 
of the "a-modification," presumably a quinonoid isomer. This so-called or-modification, 
in our opinion, is largely the ether complex of triphenylmethyl. 

We now find that  the carbinol bromide reacts far more readily than the chloride. 
No activator is needed, the reaction proceeds a t  room temperature, and more rapidly 
on gentle warming. The triphenylmethylmagnesium bromide is only slightly soluble 
in ether, but is soluble in a mixture of one part of ether and two parts of benzene, and 
we used largely such a mixture. For more rapid reaction, magnesium powder or ribbon 
was employed, but for study of the rate of reaction we used magnesium rods, about 
1.5 X 0.7 cm. ; the rods could be quickly removed from the solutions in large test-tubes, 
weighed and replaced for continuation of the experiment. A number of experiments 
were carried out, varying the amount of magnesium used and varying the time allowed 
for the reaction from a few minutes to  over a year. I t  was definitely established tha t  
not more than a gram-atom of magnesium enters into the reaction under any conditions 
(Equation 3). 

Triphenylbromomethane, 16.2 g., and 1.34 g, of magnesium ribbon (calcd. 1.22 g.) 
in a mixture of 25 cc. of ether and 50 cc. of benzene were heated on a steam-bath. The 

'Schmidlin, Ber., 39, 628, 4183 (1906); 40, 2316 (1907); 41, 423, 430 (1908) 
Chichibabin, ibid., 40, 3965 (1907); 42, 3469 (1909). 

Gomberg and Bachmann, THIS JOURNAL, 49, 256 (1927). 
C. R. Kinney, in a paper before the Division of Organic Chemistry of the Ameri- 

can Chemical Society a t  the meeting in Minneapolis, Minnesota, September, 1929. 
' Gilman and Fothergill, THIS JOURNAL, 50, 3334 (1928); Gilman and Kirby, 

ibid., 51,1572 (1929). 
Gilman and Fothergill, cbzd , 51, 3152 (1929). The same information, in the 

same terms, was communicated in a letter to one of us (G ) in February, 1929, when 
the results described in this paper had been already well established in this Laboratory. 
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solution was protected against access of air and against light in order to  prevent de- 
composition of the triphenylmethyl. The reaction was apparently completed in less 
than one hour. The clear solution was filtered from the slight excess of magnesium 
through a sintered glass funnel and hydrolyzed, all in an atmosphere of nitrogen. The 
loss in weight of the magnesium was 1.20 g. The Mg(0H)c in the hydrolyzed mixture 
required for neutralization 48.7 cc. of N HzS04, calcd. 50.0 cc. The crude triphenyl- 
methane, obtained on evaporation of the ether-benzene solution, was recrystallized 
from benzene; weight 15.66 g., which is equivalent to  11.74 g. of benzene-free triphenyl- 
methane. The quantity of the latter, the amount of Mg(0H)z and the weight of me- 
tallic magnesium that had dissolved show that the yield of the Grignard reagent was 
96-97y0. 

I n  another experiment, the triphenylmethylmagnesium bromide was carbonated 
and the yield of triphenylacetic acid was practically quantitative. 

Triphenylmethylmagnesium bromide and iodide can be readily prepared from the 
chloride. An equivalent amount of the corresponding magnesium halide is added to the 
solution of the carbinol chloride, whereupon magnesium chloride precipitates. The 
latter does not interfere with the subsequent course of the reaction. Activation by 
means of iodine, when the carbinol chloride is employed, is undoubtedly equivalent to  
adding magnesium iodide. 

Isolation of the Grignard Reagent.-When to a concentrated solution of triphenyl- 
methylmagnesium bromide in benzene-ether a further amount of ether is added, the 
etherate of the Grignard reagent comes down as granular crystals. For purposes of 
analysis i t  was prepared as follows. A rod of magnesium was allowed t o  react a t  room 
temperature with a solution of 8 g. of triphenylbromomethane in 75 cc. of ether-benzene 
( 2 : )  After one day the rod was coated with a deposit of large colorless transparent 
prisms. When a sufficiently large crop of these crystals had collected, they were de- 
tached from the rod, freed from some triphenylmethyl by washing with ether, and dried 
in a current of nitrogen. For analysis, a sample was hydrolyzed and the resulting 
products-triphenylmethane, Mg(0H)z and bromo ion were determined. 

Anal. Subs., 1.592 g. Calcd. for (C6Hs)3CMgBr.2(C2Hs)z0: (C6H&C, 49.1 ; 
Mg, 4.9; Br, 16.1. Found: (C~HS)~C, 48.7; Mg, 4.9; Br, 16.2. 

Triphenylmethyl from Triphenylbromomethane and Magnesium 

Triphenylbromomethane (1 Mole) + Mg (0.5 Atom).-A mixture of 16.2 g. of tri- 
phenylbromomethane and 0.6 g. of magnesium ribbon in 25 cc. of ether and 50 cc. of 
benzene was heated on the steam-bath. In half an hour all the magnesium disappeared. 
N o  magnesium hydroxide was produced when the mixture was hydrolyzed; consequently, 
no Grignard reagent had been present. Air was passed into the ether-benzene solution, 
and 10.4 g. of pure triphenylmethyl peroxide was obtained, which, assuming a n  80% 
yield, corresponds to about 12.2 g. of triphenylmethyl, calcd. 12.15. No triphenyl- 
methane was found in the filtrate from the peroxide. 

We have represented the formation of triphenylmethyl by Equation 2. Actually, 
the  mechanism may be more complex. Indeed, Schmidlin has shown that triphenyl- 
methylmagnesium chloride can enter into reaction with triphenylchloromethane, giving 
rise t o  triphenylmethyl, and he ascribed to this reaction the presence of any triphenyl- 
methyl in admixture with his preparations of the Grignard reagent 

(C6H5)aCMgX -I- (C6Ha)aCX = 2(CeH5)3C + MgXz (6 )  
With our reagents we find that this reaction proceeds rapidly and completely. When to 
a solution of triphenylmethylmagnesium bromide an equivalent amount of triphenyl- 
bromomethane is added and the mixture is warmed for a few minutes, triphenylmethyl 
results in quantitative yield. 
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In view of the rapidity of Reaction 6, it seems quite likely that triphenylrnethyl is 
produced not as represented in Equation 2 but by inter-reaction of Grignard reagent, 
initially formed, and unchanged triphenylbromomethane, i. e., in two successive steps 
represented by the equations (3) and (6), respectively. 

Triphenylmethyl + Mg + MgBrz (or MgIa) 

A number of experiments were performed on solutions of the free radical which had 
been prepared either according to Equation 6 or from triphenylchloromethane by means 
of silver or zinc. The results were quite satisfactory, but in order to make certain that  
our solutions of the radical were entirely free from any possible admixture of carbinol 
halide, the work was repeated with pure triphenylmethyl that had been recrystallized 
from acetone. 

To a solution of 14.3 g. of triphenylmethyl in 60 cc. of benzene was added a solution 
of 9 g. of anhydrous magnesium bromide (prepared from HgBrz + Mg)9 in 40 cc. of 
benzene and 60 cc. of ether. A small quantity of crystals precipitated, presumably a 
molecular compound of triphenylmethyl and MgBrp. A coil of magnesium ribbon. was 
introduced into the solution, and the mixture was gently heated on the steam-bath in an 
atmosphere of nitrogen; the upper end of the reflux condenser was connected to a mer- 
cury trap. The reaction started immediately and the mixture was heated for three hours. 
According to Equation 5, 0.71 g. of metallic magnesium should have reacted; found, 
0.66 g., or 93Yo of the calculated value. The filtered solution was decomposed with 
water. The magnesium hydroxide so produced required 56.8 cc. of N HzS04, calcd. 
58.4 cc., and there were obtained 13.7 g. of pure triphenylmethane and 0.7 g. of tri- 
phenylmethyl peroxide. 

In another experiment 9.0 g. of triphenylmethyl dissolved 0.445 g. of Mg (calcd. 
0.450)' and there was obtained on hydrolysis of the reaction product 7.9 g. of triphenyl- 
methane. 

Isolation and Analysis of the Triphenylmethylmagnesium Bromide.-Thirteen 
grams of crystalline triphenylmethyl was added to a solution of 9 g. of MgBrz in 120 cc. 
of ether-benzene (2:1), and the solution was heated for several hours with somewhat 
more than the required amount of magnesium ribbon. To the filtered solution was added 
a single crystal of triphenylmethylmagnesium bromide (obtained from triphenylbromo- 
methane + magnesium), when sudden crystallization took place and in a short time the 
solution was half-filled with glistening prisms. The crystals were filtered, washed re- 
peatedly with pure ether, and dried in a stream of nitrogen. The compound was found 
to be identical with the triphenylmethylmagnesium bromide obtained directly from tri- 
phenylbromomethane. 

Anal. Subs., 14.56 g. Calcd. for ( C G H S ) O C M ~ B ~ . ~ ( C ~ H ~ ) ~ O :  (CeH5)3C, 49.1; 
Mg,4.9; Br,16.1. Found: (CsH5)3C,49.2; Mg,4.7; Br,16.1. 

Triphenylmethyl + Mg + MgBr2 at Room Temperature.-Ten and three- 
tenths grams of triphenylmethyl was added to a solution of 4.6 g. of MgBr2 in 120 cc. 
of ether-benzene (1 :2), containing 0.67 g. of magnesium ribbon. In one week a t  room 
temperature there was dissolved 0.50 g. of magnesium, and there was produced a 97% 
yield of triphenylmethylmagnesium bromide. 

Triphenylmethyl -+ Mg + Mg12.-A mixture of 12.2 g. of triphenylmethyl, 11 g. of 
magnesium iodide and 2.5 g. of magnesium ribbon in 150 cc. of ether-benzene (1:2) 
was heated on the steam-bath for several hours. The magnesium loss was 0.61 g., calcd., 
0.608. Hydrolysis of the reaction product yielded 11 g. of triphenylmethane. 

Reaction with Carbon Dioxide.-A solution of triphenylmethylmagnesium iodide 
was prepared from 12 2 g. of triphenylmethyl. A stream of dry carbon dioxide was 

9 Gomberg and Bachmann, THIS JOURNAL, 49,2586 (1927). 
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passed into this solution for three hours; during this time a large amount of light 
yellow precipitate appeared. Decompositiori with dilute acid gave a product from which 
12 g. of pure triphenylacetic acid was obtained. 

Relative Proportions of (C6Hs)sC and (C6H5)3CMgBr 

It is now obvious that in the process of "grignarding" triphenylbromo- 
methane, no Grignard reagent is present until after one-half of the entire 
amount of magnesium has reacted. After the half-way mark, generation of 
Grignard reagent can come about only as a consequence of the reaction 
between triphenylmethyl and the system Mg + MgBrz. This reaction 
proceeds to completion in virtue of the fact that Step c (p. 2457) is, in this 
case, reversible: R + R RR. The relative quantities of free radical 
and of triphenylmethylmagnesium bromide that are present a t  any time 
during the reaction may be expressed graphically as in Fig. 1. 

0 0.25 0.50 0.75 1.00 
Atoms of magnesium reacted. 

Fig. 1.-Amounts of triphenylmethyl and Grignard reagent in 
the reaction between triphenylbromomethane and magnesium. 

Experiments conducted a t  room temperature and interrupted before 
a whole gram-atom of magnesium had reacted gave results which are in 
accordance with the curves. The following special experiment gave the 
two components in the ratio as anticipated, 50% each. 

Triphenylbromomethane (1 Mole) + Mg (0.75 Atom).-Tripheaylbromomethanc, 
16.2 g., and 0.912 g. of magnesium ribbon were heated together in 75 cc. of ether- 
benzene. I n  less than an hour all of the metal disappeared. The magnesium hydroxide 
produced on hydrolysis required 25.0 cc. of N HZSOa for neutralization. This corre- 
sponds to  a 50% yield of (CeHn)sCMgBr (see Fig. 1). From the benzene solution, after 
passing air into it, there were obtained 5.88 g. of triphenylmethyl peroxide (calcd. 6.5) 
and 6.0 g. of triphenylmethane (calcd. 6.1). 

Summary 
It has been shown that triphenylcarbinol reacts in anhydrous solvents 

with magnesium bromide and forms triphenylbromomethane. 
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Triphenylbromomethane reacts with metallic magnesium far more 
readily than the chloride, and gives rise to triphenylmethylmagnesium 
bromide. This has been isolated in crystalline state and analyzed. 

The formation of triphenylmethylrnagnesium bromide takes place in 
two successive stages: (a) formation of triphenylmethyl; (b) formation, 
from that, of the magnesium compound, 2 R3C + Mg + MgXz = 
2 RxCMgX. The formation of the triphenylmethyl is in itself most prob- 
ably the result of two successive reactions: RaCX f Mg = R3CMgX; 
R3CMgX + R3CX .= 2 RaC + MgX2. 

The formation of triphenylmethylmagnesium halide from triphenyl- 
methyl and the system Mg + MgXz lends much support to the hypothesis 
that the action of the binary system is through the intermediate formation 
of the active compound MgX. 

ANN ARBOR, MICHIGAN 

[CONTRIBUTION FROM THE: INSECTICIDE DIVISION, BUKEAU OF CHEMISTRY AND SOILS] 

TOXICAROL. A CONSTITUENT OF THE SOUTH AMERICAN 
FISH POISON CRACCA (TEPHROSIA) TOXICARIA1 

BY E. P. CLARK 

R~CEIVBD FEBRUARY 17, 1930 PUBLISHED JUNE 6, 1930 

In connection with a survey of fish poisoning plants as sources of insecti- 
cides now in progress in this Laboratory, a chemical examination of the 
roots of Cracca (Tephrosia) toxicaria was made.2 It was shown that this 
plant material contains a crystalline substance which in high dilutions 
is toxic to fish. The crude crystals had a greenish-yellow color and a 
melting point of 200-203". Closer examination revealed that the ma- 
terial was composed of at least two substances. The one that occurs in 
much the greater proportion is a bright canary yellow, optically inactive 
compound which has a melting point of 219' (corr.). I t  has the molecu- 
lar formula Cz3Hn0, and has one hydroxyl and two methoxyl groups. 
The name toxicarol has been assigned to it. 

The second substance is a pale green crystalline compound which is 
separated from toxicarol only with difficulty. Owing to the small quan- 
tity of the plant available it was impossible to obtain sufficient crystalline 
material to carry the fractionation of the second substance to a state of 
certain analytical purity. Its optical properties, however, were readily 
determined, and from these data it was shown that the substance was 
identical with an optically inactive dimethoxy compound having the 
formula C23HzzOs which is found in Derris and Cube roots. 

1 The name Tephrosia Pers. is antedated by Cracca and under the American code 
of Botanical Nomenclature all species of Te9hrosia should bear the generic name Cracca. 

"he material was received from the Department of Agriculture, Georgetown, 
British Guiana, through the American Vice Consul, Harold R. Brown. 
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It is of interest to note that the molecular formula for toxicarol differs 
from the formula of rotenone by one oxygen atom only, whereas the for- 
mula for the second compound is identical with that of rotenone. Further- 
more, both substances have two methoxyl groups, as does rotenone, and 
both are approximately as toxic to fish. These considerations, together 
with the fact that all three substances are found in Derris, indicate that 
possibly some common structural relationships exist among the three 
bodies. Further work, now in progress, is expected to throw more light 
upon this matter. 

Experimental 
Fifty grams of the ground roots of Cracca toxicaria were completely exhausted with 

ether. The resulting extract, after the removal of the solvent, was dissolved in 30 cc. 
of hot methanol and then made alkaline with 10 cc. of a n  aqueous 5% sodium hydroxide 
solution. The mixture was immediately heated to  its boiling point, causing a tarry 
substance to  separate. The supernatant liquid was decanted, diluted with three vol- 
umes of water, made acid to  congo red with sulfuric acid and extracted with chloroform. 
T h e  chloroform extract was washed with water, dried with sodium sulfate, filtered and 
evaporated to a small volume. Several volumes of methanol were then added t o  the 
concentrate and the solution was evaporated t o  a volume of approximately 10 cc. Upon 
allowing the liquid to  cool, crystallization began a t  once. The yield was 0.65 g. or 
1.3y0 of the drug taken. As stated before, the product had a greenish-yellow color and 
a melting point of 200-203 ". 

Pure toxicarol was obtained from this material by dissolving the crude crystals in 
hot chloroform, filtering the solution through norite, again heating the solution to its 
boiling point and then adding about 12 volumes of boiling alcohol. The solution was 
maintained in a state of vigorous boiling until i t  became practically free from chloro- 
form, a t  which time toxicarol began t o  crystallize. The process was soon completed, 
and the crystals were filtered from the boiling liquid. The product thus obtained had a 
melting point of about 215". Two or three recrystallizations of this material by the 
method just given resulted in a product having a constant melting point of 219" (corr.). 
It consists of bright, greenish-yellow, six-sided plates and rods whose refractive indices 
are: a,, 1.580 (frequent); no, 1.618 (common) ; and n,, >1.768, all lt.0.003. I n  
pasallel polarized light with crossed nicols the extinction is inclined and the elongation 
is negative. Double refraction is very strong. Many of the plates are so thin that  only 
first order white and yellow colors are shown. Frequently plates remain bright in all 
positions when the stage is rotated. I n  convergent polarized light with crossed nicols 
the large plates show distinct biaxial interference figures with a large axial angle. The 
optic sign is p~s i t ive .~  

Anal. Calcd. for C ~ S H ~ ~ O T :  C, 67.30; H, 5.41; CH3O (2) ,  15.1. Found: C, 
67.09; H, 5.41; CHaO, 15.3. 

Toxicarol Benzoate.-Two cc. of benzoyl chloride was added to a solution of 2 g. of 
toxicarol in 20 cc. of hot pyridine. After a n  hour the reaction mixture was poured into 
300 cc. of water, causing the separation of an oil. This was removed from the mother 
liquor by decantation and dissolved in 75 cc. of boiling alcohol. Upon cooling, 1.5 g. of 
toxicarol benzoate, having a melting point of 200°, separated. This was recrystallized 

The optical data recorded in this communication were determined by George 
L. Keenan of the Food, Drug and Insecticide Administration of the U. S. Department 
of Agriculture. Appreciation is acknowledged for this valuable cooperation. 



June, 1930 TOXICAROL 2463 

from its solution in chloroform by the addition of 5 volumes of methanol. It separated 
in rosets of fine colorless needles whose melting point was 202' (corr.). The yield was 
1.35 g. Its refractive indices are a,, 1.590; f tp ,  indeterminate; n,, 1.702. An inter- 
mediate value n,, 1.650, is also common. In parallel polarized light with crossed nicols 
the extinction is inclined and the sign of elo~igatiori is positive. 

Anal. Calcd. for C?,,Hz&Os: C, 70.01; H, 5.10; CH30 (2) ,  12.06. Found: C, 
69 68; H, 5.05; CH30, 12.28. 

The Second Compound, C23H2206.-The mother liquors from the first purification 
of toxicarol were evaporated to dryness in vacuo, and the residue was dissolved in about 
25 cc. of boiling alcohol and filtered. The filtrate. upon cooling, deposited a small crop 
of crystals having a light greenish-yellow color and a melting point of about 180". 
Upon repeated fractional crystallization the melting point of the substance was reduced 
to 173 O, and its color became much lighter, but there was insufficient material to resolve 
the substance to a state of certain analytical purity. Its crystallographic properties, 
however, were readily determined to be as follows. The compound crystallized in rods, 
many of them six-sided in outline. Their refractive indices are n,, 1.570; np, 1.590 
(common) ; and n, > 1.739, all rt0.003. The extinction is inclined, and the elongation 
is negative. Most of the crystals do not extinguish sharply when examined in parallel 
polarized light with crossed nicols. 

These properties are the same as those possessed by a substance ob- 
tained from Derris and Cube roots. This material will be reported upon 
shortly, when it will be shown to be an optically inactive dimethoxy com- 
pound C23H2206, whose melting point is 171'. A mixture of this compound 
and the second substance obtained from Cracca toxicaria melted a t  172O. 
This and the fact that the two substances have the same optical proper- 
ties prove that they are identical. 

The two substances from Cracca toxicaria have been shown to be de- 
cidedly toxic to fish. For example, at  a dilution of 1-20,000,000 a t  27O, 
goldfish weighing approximately 2 g. were killed by toxicarol in four and 
one-half hours and by the G3H220~ compound in three hours, while rotenone 
given for comparative purposes, was effective in two and one-fourth hours. 
These toxicological data, determined by W. A. Gersdorff of the Insecti- 
cide Division of the Bureau of Chemistry and Soils, were taken from a 
series of experiments which will be reported in detail elsewhere. They 
are recorded at  this time, however, to show the relative toxicity of the 
substances under consideration. 

Summary 
1. Two active fish poisons have been isolated from the roots of Cracca 

toxicaria. 
2. One of these, toxicarol, predominates. It is an optically inactive 

compound, C23H2207, possessing one hydroxyl and two methoxyl groups. 
3. The second substance is an optically inactive dimethoxy compound 

having the molecular formula C23H2206. 
4. I t  has been indicated that both substances occur in Derris while 

the CZ3H22OG compound has been found also in Cube roots. 
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5 .  Toxicarol kills goldfish in a dilution of 1-20,000,000 a t  27' in four 
and one-half hours. The Cz8HnO6 compound a t  the same dilution and 
temperature is lethal in three hours. 

WASHINGTON, D. C. 
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T H E  FIFTH PENTA-ACETATE OF GALACTOSE, ITS ALCOHOLATE 
AND ALDEHYDROL 

BY M. I,. WOLFROM 
RECEIVED FEBRUARY 17, 1930 PUBLISHED JUNE 6, 1930 

In  the work herein reported, the methods employed in the synthesis of the 
crystalline free aldehyde form of glucose1 have been extended to galactose, 
and we have obtained this form of galactose penta-acetate and also its crys- 
talline hydrate and ethyl alcoholate. Thi's penta-acetate is of particular 
interest because it adds a fifth isomer to the series of four already known. 
Erwig and Koenigsz prepared the first form, m. p. 142O, of galactose penta- 
acetate. This beta ring form was isomerized to the alpha form of the same 
ring structure by Hudson and Parker3 on heating with qcetic anhydride and 
zinc chloride. Hudson4 then reported a third form found in small yield 
in the acetylation mother liquors from the preparation of the first form. 
This was prepared in larger quantity by Hudson and Johnson5 and isom- 
erized to the fourth form by the acetic anhydride and zinc chloride re- 
action. These four forms were found by Hudson to conform in rotation 
to  two alpha and beta pairs of two different ring structures and consti- 
tuted the first proof, based on the isolation of crystalline derivatives, 
that  a sugar could exist in more than one lactal or ring structure. The 
third form of galactose penta-acetate has been prepared in higher yield 
by a method recently reported by Schlubach and Procho~nick.~ The 
properties of the five forms of galactose penta-acetate are shown in Table I. 

PROPERTIES OP THE FIVE PENTA-ACETATES O b  GALACTOSE 
Form M. p., OC. [ a ] ~  C H C ~ S , ~  U. S. P. 

First galactose penta-acetate, p-form 142 + 23.0 
Second galactose penta-acetate, a-form 96 + 107.0 
Third galactose penta-acetate, @-form 98 - 42.0 
Fourth galactose penta-acetate, a-form 87 + 61.0 
Fifth galactose penta-acetate, pform 121 - 25 (Initial) 

" The first four forms were measured at 20°, the fifth at 26 ". 
M. L. Wolfrom, THIS JOURNAL, 51,2188 (1929). 
E. Erwig and W. Koenigs, Ber., 22, 2207 (1889). 
C. S. Hudson and H. 0. Parker, THIS JOURNAL, 37, 1589 (1915). 
C. S. Hudson, ibkd., 37,1591 (1915). 
C. S. Hudson and J. M. Johnson, ibid., 38, 1223 (1916). 

6 H. H. Schlubach and Vilma Prochownick, Ber., 62, 1502 (1929). 
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We have suggested1 the name ,u-glucose penta-acetate for the free alde- 
hyde sugar acetates. This is convenient in briefly distinguishing from 
the a- and @-forms, as in Table I, but it has the disadvantage of not being 
a very rational prefix. We believe that the prefix aldehydo overcomes this 
difficulty and we will accordingly designate the fifth penta-acetate of galac- 
tose as aldehydo galactose penta-acetate. 

Aldehydo galactose penta-acetate very readily combines with one mole- 
cule of ethyl alcohol and of water to form compounds that we do not be- 
lieve are in the nature of ordinary addition compounds. Both com- 
pounds are stable to calcium chloride desiccation and it was found that 
the alcohol could not be removed from the alcoholate by heating a t  vari- 
ous temperatures under highly reduced pressure without decomposition 
of the acetate. As regards the hydrate, it need only be pointed out that 
the ordinary forms of sugar acetates show no tendency at  all toward hy- 
drate formation. We accordingly believe that these compounds are simi- 
lar to the corresponding ones of chloral and it is interesting to note that 
their melting points fall in the same order, as is shown in Table 11. It 
has been well established that these compounds of chloral are not ordi- 
nary addition compounds. 

TABLE I1 
COMPARISON OP THE MELTING POINTS OP CHLORAL AND ITS HYDRATE AND ALCOHOLATE 

WITH THOSE OP ALDEHYDO GALACTOSE PENTA-ACETATE 
Aldehydo galactose 

Chloraln penta-acetate 

Ethyl alcoholate, m. p., "C. 55 133 
Hydrate, m. p., "C. 47.4 125 
Free form, rn. p., OC. - 57.5 121 

a J. C. Olsen, "Chemical Annual," D. Van Nostrand, Co., Inc., New York, 1926, 
6th ed. 

If these two compounds of aldehydo galactose penta-acetate are not ordi- 
nary addition compounds, then they must be the aldehydrol and the 
ethyI-hemi-acetal. Galactose aldehydrol has been postulated by Lowry 
and Smith7 as an intermediate in mutarotation and an analysis of data 
has led these authors to conclude that this form exists a t  equilibrium to 
the extent of 12% of the sugar present. Levene and Meyers prepared 
the liquid aldehydo pentamethylgalactose, and by using methyl alcohol 
containing hydrogen chloride, were able to obtain the dimethyl acetal 
(b. p., 118-120°, 0.6 mm.). 

The alcoholate and hydrate of aldehydo galactose penta-acetate show ro- 
tation changes in U. S. P. chloroform solution that are probably due to 
dissociation of the alcohol and water, respectively. These are plotted 
in Fig. 1 and Pig. 2 and both curves exhibit a distinct break in the early 

T. M. Lowry and G. F. Smith, J. Phys. Chem., 33,9 (1929). 
a P. A. Levene and G. M. Meyer, J. Biol. Chem., 74,695 (1927). 
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course of the change. The free form shows a continuous change of rota- 
tion in chloroform. That this change is due to combination with the 
ethyl alcohol in the U. S. P. chloroform used is made probable by the fact 
that the rotation of this form was constant in pure acetylene tetrachloride 
solution. The final rotation of the free form in chloroform approached 
but did not equal that of the alcoholate in the same solvent. This may be 
due to a difference in the ethyl alcohol concentration present, although 
further work would be required to show this definitely. The properties 
of the three acetates are listed in Table 111. 

TABLE 111 
PROPERTIES OOF THE FREE FORM, HYDRATE, AND ALCOHOLATE OF ALDEHYDO GALACTOSE 

PENTA-ACETATE 

Form M. p,, OC. [a]:, CHCls U. S. P. 

Aldehydo galactose penta-acetate 121 -25 (Initial) 
Aldehydo galactose penta-acetate hydrate 125 +I9 .5 (Initial) 
Aldehydo galactose penta-acetate ethyl alcoholate 133 - 0.5  (Initial) 

Aldehydo galactose penta-acetate and its hydrate and alcoholate all read- 
ily reduce Fehling's solution on heating and their aqueous solutions give 
a strong Schiff test for the aldehydo group. Since the alcoholate reduces 
Fehling's solution, the ethyl alcohol cannot be present in any stable glyco- 
sidic linkage. The Schiff test given by the hydrate and alcoholate in 
aqueous solution denotes dissociation of the water and alcohol in combi- 
nation. An aqueous solution of the alcoholate readily gave a crystalline 
semicarbazone, identical with that obtained in the same way from the 
free form. This semicarbazone showed a normal molecular weight by 
the Rasts method. 

In the experimental work recorded in this paper, it was found convenient 
to prepare the aldehydo-galactose penta-acetate through the alcoholate, 
although it should also be possible to prepare the free form directly. 

Further work on the synthesis and reactivity of the free aldehyde forms 
of sugar acetates is in progress in this Laboratory. 

Experimental 
Preparation of Galactose-ethylmercapta1.-The procedure of E. Fischerlo always 

produced low yields when repeated in this Laboratory. The procedure to be described 
gave good results and is essentially that used by Levene and Meyers in the preparation 
of mannose-ethylmercaptal except that more acid is required to dissolve the galactose. 
Pifty grams of galactose was placed in a 500-cc. glass-stoppered wide-mouthed bottle 
and dissolved at room temperature in 75 cc. of concentrated hydrochloric acid (sp. gr. 
1.19). Fifty cc. of technical ethyl mercaptan was then added and the mixture vigorously 
shaken, releasing the pressure occasionally. After three to five minutes a definite 
temperature increase was noted. A little ice and ice water was then added. The con- 

K. Rast, Ber., 55, 1051 (1922). 
lo E. Fischer, ibid., 27, 673 (1894). 
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tents of the bottle almost a t  once solidified to a mass of white crystals. More ice water 
was added and the mass filtered immediately, washing with a little ice water. The 
material was recrystallized from absolute alcohol and then from hot water; yield, 37 g. ; 
m. p. 140-142'. 

d-Galactose-ethylmercaptal Penta-acetate.-Fifty grams of galactose-ethylmer- 
captal was treated with 175 cc. of dry pyridine and cooled in ice. After nearly all of the 
mercaptal had dissolved, 250 cc. of acetic anhydride was gradually added. This addition 
caused the separation of a considerable quantity of solid. The mixture was allowed to 
stand in ice for about an hour and then kept a t  room temperature for eighteen hours. 
The undissolved material went into solution on occasional shaking. The solution was 
then poured into about 10 liters of ice water. The sirup thrown out readily crystallized; 
yield, 85 g., or 98%. Pure material was obtained by dissolving in methyl alcohol and 
adding water to opalescence, placing in the ice box, and from time to time adding more 
water until no further crystallization took place; yield, 81 g., m. p. 77-78', [a]: +9.B0 
in chloroform (U. S. P.) solution. After two further recrystallizations the melting point 
was 77 538.5" and the specific rotation in chloroform (U. S. P.) solution was +9.7" 
a t  a temperature of 25". The substance crystallizes in prismatic needles and is readily 
soluble in chloroform, ether, benzene, acetone and methyl alcohol; it is less soluble 
in ethyl alcohol and is practically insoluble in petroleum ether and water. 

Anal. Subs., 0.2029: 20.4 cc. of 0.1 N KOH. Calcd. for (C~HSS)~C~H~O~(CH~CO)$:  
20.4 cc. of 0.1 N KOH. 

Aldehydo Galactose Penta-acetate Mono-ethyl Alcoholate.-The procedure followed 
in the preparation of aldehydo-glucose penta-acetate1 was modified in order to obtain this 
compound. Twenty-five grams of galactose-ethylmercaptal penta-acetate (1 mol.) was 
dissolved in 90 cc. of acetone and 45 cc. of water added. The clear solution was held in a 
3-necked round-bottomed flask provided with a good mechanical stirrer. An excess, 
45-50 g., of washed and finely powdered cadmium carbonate was added and under rapid 
stirring a solution of 49 g (3.6 mols) of mercuric chloride dissolved in 72 cc. of acetone 
was gradually added. Stirring was maintained a t  room temperature for twenty-four 
hours, with occasional additions of small amounts of finely powdered cadmium car- 
bonate. This was then filtered, an excess of fresh cadmium carbonate being placed in 
the suction flask, and the precipitate washed with acetone. The filtrate was then con- 
centrated to dryness a t  35' under reduced pressure and in the presence of excess cad- 
mium carbonate. The residue was dried by adding absolute ethyl alcohol and distilling 
under reduced pressure, this being repeated. The residue was extracted with warm 
chloroform, filtered, 50 cc. of absolute alcohol added to the filtrate and the resulting 
solution evaporated a t  room temperature in a vacuum desiccator. The product crys- 
tallized completely during the course of this evaporation. An amount of 20.4 g. was 
obtained. This was dissolved in about four parts of hot absolute ethyl alcohol, norite 
added and the solution filtered from a small amount of insoluble material. On cooling 
slowly to room temperature crystallization began and was allowed to continue for 
eighteen hours a t  room temperature. The crystals were removed by filtration and 
washed with cold absolute ethyl alcohol; yield, 11 5 g ; m. p 132-133". Further 
amounts of pure material were obtainable by repeated recrystallization from absolute 
ethyl alcohol of the material obtained by evaporating the mother liquor either to dry- 
ness or to low volume. From 72.9 g. of crude product, 56.2 g. of material melting a t  
132-133" was so obtained in six crops. 

The substance crystallizes in diamond-shaped six-sided plates. It is soluble in 
warm water and in acetone, very soluble in chloroform, vcry slightly soluble in warm 
ether and practically insoluble in petroleum ether. The room temperature solubility 
in methyl alcohol is about 1.5 g. per 100 cc.; in ethyl alcohol, less than 1 g. per 100 cc. 
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I t  is soluble in about seven parts of boiling absolute ethyl alcohol. As the melting points 
of this substance and of the others here reported, were all very sensitive to slight im- 
purities, this constant was used throughout this work as a criterion of purity. The 

Hours. 
Fig. 1.-Rotation change of aldehydo galactose penta-acetate alco- 

holate in U. S. P. chloroform (Expt. 2). . 

melting point of the pure substance is 133-134 O when it is very rapidly heated to near 
the melting point. This melting point was unchanged by further recrystallization. 

TABLE IV 
ROTATION CHANGES OF ALDEHYDO GALACTOSE PENTA-ACETATE ALCOHOLATE IN U. S. P. 

CHLOROFORM SOLUTION 

1, 1.1 dm. A, 5892 A. 
Experiment 1 Experiment 2 
t, 25' c, 5.021 1, 21' c, 5.013 

Time, min. a, degrees [ a ] ~ ,  degree Time, min. a, degrees [ a ] ~ ,  degrees 

0 
1 . 5  - 0.05 
5 - .10 

10 - . l l  
15 - .14 
30 - .27 
45 - .36 

Hours 
1 - .37 

0 
2 
5 

10 
15 
30 
45 
Hours 

1 
1.5 
2 . 3  
3 
4 
6 . 3  

24 
48 
98 

124 
" Interpolated. 
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The initial specific rotation of material of this purity in chloroform (U. S. P.) is -0.5". 
This rotation changes in the lev0 direction and then reverses sign and becomes dextro, 
reaching equilibrium a t  a specific rotation of +18". This behavior is probably due to 
dissociation of the ethyl alcohol. The rotation change is plotted in Fig. 1 and the data 
are tabulated in Table IV. I t  was determined that this change was not mainly, a t  least, 
in the nature of a deep-seated isomerization involving an acetyl shift with the possible 
formation of a penta-acetate of lactal structure. The equilibrated chloroform solution 
was concentrated to dryness in a vacuum desiccator. The residue was but slightly 
changed in appearance from the original material, being slightly sticky, probably due to 
incomplete alcoholate formation. On one recrystallization from 95% ethyl alcohol, 
the original material was obtained in good yield. The melting point was 131-133" 
and was not depressed on admixture with known material of this same purity. 

In methyl alcohol a t  room temperature the pure substance has no detectable initial 
rotation. The specific rotation gradually increases, reaching the equilibrium value of 
+14.5'. This rotation change is tabulated in Table V. 

ROTATION CHANGES OF ALDEHYDO GALACTOSE PENTA-ACETATE ALCOHOLATE IN METHYL 

ALCOHOL 

1, 2 dm. A, 5892 A. 
Experiment 1 Experiment 2 

1, 25' c, 1.012 1, 23' c, 1.015 
Time, min. a, degrees [ a ] ~ ,  degrees Time, min. a, degrees [a]=, degrees 

Hours Hours 

5 . 5  +0.11 +5.5 3 +O .04 f 2  
9 .15 7. 5 6 .08 4 

24 .22 11.0 24 .23 11.5 
49 .24 12.0 48 .29 14 5 
76 .28 14.0 98 .31 15.5 

147 .28 14.0 123 .28 14.0 

The presence of ethoxyl in this compound was qualitatively determined by the 
procedure of Willstatter and Utzinger.ll This consists in treating the substance with 
hydriodic acid and passing the alkyl iodide evolved into undiluted dimethylaniline. 
The resulting crystals were filtered, washed with cold acetone and recrystallized once 
from hot acetone. The crystals are very deliquescent and must be dried in a desiccator 
over sulfuric acid. The melting point was 136" and showed no depression on being 
mixed with an authentic specimen of dimethylethylphenylammonium iodide. The 
melting point of trimethylphenylammonium iodide is 232 (corr.)Iz 

The alcohol in this compound dissociates very readily in solution, as the substance 
reduces hot Fehling's solution and gives a very strong Schiff aldehyde test. These 
tests were obtained by using dilute aqueous solutions of the substance formed by dis- 
solving it in warm water and cooling to room temperature. The Schiff reagent used was 
that recommended by Alyea and Backstrom.13 The substance also reacts instanta- 
neously in aqueous solution with semicarbazide to form an insoluble semicarbazone. 

l1 R. Willstatter and M. Utzinger, Ann., 382, 148 (1911). 
l2  Max Phillips, THIS JOURNAL, 52, 793 (1930). 
l3  H. N. Alyea and H. I,. J. Backstrom, ibid., 51,97 (1929). 
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The substance is stable in the air and in a calcium chloride desiccator. I t  was not found 
Dossible to remove the alcohol by heating a t  various temperatures and under highly re- 
duced pressure without decomposition of thc acetate. 

Anal. Subs., 0.2201: C02, 0.3970; H20, 0.1334. Subs., 0.3133: AgI, 0.1709. 
Subs., 0.1000: 11.41 cc. of 0.1 N KOH. Calcd. for C6H?Oa(CHsCO)t,C2HaOH: C, 
49.52; H.6.47; OCZH~, 10.33; 1 1 . 4 6 ~ ~ .  of 0.1 NKOH. Found: C,49.19; H, 6.78; 
OCzH6, 10.46; 11.41 cc. of 0.1 N KOH; S, absent. 

In  the ethoxyl determination, a double Zeisel apparatus was used, the vapors from 
the first being passed through the second before being absorbed in the silver solution. 

Aldehydo Galactose Semicarbazone Penta-acetate.-It was found possible to dis- 
solve the alcoholate of aldehydo galactose penta-acetate in water and readily obtain the 
semicarbazone of this aldehyde from the solution. An amount of aldehydo galactose 
penta-acetate mono-ethyl alcoholate (m. p. 133-134") equal to 0.56 g. (1 mol) was dis- 
solved in 5 cc. of hot water and the solution cooled to room temperature. A mixture of 
0.12 g. (0.9 mol) of semicarbazide hydrochloride and 0.20 g. (1.6 mols) of potassium ace- 
tate was added to the solution and the whole shaken vigorously. After a few minutes 

0 4 8 12 16 20 24 28 32 36 40 
Hours. 

Fig. 2.-Rotation change of aldehydo galactose penta-acetate hy- 
drate in U. S. P. chloroform (Expt. 2). 

a heavy crystallization took place. The mixture was allowed to stand overnight and then 
filtered and washed with cold water; yield, 0.43 g. (75%); m. p. 200-201" (corr.) with 
decomposition. On recrystallization from boiling water the substance crystallized 
in glittering, prismatic needles which in some cases were over one centimeter in length. 
The melting point was unchanged on one recrystallization and also on three recrystalliza- 
tions. This melting point is identical with that of d-galactose semicarbazone,l* but as 
both these values are more in the nature of decomposition points than true melting 
points, this fact need not be surprising. The substance is soluble in about 55 parts of 
boiling water, soluble in hot ethyl and methyl alcohol, and is very slightly soluble in 
chloroform, ether and acetone. 

Anal. Subs., 0.2011: Nz, 16.97 cc. (752 mm., 25"). Subs., 0.1147: 13.0 cc. 0.1 
N KOH. Calcd. for C ~ H ~ O ~ ~ N ~ ( C H S C ~ ) ~ :  N, 9.40; 12.8 CC. 0.1 N KOH. Pound: 
N, 9.23; 13.0 cc. 0.1 N KOH. 

The acetyl determination was performed by dissolving the weighed sample (0.1 g.) 
in 20 cc. of boiling water, cooling rapidly to room temperature, and adding an equal 

l4 Maquenne and Goodwin, Bull. soc. chim., [3] 31, 1075 (1904). 
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volume of 0.2 N potassium hydroxide before crystallization was initiated. The alkaline 
solution was then allowed to stand for one hour a t  room temperature and the excess 
alkali determined by titration with 0.1 N hydrochloric acid, using phenolphthalein indi- 
cator. 

Mokcdur weight:l6 (Rast) 0.0102 g. of subs. in 0.1019 g. of camphor depressed 
the m. p. 9". Mol. wt. calcd. for CI~NZ~OILNS: 447. Found: 445. 

Aldehydo Galactose Penta-acetate Monohydrate.-On several recrystallizations of 
the aldehydo galactose penta-acetate monoethyl alcoholate from boiling water the pure 
monohydrate was obtained. This substance crystallizes readily from water as prismatic 

TABLE VI 

ROTATION CHANGES OP ALDEHYDO GALACTOSS PENTA-ACETATE HYDRATE I N  U. S. p 
CHLOROPORM SOLUT:ON 

t ,  27". X, 5892 A. 
Experiment 1 Experiment 2 Experiment 3 

1, 2 dm. c, 2.011 1, 1.1 dm. c, 4 003 1 ,  1 dm. c, 2 011 
T ~ m e ,  e. [ a ] ~ .  Time, a,  ID, Time, a,  ID, 
min. degrees degrees min. degree3 degrees min. degrees degree4 

0 +19.2" 0 +20.2" 5 f0 .31  +15.4 
2 +0.73 18 2 5 +0.76 17.3 10 .29 14.4 
4 .71 17.7 7 .71 16.1 15 .22 10.9 
6 .66 16.4 10 .63 14.3 20 .14 7.0 
8 .62 15.4 13 .55 12.5 25 .11 5 . 5  

10 .59 14.7 15 .52 11.8 30 .08 4.0 
12 $55 13.7 17.5 .48 10.9 40 .02 1 .0  
14 .51 12.7 20 .44 10.0 55 - .08 - 4.0 

Hours 

16 .48 11.9 25 .32 7.3 1 - . I 4  - 7 . 0  
20 .46 11.4 30 .10 2.3 1.2 - .16 - 8 . 0  
25 .38 9.5 35 . O 1  0 .2  3 - .21 -10.4 
30 .30 7.5 41 - .16 - 3.6 5 - .28 -13.9 
40 .17 4.2 45 - .25 - 5.7 18 0 0 

Hours 

50 .06 1.5 1 - .46 -10.5 23 a02 + 1.0 

Hours 

1 - .10 - 2 . 5  
1.3 - -15 - 3.7 
1 .8  - -34 - 8.5  
3 - .51 -12.7 
5 - .55 -13.7 
8 - .57 -14.2 

12 - .29 - 7.2 
27 + .05 + 1.2 
47 .35 8.7 

" Interpolated. 

NOTE.-The last values are somewhat uncertain due to evaporation of the chloro- 
form on long standing and to an apparent decomposition that sometimes takes place 
after a period in this solvent. 

' 5  We are indebted to Mr. Leonard Wise of this Laboratory for the determination 
of this molecular weight. 
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needles. The crystals are moderately soluble in chloroform, very slightly soluble in 
water a t  room temperature, but are soluble in hot water, very soluble in acetone and are 
practically insoluble in ether and petroleum ether. An aqueous solution of the substance 
readily reduced hot Fehling's solution and gave a strong Schiff test. The melting point 
was found to be 124-126O, on rapid heating t o  near the melting point, and this was un- 
changed by further recrystallization. Material of this purity showed an initial rotation 
in U. S. P. chloroform of +19.5". This value changed to levo and then became dextro, 
becoming constant a t  3-9'. These polarimetric data are plotted in Fig. 2 and are 
tabulated in Table VI. 

Anal. Subs., 0.2110: COa, 0.3662; HzO, 0.1174. Subs., 0.1000: 12.38 cc. of 
0.1 N NaOH. Calcd. for CsHiOe(CH3CO)c,.HzO: C, 47.04; H, 5.93; 12.25 cc. of 0.1 N 
NaOH. Found: C, 47.32; H, 6.23. 

Aldehydo Galactose Penta-acetate.-On several recrystallizations of the aldehydo 
galactose penta-acetate mono-ethyl alcoholate from hot toluene, the pure free aldehyde 
form of the penta-acetate was obtained. This substance readily crystallizes from toluene 

TABLE VII 

ROTATION OF ALDEHYDO GALACT~SE PENTA-ACETATE 
t, 27". 1, 5892 A. 

Expt. 1, U. S. P. CHCl3 Expt. 2, U. S. P. CHCI, Expt. 3, CHCII-CHCI: 
I, 1.1 dm. c, 4.001 I ,  1.1 dm. c, 4.005 I ,  1 dm. c, 3.990 

Time, a,  ID, Time, a,  I ID, Time, a.  ID, 
min. degrees degrees min. degrees degrees min. degrees degrees 

0 - 25" 0 -25.5" 3 -0.65 -16.3 
3 -0.97 -22.0 2 -1.08 -24.5 5 - . 6 5  -16.3 
4 - . 9 3  -21.1 3 -1.00 -22.7 10 - . 6 3  -15.8 
6 - .92 -20.9 4 -1.01 -23.0 15 - .64 -16.0 

10 - . 7 7  -17.5 6 -0.93 -21.1 30 - . 6 2  -15.5 
16 - .68 -15.5 8 - .87 -19.8 Hours 

2 0  - . 6 6  -15.0 10 - . 8 7  -19.8 1 - . 6 4  -16.0 
27 - . 5 7  -13.0 15 - . 8 1  -18.4 2 - . 6 5  -16.3 
35 - . 3  - 9 . 8  20 - 3 ' 2  -16.4 6.5 - . 6 5  -16.3 
45 - . 5  - 8.0 30 - .61 -13.9 21.5 - .66 -16.5 

Hours 45 - .35 - 8.0 65.5 - . 5  -16.3 
1 - .28 - 6 .4  Hotirs Av. -16.1 
1.25 - .18 - 4.1 1 - .19 - 4 .3  
1 .5  - . 8  - 1.8 1 .5  - .10 - 3.3 
1.75 - .04 - 0.9 2 - .O1 - 0.2 
2 + .04 + 0 . 9  2 .5  + .10 + 2.3 
2 .5  .08 1.8 3 + .23 + 5.2 
3 .15 3 . 4  8 + .35 + 8 .0  
4 .3  .29 6 .6  
6 .36 8.2 
7 .38 8 .6  

22 .46 10.5 
4 1 .43 9 .8  

" Interpolated. 

NOTE.-(a) The last values in Expts. 1 and 2 are somewhat uncertain due to  evapo- 
ration of the chloroform on long standing and t o  a n  apparent decomposition that  some- 
times takes place after a period in this solvent. (b) A second set of readings in acetylene 
tetrachloride solutions gave the average value of - 16.3" for the specific rotation in this 
solvent. 
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as very characteristic clusters of elongated prisms. The crystals are very soluble in 
chloroform, soluble in acetone and hot water, slightly soluble in alcohol and benzene a t  
room temperature, but more soluble in the warm, very slightly soluble in ether and prac- 
tically insoluble in petroleum ether. An aqueous solution of the substance readily reduced 
Fehling's solution when heated and gave a strong Schiff test. The melting point was 
found to be 120-121 O, unchanged by further recrystallization. Material of this purity 
showed an initial rotation in U. S. P. chloroform of -25", changing to +lo0. That  
this change was very probably due to combination with the ethyl alcohol in the U. S. P. 
chloroform was shown by the fact that the rotation was constant in pure acetylene 
tetrachloride solution, ICY]%, - 16 (Table VII). Before use the acetylene tetrachloride 
was washed with sodium bicarbonate solution to remove the acidity present in this 
solvent on standing, then with water, and the liquid then dried and distilled. The 
polarimetric data obtained with this compound are tabulated in Table VII. 

A mixed melting point of the compound, m. p. 120-121 ", with the first form of 
galactose penta-acetate, m. p. 142 ", gave the value 107-11 1 O. The other three forms of 
galactose pentaacetate melt below 100O.16 The semicarbazone was prepared from this 
substance in accordance with the previously recorded procedure, and was found to have 
the same melting point as the semicarbazone prepared from the alcoholate and showed 
no melting-point depression on being mixed with material from this source. 

That the penta-acetate was a derivative of galactose was determined by identifica- 
tion of the mucic acid formed from i t  by oxidation. An amount of 0.5 g. of the penta- 
acetate, m. p. 120-121 ', was oxidized with nitric acid according to the Kent-Tollens17 
procedure. After two recrystallizations performed by dissolving the substance in 10% 
sodium hydroxide and adding 50% hydrochloric acid in slight excess, the crystals of 
mucic acid melted a t  213-214' (corr.) with decomposition and slight preliminary dark- 
ening. 

Anal. Subs., 0.2429: COz, 0.4374; HzO, 0.1291. Subs., 0.1000: 12.80 cc. of 
0.1 N NaOH. Calcd. for C6Hr06(CHaC0)5: C, 49.21; H, 5.68; 12.81 cc. of 0.1 N 
NaOH. Found: C, 49.11 ; H, 5.95. 

The writer wishes to acknowledge his indebtedness to Miss Winifred 
Robinson for assistance in the preliminary isolation of aldehydo galactose 
alcoholate. 

Summary 
1. A fifth form of d-galactose penta-acetate has been prepared in pure 

condition. 
2. Evidence is given that this compound possesses the open-chain, 

free aldehyde structure and the name aldehydo galactose penta-acetate is 
suggested for this substance. 

3. The hydrate and ethyl alcoholate of this compound have been pre- 
pared in pure form and evidence is given that they represent the alde- 
hydro1 and ethyl-hemi-acetal structures, respectively. 

4. The crystalline semicarbazone of aldehydo galactose penta-acetate 
has been prepared in pure form. 

16 Cf. Table I. 
l7 A. W. van der Haar, "Anleitung zum Nachweis, zur Trennung und Bestimmung 

der Monosaccharide und Aldehydsauren," 1920, p. 103, 
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Introduction 
When either d-glucuronic or d-galacturonic acid is heated with 12.0% 

hydrochloric acid, decomposition follows with the liberation of carbon 
dioxide, furfuraldehyde and water, according to the equation 

CeH~i107 = C~H402 + 3H20 f COz 

Conjugated uronic acids, the so-called polyuronides found in pectins, 
gums, alginic acids, the specific polysaccharide substances of certain micro- 
organisms, and other plant materials also yield carbon dioxide when 
heated with 12.0y0 hydrochloric acid. The carbon dioxide liberated 
according to the above reaction serves as a basis for the accurate deter- 
mination of these substances by any one of several  method^.^ Before it 
had been established with certainty that the plant gums contain uronic 
acids, Zeisel and Konschegg reported that gum acids not only yield large 
quantities of carbon dioxide when heated with 12.0y0 hydrochloric acid, 
but that they also produce considerable amounts of carbon dioxide when 
the acid is more dilute. This observation of Zeisel and Konschegg was 
originally published in the first edition of Wiesner, "Die Rohstoffe des 
Pflanzenreichs," Vol. 111, p. 87. Reference is again made to this obscure 
observation in the latest edition of W i e ~ n e r . ~  Apparently they did 
not publish this observation in a chemical journal; as a result this im- 
portant fact has been overlooked by many workers even after it had been 
demonstrated with certainty that plant gums contain uronic acids.6 Con- 

1 Published with the permission of the Director of the Wisconsin Agricultural Ex- 
periment Station. 

2 Part of this research was done by one of us (K. P. L.) during 1925-1927 while a 
Fellow of the International Education Board, posted a t  the time a t  the University of 
Zlirich, Switzerland. The author wishes to  acknowledge his indebtedness t o  Professor 
Paul Karrer, Director of the Institute of Chemistry, University of Ziirich, for the privi- 
Iege of extending the research while a student in  his laboratory, and for the kindly ad- 
vice and help received. To  the Board of Directors of the International Education 
Board, New York City, the author wishes to  extend his thanks for the Fellowship grant 
which enabled him to work in the laboratory mentioned. 

(a) Tollens and Lefsvre, Ber., 40, 4513 (1907); also (b) Dickson, Otterson and 
Link, THIS JOURNAL, 52, 775 (1930), where reference is made to the various methods in, 
use for the determination of uronic acids. 

* Wiesner, "Die Rohstoffe des Pflanzenreichs," Engelmann, Leipzig, 1927, Vol. I, 
4th ed., p. 974. 

For early literature on this subject see Wiesner "Die Rohstoffe des Pflanzen- 
reichs," and Czapek, "Biochemie der Pflanzen," 3d ed. Vol. I ,  p. 673, Gustav Fischer, 
Jena, 1922. 
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sequently the many articles which have appeared on uronic acids and 
polyuronides up to within very recent times reveal the very significant 
fact that whenever the experimental procedure involves a prolonged weak 
mineral acid hydrolysis, the subsequent yields of the free acids obtained 
are invariably either very small or nil. 

In general polyuronide substances are hydrolyzed only very slowly by 
weak mineral acids, consequently there is ample opportunity for the 
destruction of the free acids liberated during the hydrolysis. Some of 
the many papers wherein the destructive action of weak mineral acids 
has caused experimental difficulties, whose actual sources were not recog- 
nized, have been cited in an article by one of us in THIS  JOURNAL.^^ 

Although most investigators have not been cognizant of the fact that 
uronic acids are destroyed by weak mineral acids, recently some investi- 
gators have reported their observations on this subject. Thus Heidel- 
berger and Goebel in a study of the aldobionic acid obtained from the 
specific polysaccharide of Type 111 Pneumococcus stated that when the 
aldobionic acid was hydrolyzed in 1 N sulfuric acid for twenty hours, half 
of the molecule (the sugar acid) was largely de~troyed.~ Butler and 
Cretcher in a study of the composition of gum arabic obtained a n  aldobionic 
acid which on hydrolysis with 5% sulfuric acid yielded d-galactose. How- 
ever, the acidic fraction was present in too small amounts to  be identified. 
This was due to the fact that under the conditions of the hydrolysis the 
uronic acid was largely destroyed. Control experiments indicated that 
the aldobionic acid was decomposed to the extent of about 44%.' Heidel- 
berger and Kenda118 obtained an aldobionic acid from gum arabic which 
they oxidized to  the dicarboxylic acid. When this acid was hydrolyzed 
in 1 N sulfuric acid for eighteen hours, 28.0% of the glucuronic acid formed 
was decarboxylated. In  their study on the alginic acid from Mitcrocystis 
Pyrifera, Nelson and Cretcher

g 
state, "the hydrolysis of alginic acid with 

dilute sulfuric acid of various concentrations was attempted but soon 
abandoned because of the simultaneous loss of carbon dioxide." Several 
years ago, one of us (K. P. I,.) devised a method for the preparation of 
galacturonic acid from lemon pectic acid, and glucuronic acid from cherry 
gum. While engaged on this study it was necessary to determine what 
strength of mineral acid would effect a maximum hydrolysis of the source 
material and a t  the same time produce a minimum destruction of the liber- 
ated uronic acid. At first many experiments were conducted with various 
concentrations of mineral acids below 1.0%. It was found that  the 
source material hydrolyzed so slowly that most of the liberated uronic 

6 Heidelberger and Goebel, J. Biol. Ckem., 70, 613 (1926); ibid., 74, 613 (1927). 
Butler and Creteher, THIS JOURNAL, 51, 1519 (1929). 

8 Heidelberger and Kendall, J. Biol. Ckem., 84, 641 (1929). 
9 Nelson and Creteher, THIS JOURNAL, 51, 1914 (1929). 
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acid was destroyed as rapidly as i t  was formed, It was found necessary 
t o  use higher concentrations of the mineral acids to hydrolyze the material 
effectively, thereby causing the ratio of uronic acid liberated to the uronic 
acid destroyed to approach an optimum value. 

In  this paper we present the results obtained by the action of mineral 
acids of concentrations in common use in the hydrolysis of pectins, hemi- 
cellulose, gums, gum acids and other plant substances. The effect of 
various dilute concentrations of hydrochloric acid and sulfuric acid were 
ascertained on the following substances; (a) crystalline d-glucuronic and 
d-galacturonic acid, (b) gum arabic and a gum arabic acid both of which 
contain a polyglucuronide complex, (c) lemon pectin acid which contains 
a polygalacturonide, (d) an aldobionic acid from cherry gum wherein one 
half of the molecule is a uronic acid 

Experimentation 
The experiments were conducted on the various substances following 

the procedure recently described.3b The heating was conducted for the 
prescribed periods a t  a bath temperature of 135-140°, which was found to 
keep the solution in the reaction flask a t  constant ebullition, provided boil- 
ing chips were used. The hydrolysis was terminated by removing the elec- 
tric heater and oil-bath. The aspiration of carbon dioxide-free air through 
the apparatus was continued for an additional thirty minutes so as to  
remove the carbon dioxide remaining in the reaction flask. After this had 
been accomplished, the amount of barium hydroxide utilized during the 
run was determined in the usual manner. All of the experiments reported 
below represent the average of duplicate analyses that agreed to within 
0.50%. 

The Decarboxylation of d-Galacturonic Acid under Various Conditions.-Pure 
d-galacturonic acid, m. p. 159 ", [a]? +53.40 in water, prepared from lemon pectic acid 
by a method soon to be published was used in these experiments. 

Action of 2.5% Sulfuric Acid.lO-Three-tenths g. heated for two hours liberated 
0.0088 g. of carbon dioxide which is equivalent t o  a destruction of 12.9%; 0.30 g. heated 
for four hours liberated 0.0169 g. of carbon dioxide, which represents a destruction of 
24.75%. 

Action of 1 N Sulfuric Acid.l1--Three-tenths g. heated for fifteen hours liberated 
0.0396 g. of carbon dioxide, equivalent t o  a destruction of 58. 10yo. 

Action of 2.0% Hydrochloric Acid.lLThree-tenths g. heated for one and one-half 

Two and one-half per cent. sulfuric acid is frequently used in the hydrolysis of 
hemicelluloses, the time interval varying from two t o  four hours. 

l1 1 N sulfuric acid is used most extensively in the hydrolysis of gum acids, the time 
interval being about fifteen hours. 

l2 Whenever hydrochloric acid is used in the hydrolysis of hemicellulose the time of 
the hydrolysis and the concentration of the acid are usually less than when sulfuric acid is 
employed. The hydrolytic action of dilute hydrochloric acid is more drastic than that  of 
weak sulfuric acid. Consequently in the hydrolysis of hemicellulose both the concen- 
tration and the length of the hydrolysis are decreased. 
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horns liberated 0.0094 g. of carbon dioxide, equivalent to a destruction of 13.65%; 
0.30 g. heated for three hours liberated 0.0197 g. of carbon dioxide, equivalent to a de- 
struction of 29.30y0. 

The Decarboxylation of d-Glucuronic Acid under Various Conditions.-Pure d- 
glucuronic acid, m. p. 156O, [al2; +34.0 in water, prepared from gum arabic was used 
in these experiments. 

Action of 2.5% Sulfuric Acid.-One-quarter g. heated for two hours liberated 
0.0056 g. of carbon dioxide, equivalent to a destruction of 9.6670; 0.25 g. heated for 
four hours liberated 0.0096 g. of carbon dioxide, equivalent to a destruction of 18.20%. 

Action of 1 N Sulfuric Acid.-One-quarter g. heated for two hours liberated 0.0078 g. 
of carbon dioxide, equivalent to a destruction of 13.72%; 0.25 g. heated for three 
hours liberated 0.0110 g. of carbon dioxide, equivalent to a destruction of 19.40%; 
0.25 g. heated for four hours liberated 0.0146 g. of carbon dioxide, equivalent to a de- 
struction of 24.60y0; 0.25 g. heated for fifteen hours liberated 0.0326 g. of carbon dioxide, 
equivalent to a destruction of 57.20%. 

Action of 2.001, Hydrochloric Acid.-Three-tenths g. heated for one and one-half 
hours liberated 0.0091 g. of carbon dioxide, equivalent to a destruction of 13.35%; 
0.30 g. heated for three hours liberated 0.0197 g. of carbon dioxide, equivalent to a de- 
struction of 28.80%. 

The Destruction of d-Glucuronic Acid in the Course of Its Preparation from Gum 
Arabic.-Weinmann13 has recently published the most successful method for the prepara- 
tion of d-glucuronic acid from a naturally occurring plant substance. One gram of gum 
arabic with a uronic acid content of 17.60y0 was hydrolyzed in 2.0% hydrochloric acid 
for one and one-half hours. During this time 0.0048 g. of carbon dioxide was liberated, 
equivalent to a destruction of 2.11 0J, of the total gum or 12.0% of the total quantity of 
glucuronic acid present in the original gum. 

One gram of gum acid, prepared from the gum arabic employed above according to 
Weinmann's method (uronic acid content of the gum acid 27.70y0) was hydrolyzed in 
1 N sulfuric acid for fifteen hours, whereupon 0.0349 g. of carbon dioxide was liberated, 
equivalent to a destruction of 15.28y0 of the gum acid or 55.05% of the total quantity of 
glucuronic acid present in the gum acid.14 

The Destruction of d-Galacturonic Acid in the Course of Its Preparation from 
Lemon Pectic Acid.-One g. of lemon pectic acid (galacturonic acid content 88.0y0) 
was hydrolyzed for fifteen hours with 2.0% sulfuric acid; in the course of the above 
reaction 0.0677 g. of carbon dioxide was liberated, equivalent to a destruction of 27.80y0 
of the pectic acid molecule or 33.85% of the total amount of the galacturonic acid pres- 
ent. 

The Destruction of the Uronic Acid Residue of an Aldobionic Acid in I N Sulfuric 
Acid.-The barium salt of an aldobionic acid isolated from cherry gum was used in this 
experiment. The free acid has not been obtained in a crystalline condition, although the 
barium salt is apparently pure, since it liberates one molecular equivalent of carbon 
dioxide when heated with 12.0% hydrochloric acid and has the correct barium content; 
0.5958 g. of the barium salt equivalent to 0.50 g. of the free acid was hydrolyzed for 
fifteen hours, whereupon 0.0330 g. of carbon dioxide was liberated, equivalent to a 
destruction of 53.00%, since complete decarboxylation gave 0.0627 g. of carbon dioxide. 

l3 Weinmann, Ber., 62, 1637 (1929). 
l4 The yield of d-glucuronic acid from gum arabic by Weinmann's method is ap- 

proximately 50 g. of the acid from 1 kilo of the gum. Calculated on the basis of the 
uronic acid content of the gum this is equivalent to 28.50% of the total amount of glucu- 
ronic acid theoretically available. Accounting for the inevitable hydrolytic destruction, 
the maximum yield obtainable is 40% of the uronic acid present in the gum, 
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Discussion 
In  view of the fact that free uronic acids are destroyed by weak mineral 

acids, an inevitable destruction takes place when they are prepared from 
their parent sources, i. e. ,  gum arabic, gum acids, pectic acids, aldobionic 
acids (of the type recently obtained from gums) and various microorgan- 
isms. Polyuronide substances are in general quite resistant to  the action 
of weak mineral acids. Consequently, when the free uronic acids are 
sought, the hydrolyitic procedure should be directed toward the attain- 
ment of a rapid hydrolysis of tk;e parent substance in order to minimize 
the destruction of the free acid. The general practice of using 1 N sul- 
furic acid in preference to 1 N hydrochloric acid when a prolonged hydro- 
lytic procedure is involved is to be recommended. 

The following factors enter into a consideration of the destruction of 
uronic acids by weak mineral acids; the strength of the acid, the tempera- 
ture, the. concentration of the uronic acid in the hydrolytic medium and 
the length of exposure of the free acids to the hydrolytic agent. Con- 
centrations of hydrochloric or sulfuric acid above 5.0% are so effective in 
their decarboxylating action that the employment of these acids in the 
hydrolysis of polyuronides is not to be recommended. The concentration 
of the mineral acid employed should be less than 50/0, but more than 2%, 
since the hydrolysis of most polyuronides proceeds too slowly in concen- 
trations of 2.0y0 or less with the result that the free uronic acid is de- 
stroyed almost as rapidly as i t  is liberated. A t  temperatures below 100' 
the destructive action of weak mineral acids upon uronic acids decreases 
rapidly (unpublished data). However, i t  is difficult to effect the hydroly- 
sis of the polyuronide substances a t  these temperatures. Many experi- 
ments were conducted in an attempt to hydrolyze polyuronides below 100'. 
However, the yields of the free acid were so small that temperatures below 
100' proved to be impracticable. For this reason we have not presented the 
experimental results attained with various concentrations of weak mineral 
acids a t  temperatures ranging from 65-100'. 

The rate of decarboxylation of a uronic acid by the action of weak 
mineral acids also varies with the concentration of the uronic acid present. 
Thus in the case of the decarboxylation of d-glucuronic acid in 1 N sul- 
furic acid, 13.72% of an original sample of 0.25 g. in 100 cc. was destroyed 
in two hours and 24.60% destroyed a t  the end of four hours. From the 
rate of decarboxylation during the first four hours, complete decarboxyla- 
tion of the sample should have been effected in the course of approxi- 
mately sixteen hours. However, a t  the end of fifteen hours only 57.20% 
had been destroyed, based upon the amount of carbon dioxide liberated. 

We have observed that reversion products of the uronic acids are 
readily formed in weak mineral acid solutions. The higher the initial 
concentration of the uronic acids, the greater and the more rapid is the 
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formation of the reversion products. These reversion products are quite 
stable toward weak acids, for in an hydrolysis conducted with 1 N sulfuric 
acid for over one hundred hours, all of the carbon dioxide theoretically 
obtainable from a sample of d-galacturonic acid had not been liberated, 
although free d-galacturonic acid was no longer present. The formation 
of these reversion products helps to explain the fact that the decarboxyla- 
tion of a given amount of uronic acid in any weak mineral acid is not a 
linear f~~nction referred to time. In addition, the action of weak mineral 
acids does not appear to proceed quantitatively according to the equation 

C6H1007 = CSHOOZ + 3Hg0 + C02 

as is the case when the concentration of the acid is 12.0y0. Apparently 
some side reactions occur, as the quantity of furfural produced is less 
than the amount expected on the basis of the carbon dioxide produced. 
A substance is produced in the course of the reaction which is not furfur- 
aldehyde, but i t  reduces Fehling's solution readily a t  room temperature, 
and gives the various tests for pentose sugars. The nature of this sub- 
stance is being studied for it appears to be not without significance since 
i t  seems to be a furan derivative. 

It has been postulated repeatedly by DeChalmont,15 Spoehr,16 Ha- 
worth,17 l 3 h r l i ~ h ~ ~  and others that the pentose sugars arise from uronic 
acids by direct decarboxylation. Thus xylose would be formed from 
glucose, and arabinose from galactose. The formation of the afore- 
mentioned furan product by the action of dilute mineral acids is indicative 
of the fact that uronic acids can apparently be decarboxylated in vitro 
without the reaction proceeding to the furfuraldehyde stage. When 
furfuraldehyde is formed from a uronic acid by the action of 12% hydro- 
chloric acid, it is assumed that a pentose sugar is intermediate in this 
reaction. According to Nelson and Cretcher

g 
the pentoses reported by . 

Kylin, Hoagland and Lieb (loc. cit.) to be present in the alginic acid 
from Macrocystis pyrifera might be regarded as having been formed by 
decarboxylation of the uronic acid that comprises this alginic acid. 

In concluding, i t  should be stated that the methods now in use in plant 
physiological and plant biochemical studies for the determination of 
pectin substances and hemicelluloses are inaccurate due to the error intro- 
duced through the destruction of the uronic acids that comprise part 
of the molecule of these substances. This is particularly the case in 
the estimation of the hemicelluloses, which is accomplished by determining 
the total reducing power after an acid hydrolysis, which is usually done 

16 DeChalmont, Am. Chem. J., 16, 610 (1893); Ber., 27,2722 (1894). 
'6 Spoehr, Carnegie Inst. Pub., No. 387, 42, 75 (1917). 
l7 Haworth, J. Soc. Chem. Ind., 28, 2951' (1927); Helv. Chim. Acta, 11, 534 (1928). 
'8 ghrlich and Schubert, Biochem. Z., 203,343 (1929). 



with 2.5-5% hydrochloric or sulfuric acid.lg I t  has been shown by 
O'DwyerlZ0 Schmidtz1 and co-workers, Schwalbe and Peldtmannz2 and 
others, that hemicelluloses contain uronic acids. A hemicellulose prepara- 
tion from the maize plant has been obtained that contains d-glucuronic 
a ~ i d . ~ 3  

The authors wish to acknowledge their indebtedness to Dr. Allan 
Dickson for assistance rendered during the course of this work. 

Summary 
d-Glucuronic and d-galacturonic acids are decarboxylated when heated 

with either hydrochloric or sulfuric acid of concentrations below 5.0%. 
In  the course of the preparation of these acids from their parent polyuronide 
substances by hydrolytic procedures, an inevitable destruction occurs. 
This destruction accounts for the low yields that are usually obtained in 
the course of the preparation of the uronic acids from their natural source 
materials, and also contributes to an error in the course of the determi- 
nation of hemicellulose and pectin in plant physiological studies. Be- 
sides carbon dioxide, furfuraldehyde and some reversion products, the 
action of dilute mineral acids produces a furan derivative whose nature 
has not been determined. 

DEPARTMENT OP AGRICULTURAL CHEMISTRY 

MADISON, WISCONSIN 

[CONTRIBUTION FROM THE INSECTICIDE DIVISION, BUREAU OP CHEMISTRY AND SOILS] 

ROTENONE. V. THE IDENTITY OF ISOTUBAIC AND ROTENIC 
ACIDS 

BY H. I,. HALLER AND F. B. LAFORGE 
RECEIVED FEBRUARY 18, 1930 PUBLISHED JUNE 6, 1930 

When an alcoholic potassium hydroxide solution of rotenone is refluxed 
- for several hours, an acid is obtained in a yield of about 5% which repre- 

sents approximately half of the rotenone molecule and which is known as 
tubaic acid. Kariyone, Kimura and Kondol have established the em- 
pirical formula C12H1204 for tubaic acid and this formula has been con- 
firmed by Takei.2 

Tubaic acid possesses the properties of a phenolcarboxylic acid. It 
shows an acid reaction to litmus and requires 1 mole of alkali for its neu- 

l9 Report of Committee on Methods, Plant Physiology, 2, 93-95 (1927). 
20 O'Dwyer, Biochem. J., 17,501 (1923) ; 19,694 (1925) ; 20,656 (1926). 
21 Schmidt, Meinel and Zintl, Ber., 60, 503 (1927). 
2Wchwalbe and Feldtmann, ibid., 58, 1534 (1925). 
23 Unpublished data of the senior author to which reference has been made in THIS 

JOURNAL, 51, 2506 (1929). 
Kariyone, Kimura and Kondo, J. Pharm. Soc. (Japan), No. 514, 1094 (1924); 

ibid., No. 518, 377 (1926). 
Takeit Ber., 61, 1003 (1928). 
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tralization. In alcohol solution it gives a violet color with ferric chloride, 
and i t  forms an acetyl derivative. It yields a dimethyl derivative, in 
which one methyl group is readily saponifiable, and the other is in the form 
of amethoxyl, replacing the original phenol group. Tubaic acid contains 
a double bond which is readily reduced with colloidal palladium and hy- 
drogen. It contains no methoxyl group. All attempts to bring the fourth 
oxygen atom into reaction so far have failed. Tubaic acid yields acetic 
acid on oxidation in aqueous solution with permanganate, whereas dihydro- 
tubaic acid and rotenic acid, which will be discussed below, yield isobutyric 
acid.3 

A tentative structural formula for tubaic acid (I) has been proposed 
recently by Takei, Koide and M i ~ a j i m a . ~  

H2 

CH2 CHa 

Tubaic acid is converted by fusion with potassium hydroxide into an iso- 
meric compound known as rotenic acid, for which Takei, Koide and Miya- 
jima have advanced the structural formula 11. Rotenic acid can also be 
prepared by fusing rotenone with solid potassium hydroxide. 

According to the Japanese investigators the conversion of tubaic acid 
into rotenic acid is brought about by a migration of two hydrogen atoms, 
as a result of which the iso-ally1 group is converted into an isopropyl group 
and a more stable conjugated system is formed. 

When rotenone is dissolved in concentrated sulfuric acid and the resulting 
solution is diluted with water, or when rotenone is boiled with 50% sulfuric 
acid, an isomer of rotenone is obtained which is known as i~orotenone.~ 
So far as we know neither Takei nor Butenandt has proposed an expla- 
nation of the difference in structure between rotenone and isorotenone. 
It has been suggested by one of the writers4 that the iso-ally1 group in 
rqtenone has been converted into a trimethylene ring in the formation of 
isorotenone. 

In the course of our investigations on the structure of rotenone we have 
prepared isotubaic acid by refluxing an alcoholic potassium hydroxide 
solution of isorotenone and isolating the resulting acid in the same manner 
that was described for the preparation of tubaic acid.5 A product melting 

3 Takei and Koide, Bull. Inst. Phys. Chem. Res., 8, No. 6, 64 (1929); also in Ber., 
62, 3030 (1929); Takei and Miyajima, Bull. Inst. Phys. Chem. Res., 8, No. 6, 61 (1929). 

LaForge and Smith, THIS JOURNAL, 51, 2574 (1929). 
Takei, Biochem. Z., 157, 1 (1925). 
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a t  156" was obtained which in alcoholic solution gave a blue color with 
ferric chloride. Rotenic acid5 according to Takei melts a t  182' and gives 
a blue color in alcoholic solution with ferric chloride. We have prepared 
rotenic acid by the procedure described by Takei and found its melting 
point to be 182'. The mixed melting point of a mixture of isotubaic acid 
and rotenic acid was 185'. G. I.,. Keenan of the Food, Drug and Insecti- 
cide Administration, U. S. Department of Agriculture, has determined 
the optical properties of isotubaic acid and rotenic acid and was unable to 
find any difference between them. The acetyl derivative of isotubaic 
acid was prepared and found to melt a t  156'. According to Takei,2 the 
acetyl derivative of rotenic acid melts a t  155'. 

Isotubaic acid is also obtained when tubaic acid is refluxed with 50% 
sulfuric acid. 

It is a surprising fact that rotenic acid (isotubaic acid) is obtained from 
derritol by the alkali fusion process, details of which will be presented in 
another communication to follow shortly. 

Since isotubaic acid and rotenic acid are iden t i~a l ,~  the change which 
takes place when rotenone is converted into isorotenone is the same as 
when rotenic acid is produced from tubaic acid. Accordingly the theory 
of the mechanism for the transformation of rotenone into isorotenone ad- 
vanced by one of the writers or the explanation suggested by Takei and 
Koide for the change taking place in the conversion of tubaic acid into 
rotenic acid must be altered. The investigation is being continued. 

Experimental 
1sorotenone.-Ten grams of rotenone was addcd to a solution of 330 cc. of concen- 

trated sulfuric acid in 600 cc. of water and the mixture was refluxed for eight hours. 
After standing a t  room temperature overnight, the solution was filtered, the isorotenone 
was washed free of sulfuric acid and then recrystallized from alcohol; it  melted a t  183 ". 
An equal volume of water was added to the alcoholic filtrate and the precipitate was 
filtered off and dried. It melted a t  about 100". It has not yet been identified. 

Isotubaic Acid.-Ten grams of isorotenone was added to a solution of 6 g. of potas- 
sium hydroxide in 200 cc. of alcohol. The solution was refluxed for three hours, diluted 
with water and acidified with dilute sulfuric acid. The precipitate was filtered off and 
extracted with a 5% aqueous solution of sodium carbonate. This solution was acidified 
with dilute sulfuric acid and the isotubaic acid was filtered off. It may be recrystal- 
lized from dilute alcohol solution, dilute acetic acid or from ether-petroleum ether. - I t  
melted a t  18Ci0. Mixed with rotenic acid it  melted a t  185". For analysis it  was dried 
to  constant weight a t  110 O. 

Anal. Subs., 0.0632: C02, 0.1518; H20. 0.0321. Calcd. for ClzHlzOl: C, 65.42; 
H,S.50. Found: C,65.53; H,5.68. 

Mr. Keenan states, "Isotubaic and rotenic acids were found to be identical in so 
far as partial optical data (immersion method) could determine. Both substances 

The identity of isotubaic and rotenic acids is reported by Butenandt [ A m . ,  
477, 245 (1930)l and by Takei, Koide and Miyajima [Ber., 63, 508 (1930)l in recent 
articles which came to our attention after this paper had been prepared for publication. 
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were rod-like in habit with a minimum index of refraction of 1.445, which may be con- 
sidered as a for the acids. The other indices of refraction were found t o  be very high 
and not measurable by the liquids available." 

Rotenic Acid.-Ten grams of rotenone was intimately mixed with 40 g. of powdered 
potassium hydroxide and heated in an oil-bath t o  180-200". When fusion was com- 
pleted, the cooled mass was dissolved in water and the solution was acidified with dilute 
sulfuric acid. The precipitate was filtered off and dissolved in ether; the ether solution 
was dried over anhydrous sodium sulfate. The ether was removed and the residue was 
extracted with petroleum ether, from which the rotenic acid separated on cooling. I t  
melted a t  182'. A mixture of rotenic acid and isotubaic acid had a melting point of 
18.5". The optical data as determined by Mr. Keenan of the Food, Drug and Insecticidr 
Administration were the same as  for isotubaic acid. 

Isotubaic Acid from Tubaic Acid.-One-tenth gram of tubaic acid was added to 5 cc. 
of 60% sulfuric acid, and the mixture was refluxed for one hour. After cooling, the  
solution waq exactly neutralized with dilute sodium hydroxide and then extracted with 
ether. After removal of the ether, the acid was recrystallized from ether-petroleum 
ether. I t  gave the characteristic blue color of isotubaic acid in alcohol solution with 
ferric chloride. 

Summary 
Isotubaic acid was prepared from isorotenone and was found to  be 

identical with rotenic acid. 
The change which occurs when rotenone is converted into isorotenone 

involves the same groupings as when rotenic acid is formed from tubaic 
acid. 

WASHINGTON, D. C. 

[CONTRIBUTION PROM THE DEPARTMENT OP CHEMISTRY, SYRACUSE UNIVERSTTY] 

THE OXIDATION OF INOSITE WITH NITRIC ACID 
BY OTTO GBLORMINI AND NEAL E. ARTZ 

RECEIVED FEBRUARY 20, 1930 PUBLISHBD JUNE 6, 1930 

The object of this investigation was an attempt to clear up the apparently 
contradictory results obtained by different investigators in the oxidation of 
inosite with nitric acid. Maquennel oxidized inosite with three to  five 
times its weight of fuming or concentrated nitric acid in an open dish, on 
a water-bath. He obtained upon evaporating to dryness, a white residue 
which was washed with absolute alcohol to remove the trace of oxalic acid 
formed, and then taken up in water and evaporated on the water-bath. 
The solution immediately began to turn brown, and soon a brown precipi- 
tate which he believed to be tetrahydroxyquinone separated. A solution 
of the oxidized material when treated with barium chloride, gave barium 
rhodizonate, which he identified by its red color. When the oxidized ma- 
terial, in water solution, was treated with sodium carbonate, a greenish- 
black powder separated, which he reported as a mixture of the di-sodium 
salts of tetrahydroxyquinone and rhodizonic acid. By acidifying he again 

Maquenne, Compt. rend., 104, 298 (1886). 
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obtained tetrahydroxyquinone, and on treatment with concentrated nitric 
acid, triquinoyl was formed. This last compound was isolated and ana- 
lyzed. By warming a solution of triquinoyl in the presence of potassium 
hydroxide, crystals of the di-potassium salt of croconic acid were obtained. 

Contardi2 carried out the oxidation of inosite in essentially the same 
manner, using fuming nitric acid. However, he reported no oxalic acid, 
but obtained a white residue which remained white even after taking up in 
water and evaporating the solution to dryness. This material he claimed 
was pure leuconic acid. He crystallized the material from nitric acid and 
thereby obtained a white crystalline substance which analyzed to give the 
correct percentage composition for leuconic acid with five molecules of 
water of crystallization. The oxidized material was also treated with 
hydroxylamine, and a substance was obtained which was not crystalline, 
and which he was unable to purify because of its insolubility in all solvents 
except bases. This compound, when analyzed, gave the correct percentage 
of nitrogen to correspond with the penta-oxime of leuconic acid. On the 
basis of these results Contardi concluded that the oxidation of inosite with 
nitric acid produced only leuconic acid, and proceeded as follows 

CHOH 
/\ 

HOHC CHOH 7 0  OC-CO 
I I I I + COz + 6Hz0 

HOHC CHOH OC CO 

Inosite Leuconic acid 

Since the percentage composition of rhodizonic acid, tetrahydroxyquin- 
one, triquinoyl, croconic acid and leuconic acid may be almost equal, 
depending upon the amount of water of crystallization which each com- 
pound may contain, the results of Contardi's analysis of his crystalline 
compound seemed hardly sufficient ground for the conclusion that the ma- 
terial was only leuconic acid. The objection is increased when we consider 
that he had no method for establishing the purity of his product. Neither 
did i t  seem logical to place very much weight upon the fact that the ma- 
terial obtained by treatment with hydroxylamine gave the correct amount 
of nitrogen for the penta-oxime of leuconic acid, since he was unable to 
obtain this compound in a crystalline condition, and therefore could not be 
sure that he was dealing with a pure compound. 

On the other hand, Maquenne's assumption of the presence of tetra- 
hydroxyquinone and rhodizonic acid in the oxidation product on the basis 
of the analysis of the extraordinarily unstable triquinoyl, and of the red 
color of the salt produced by barium chloride, seemed hardly sufficient proof 
for the presence of these materials. 

Because of the obviously contradictory results of these two investigators, 
Contardi, Gazs. chim. ital., 51, I, 107-125 (1921). 
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as well as the seemingly rather doubtful basis upon which they interpreted 
some of their results, i t  seemed worth while to repeat the work on the oxida- 
tion of inosite with nitric acid. 

Experimental Part 
The inosite was prepared from phytin according to the method used by C ~ n t a r d i . ~  

The phytin was obtained from the Corn Products Co. We obtained from this material 
a nicely crystalline product melting a t  21g0, which exhibited all of the properties as- 
signed in the literature to inactive inosite. * 

Following Contardi's directions, 50 g. of inosite was dissolved in 150 g. of nitric 
acid (Baker's c. P. fuming, sp. gr. 1.501, and the solution was heated on the water-bath. 
The reaction soon became rather violent, and large amounts of the oxides of nitrogen 
were given off. After some time the reaction slowed down somewhat, and the solution 
was evaporated to dryness. As the residue approached dryness it appeared as a greenish- 
white sticky mass, but on remaining on the boiling water-bath it soon changed to a light 
brown color. The material was extremely soluble in water, and effervesced somewhat 
when placed in solution. It was slightly soluble in aIcohol, but insoluble in ether. It 
showed a very slight trace of oxalic acid. 

The residue was now taken up in water and again evaporated on the water-bath. 
The solution began to turn brown almost immediately, and a slow but steady evolution 
of carbon dioxide was noted during the evaporation. After some time a brown colored 
precipitate began to separate, and on evaporating the solution completely to  dryness, 
the residue was almost black, appearing much like carbon. This material was very 
soluble in water, giving deep brown solutions. No crystalline product was obtained from 
it. Cold, concentrated nitric acid decolorized it immediately, but the residue which had 
been decolorized in this way again turned brown when its water solution was evaporated. 

The oxidation was repeated in the same way, with the exception that  the tem- 
perature, neither during the reaction nor during the subsequent evaporation, was allowed 
to rise above 60 ". When the nitric acid solution had evaporated to a thin sirup, i t  was 
removed from the water-bath and allowed to cool. Nicely crystalline colorless needles 
soon separated. These were filtered off with suction, washed with a mixture of half 
alcohol and half ether, and kept in a vacuum desiccator which contained both concen- 
trated sulfuric acid and solid potassium hydroxide, until they no longer gave a test for 
nitric acid. The mother liquor from which these crystals had been obtained was con- 
centrated somewhat, and again allowed to cool. Again needle crystals separated. 
These were purified in the same manner as the previously obtained fraction. In a 
similar manner a third fraction of crystals was obtained from the mother liquor. These 
fractions were analyzed separately, and the results of analysis were found to differ 
quite widely with the different fractions. I t  was apparent from these results that the 
three fractions were not made up of a single compound, but of a mixture. The crystal- 
line material was unstable a t  temperatures around 60". Its water solutions turned 
brown with the evolution of carbon dioxide when they were warmed on the water-bath. 

An attempt was made to prepare the penta-oxime according to Contardi's direc- 
tions.2 A small amount of a brown amorphous material was obtained, which exploded 
a t  170" as Contardi's oxime had done. I t  dissolved in alkali and was reprecipitated on 
addition of acid, but still in an amorphous condition. Since this material was obtained 
in very small amounts, and since no method of determining its purity was found, it was 
not investigated further. 

When a solution of the material obtained by the oxidation of inosite was treated 
wikh barium chloride solution, the mixture at first became turbid; then a bright red 
amorphous precipitate settled out. I t  was upon the result of this reaction that Ma- 



2486 OTTO GELORMINI AND NEAL E. ARTZ VO~. 52 

quenne based his conclusion that rhodizonic acid was present in the product obtained 
by  the oxidation of inosite with nitric acid. Since this compound could riot be obtained 
crystalline, investigation of the substance was dropped. 

Since it seemed apparent that  the material obtained by oxidation in this manner 
was doubtless a mixture of products, we now attempted t o  carry out a separation of these 
compounds by converting them into their salts. 

Isolation of the Di-potassium Salt of Croconic Acid.-A water solution of the 
material obtained from the oxidation of inosite with nitric acid iii the manner described 
above, was treated with solid potassium carbonate until the solution showed an alkaline 
reaction. Imnlediately upon iritroduction 8 the carbonate the solution turned yeIlow 
and there was slight effervescence. A bright yellow precipitate soon began t o  settle 
out, and by the time the solution was neutral i t  had become practically solid, due to  the 

- large amount of this precipitate. More water was added, but since the material did 
not seem to go readily into solution, it  was warmed slightly. I t  soon began to effer- 
vesce-the precipitate meantime going into solution, and the solution itself took on a 
dark brown color. It was filtered while warm and allowed to cool, whereupon a small 
quantity of beautiful violet colored crystals separated. This material was filtered off, 
and the solution was concentrated t o  a small volume, and again allowed to cool. A large 
amount of orange colored needle crystals then settled out. This material was mod- 
erately soluble in water, from which it  could be easily crystallized. . After several 
recrystallizations from water the orange crystals were dried in a water jacketed oven a t  
100 ". On drying, the material became bright yellow in color, but upon recrystallization 
from water the orange needles were again obtained. 

The properties of this compound agreed with those given in the literature for the di- 
potassium salt of croconic acid. Gmeli113 had obtained i t  by the evaporation in air of a 
water solution of potassium carbonyl. Nietzki and Benckiser4 obtained it  from hexa- 
hydroxybenzene by evaporating a water solution of this material in the air, in the pres- 
ence of potassium hydroxide. The same investigators obtained it  in the same manner 
by evaporating a water solution of either triquinoyl, tetrahydroxyquino~ie or rhodizonic 
acid in the presence of potassium hydroxide. Their description applied in every respect 
t o  the compound which we had isolated. Consequently we proceeded to analyze the 
yellow salt. 

Anal. Calcd. for C505Kz: C, 27.52; H, none; K, 35.77. Found: C,  27.31, 
27.45; H, 0.18, 0.12; K, 35.7, 35 7. 

There remained, therefore, little doubt but that this yellow salt was the 
di-potassium salt of croconic acid. Since it had been obtained by previous 
investigators by the evaporation of alkaline solutions of hexahydroxyben- 
zene, tetrahydroxyquinone, rhodizonic acid and triquinoyl, i t  seemed pos- 
sible that some of these might have been present in the original material 
from which potassium croconate had been obtained. 

An Attempt to Isolate the Salt of Rhodizonic Acid and the Subsequent 
Isolation of the Di-sodium Salt of Tetrahydroxyquin0ne.--As already 
pointed out, we had obtained a violet crystalline material upon the first 
treatment of the oxidation product with potassium carbonate. The di- 
potassium salt of rhodizonic acid was obtained by several  investigator^^,^ 

3 Gmelin, Ann. phys., 4, 31 (1800). 
Nietzki and Benckiser, Ber., 18, 499-515 (1885); ibid.,  19, 293 (1886). 
Heller, Ann., 34, 232-235 (1840); Will, ibid.,  118, 187-206 (1861); Lerch, 

ibid. ,  124, 20-42 (1862). 
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and is described as a violet colored, needle crystalline material that  dis- 
solves in water to  give orange colored soiutions, wliich yield potassium 
croconate on evaporation. It therefore seemed probable that the violet 
material might be the di-potassium salt of rhodizonic acid. However, the 
yield of this material in the previously described treatment had been very 
small, and upon repeating the procedure we were seldom able to  obtain any 
of the violet crystals. Some material usually separated, but i t  was not 
crystalline, and ranged in color from black to green, with sometimes a 
small amount of violet. 

Since rhodizonic acid in alkaline solutions tends to change over to the salt of cro- 
conic acid, it was thought that perhaps the normal carbonate produced too alkaline a 
medium for the separation of the rhodizonic acid salt, if present. A solution of the 
oxidized material was therefore treated with solid sodium bicarbonate in small portions. 
I t  immediately turned yellow, and there was some effervescence, which continued for 
some time after each addition. When the solution no longer effervesced upon further 
addition of the bicarbonate, it was set aside and allowed to stand for some time. Soon 
a solid began to separate which, on filtering off, was found to be nicely crystalline, but 
green in color. The same green compound was obtained when sodium acetate, disodium 
hydrogen phosphate or trisodium phosphate was used in place of the bicarbonate, 
although the bicarbonate seemed to give the best results. Sodium chloride and sodium 
sulfate produced none of the green salt. 

This green material, like the violet, could not be recrystallized from water, but, 
dissolved in that solvent, gave the same orange colored solution as the latter, and upon 
evaporation of the solution only the croconic acid salt was obtained. 

Potassium bicarbonate worked in the same way as sodium bicarbonate, giving a 
material of a slightly darker green color, but not quite so nicely crystalline as the product 
obtained by the sodium bicarbonate treatment. 

In no case under this treatment was there any indication of the produc- 
tion of the violet salt. However Nietzki and Benckiser4 describe the di- 
sodium salt of tetrahydroxyquinone as a dark green, crystalline material, 
which dissolves in water to  give an orange colored solution that yields 
sodium croconate on evaporation. We therefore believed this green ma- 
terial which we had obtained to be the di-sodium salt of tetrahydroxy- 
quinone. Analysis of the compound bore out this supposition. 

Anal. Calcd. for C60eHsNaz: C, 33.3; H, 0.92; Na, 21.3. Found: C, 33.28, 
33.76, 32.80, 32.88; H, 1.20, 1.32, 0.98; Na, 21.3,21.3, 21.0,21.3. 

The slight variation in results may be considered as due to  the fact that 
this compound could not be purified beyond the condition in which i t  
separated from the original solution. 

From the results of this analysis, and because of the agreement between 
the properties of the compound with those given in the literature for the 
di-sodium salt of tetrahydroxyquinone, we concluded that  this green sub- 
stance must be the di-sodium salt of tetrahydroxyquinone. 

Isolation of the Di-potassium Salt of Rhodizonic Acid.-Since the 
method of procedure just described had not given a method for obtaining 
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the violet material, we now returned to the original treatment with po- 
tassium carbonate, in the hope that by suitable adjustment of conditions 
we might be able to obtain the violet material consistently. After a large 
number of attempts we were able finally to produce the violet salt a t  will by 
the following procedure. 

Inosite was oxidized with three times its weight of nitric acid, in the manner formerly 
described; 25 g. of the product obtained by this oxidation was dissolved in 50 cc of 
water. When 2 cc. of this solution in a test-tube was treated with 3 cc. of 20y0 solutio 1 
of potassium carbonate, the mixture became almost solid, the solid being about the color 
of ocher. The test-tube and contents were now placed in a beaker of water a t  a tem- 
perature of about 60'. Effervescence began almost immediately, the yellow precipi- 
ta te  began to go into solution, and the solution itself took on a much darker browil 
color. After about three minutes, the test-tube and contents were removed from the 
water. Effervescence continued for some time and when this came to an end, all of the 
yellow precipitate had gone into solution. The solution was dark brown in color 
When it  had cooled a layer of violet crystals about a centimeter deep was found on the 
bottom of the test-tube. 

If the oxidation is carried out with different proportions of nitric acid 
than given, a new set of conditions for the treatment with potassium 
carbonate must be determined. The amount of the violet salt obtained 
does not appear to vary appreciably when the amount of nitric acid is 
varied over moderate limits. 

Analysis of the violet salt confirmed our belief that the violet salt was 
the di-potassium salt of rhodizonic acid. 

Anal. Calcd. for CGOGK~: C, 29.67; H ,  none; K, 31.6. Found: C, 29.15, 29 20, 
29.66,29.73,29.40; H, 0.04,0.16, 0.01, 0.18, 0.12; K,31.1,31.8, 31.2, 31.5, 31.2. 

Quantitative Conversion of Six-Membered Ring Compounds to Com- 
pounds Having Five-Membered Rings.-Although it appeared certain 
from the results obtained thus far that some of the products in the oxidation 
of inosite with nitric acid were six-membered ring compounds, we deemed 
i t  advisable to try another method of investigation in order to give further 
proof of this fact. 

As already pointed out, other investigators have shown that the salts 
of both rhodizonic acid and tetrahydroxyquinone in water solution change 
over to the corresponding salts of croconic add.  We have also pointed out 
that the compounds we obtained exhibited the same phenomenon. The 
reactions involved in this transformation would be represented as follows 

/\ 
HOC CONa 2 0  OC-CONa 

I I ---f I I + COz + 
NaOC COH NaOC CO 

'd M 
Sodium salt of Sodium salt of 
tetra-oxyquinone croconic acid 
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I1 CO 
/\ 

OC COK OC-COK 
I I + + CO2 

KOC CO K d  b 
M '& 

IJotassiun~ salt of Potassium salt of 
rhodizonic acid croconic acid 

Upon consideration of these cquations it will be seen that they should 
lend themselves to a fairly simple quantitative investigation. Indeed 
they have the advantage that they offer three different ways in which the 
course of the reaction can be checked quantitatively. Taking Reaction I 
as an example, in the first place the amount of carbon dioxide can be ab- 
sorbed and weighed. The weight of the carbon dioxide obtained should 
correspond to one molecule for every molecule of the di-sodium salt of 
tetrahydroxyquinone employed. In the second place, if the reaction takes 
place quantitatively according to the above equation, the weight of the 
tetrahydroxyquinone salt employed in the determination should be to  the 
weight of the residue after the reaction has taken place, as the molecular 
weight of the di-sodium salt of tetrahydroxyquinone is to the molecular 
weight of the di-sodium salt of croconic acid. Finally, the amount of 
sodium in the residue obtained after the reaction has taken place, should 
correspond to the percentage of sodium in sodium croconate, while the 
amount present in the original material corresponds to that in the di- 
sodium salt of tetrahydroxyquinone. 

The second reaction can lend itself to the same sort of quantitative de- 
termination, likewise offering three ways in which to obtain a quantitative 
check on the conversion. 

Soda lime 
I. Trap 

-7 

TO 

KO11 301. 
Fischer absorgtion 

II~SO. ,  (sono. ) bottle 

Fig. 1.-Diagram of apparatus. 

111 order to  carry out these reactions the apparatus shown in Pig. I was constructed. 
Tube A was first filled about two-thirds full of distilled water, and was then surrounded 
by a beaker of water kept a t  about 80 ". Air that had been purified from carbon dioxide 
by pgssing through the purification train shown was drawn slowly through the whole 
apparatus by means of a suction pump. The Fischer absorption bulb was taken off 
from time to time and weighed. When i t  no longer increased in weight, the apparatus 
was ready for use. Accordingly, a weighed sample of the green salt was introduced 
into the water in tube A, and air was drawn through the resulting solution until the  
absorption bulb no longer gained in weight. This required about three hours. The 
total increase in weight of the absorption bulb corresponded to the amount of carbon 
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dioxide lost by the sample of the di-sodium salt of tetrahydroxyquinone in changing 
to the di-sodium salt of croconic acid. The solution remaining in tube A was transferred 
t o  a weighed platinum crucible and evaporated to  constant weight. The difference 
between the weight of the original sample and the weight of the residue thus obtained 
corresponded to the loss in weight that the original sample of the di-sodium salt of tetra- 
hydroxyquinone should undergo in changing to the di-sodium salt of croconic acid. 
The residue in the crucible was now ashed, dissolved in water and finally titrated with 
standard hydrochloric acid, using methyl orange as indicator, the percentage of sodium 
present in the residue being then calculated as  the carbonate. The amount of sodium 
present in the residue was found to correspond t o  the correct percentage of the residue 
obtained by the evaporation of the water solution, if that residue were pure sodium 
croconate. 

The violet salt was subjected to similar treatment, and the results were found to 
agree exceptionally well with the results expected if the di-potassium salt of rhodizonic 
acid changed quantitatively to  the di-potassium salt of croconic acid, according to 
Equation I1 above. The results of the analyses are given in Tables I and 11. Table I 
is the result of the treatment of the green salt, while Table I1 represents the analysis 
of the violet material. 

N a  found, 
calcd on Nd ealcd. 

Sample, Cot  COz Residue Residue residue for 
g. found, g. calcd., g .  found, g. calcd., g .  obtained, % NaiCs04, % 

K found. 
calcd. on K calcd. 

Sample, COa COz Residue Residue residue for 
g.  found, g. calcd., g. found, g.  calcd., g. obtained, % KzC,Os, O/o 

(No result was obtained for the carbon dioxide in the second sample in Table 11, 
due to the fact that a leak developed in the apparatus during this run.) 

From the results thus obtained there can no longer be any doubt that six- 
membered products are obtained in the oxidation of inosite with nitric acid, 
and we can represent the reaction on the basis of the results obtained on 
the following page. 

While direct derivatives of the products indicated in brackets (triquinoyl 
and leuconic acid) have not been isolated by us, we believe that it is highly 
probable that they are formed in the course of the reaction, since ~ i i t z k i  
and Benckiser4 have shown that triquinoyl is easily produced from tetra- 
hydro~yquinone or rhodizonic acid by oxidation with nitric acid, and Will6 
obtained leuconic acid by the oxidation of croconic acid with nitric acid. 
All of these are so unstable in the free condition that we feel more justified 
jn concluding their presence on the basis of the much more stable salts 



0 
CHOH C + H z 0  
A 

HOHC CHOH 
/\ 

OC COH 0 OC-COH 
I I I I --+ 

ZIOC COII 
I i +COz 

WOHC CHOH HOC C O  
\/ 

C 
Inosite 

\d 
xOH mldiz?nic acid 

0 
Croconic acid 

0 
J. o "'1 C 
0 C + Hz0 

/\ 
HOC COH 

/\ 
OC CO OC-CO I0 + HnO 

I I 
H o e  '7' COH f 4Hz0 [O{tl ,')kt]+ '!02 

0 
Tetrahydroxyquinone Triquinoyl Leuconic acid 

which we isolated than on the grounds of the analysis of the free com- 
pounds. At any rate, we can certainly conclude that tetrahydroxyquinone, 
rhodizonic acid, and croconic acid may be numbered among the com- 
pounds obtained by the oxidation of inosite with nitric acid. 

Possibility of Hexahydroxybenzene as  an Oxidation Product of 
1nosite.-On inspection of the reactions given above it will be seen that  
the successive reactions take place in quite an orderly manner, and that  
they proceed for the most part by the removal of two hydrogens from the 
first compound to give the second. Thus tetrahydroxyquinone is con- 
verted into rhodizonic acid by the removal of two hydrogens by oxidation. 
It,  therefore, seemed logical that the tetrahydroxyquinone found in the mix- 
ture of oxidation products might have originated by a similar reaction from 
hexahydroxybenzene, which could have been formed in the reaction as 
follows 

CHOH COH CO 
/\ /\ 

HOHC CHOH 3 0  HOC COH 
/\ 

0 HOC COH 
I I --3 I 1 + I 

HOHC CHOIl  HOC COH + 3Hz0 HOC COH 4- H z 0  
\/ 

CHOH 
\/ 

COH '56 
Inosite Hexahydroxybenzene Tetrahydroxyquinone 

Indeed LerchG as well as Nietzki and Benckiser4 had obtained tetra- 
hydroxyquinone, rhodizonic acid and triquinoyl by the oxidation of hexa- 
hydroxybenzene with nitric acid. We therefore set out to ascertain, if 
possible, whether hexahydroxybenzene was contained in the mixture of 
products which we had obtained by the oxidation of inosite. 

Isolation of Hexahydroxybenzene Hexa-acetate.-Hexahydroxyben- 
zene had been identified by Nietzki and Ben~kiser,~ who first prepared the 

6 Lerch, Ann., 124, 2 0 4 1  (1862). 
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compound, by the fact that upon acetylation with acetic anhydride in the 
presence of sodium acetate they were able to isolate a crystalline substance 
which showed the correct composition for the hexa-acetate of hexahydroxy- 
benzene. This material they describe as very insoluble in most reagents, 
but crystallizable from boiling glacial acetic acid, in which it is slightly 
soluble. The material separated in colorless microscopic cubes which 
contained acetic acid of crystallization; this was driven off by heating a t  
150°. The compound melted sharply a t  203'. The original material 
before acetylation also yielded benzene and diphenyl when distilled with 
zinc dust. 

We believed that if hexahydroxybenzene were one of the products of oxidation, 
we might be able to identify it through acetylation after the method of Nietzki and 
Benckiser. Accordingly, 5 g. of the product obtained by the oxidation of inosite in the 
manner originally described, was refluxed for one hour with 100 cc. of acetic anhydride 
in the presence of 3 g. of fused sodium acetate. During the heating the reaction mixture 
became dark brown in color. It was allowed t o  cool and then poured into about 200 
cc. of cold water. A precipitate separated, which was filtered off, washed with hot water 
for some time, then with hot alcohol, and finally with ether. The material remaining 
was of a light tan color, and was extremely insoluble in practically all ordinary solvents. 
It dissolved with some difficulty in boiling glacial acetic acid, from which i t  crystallized 
very quickly on slight cooling. The material obtained in this way appeared under the 
microscope to be made up of very small but  well-formed almost colorless cubes. After 
several recrystallizations from glacial acetic acid the material was entirely colorless 
and melted sharply a t  204'. It contained acetic acid of crystallization as had the com- 
pound obtained by Nietzki and Benckiser. However, after heating a t  150' for some 
time, the weight became constant, and the material was subjected to  analysis. 

Anal. Calcd. for Ce(OOCCH3)6: C, 50.72; H, 4.22. Found: C, 50.48, 50.43; 
H, 4.43, 4.30. 

From these results hexahydroxybenzene may be considered as one of the 
products obtained in the oxidation of inosite with nitric acid. 

In  order to ascertain the conditions of oxidation that were favorable to 
the maximum production of hexahydroxybenzene, a series of oxidations 
was run, using different amounts of nitric acid, and acetylating the entire 
oxidized product. By the amount of product obtained in the latter re- 
action, a relationship between the amounts of hexahydroxybenezene that 
were produced by varying proportions of nitric acid was obtained. The 
results of the treatment are given in Table 111. The weight of acetylated 
product given is that of the crude product after being washed with hot 
water, hot alcohol and ether. This weight was taken, rather than the 
weight of the product after recrystallization from glacial acetic acid, since 
a considerable amount of material was always lost during this treatment, 
due to the tendency of the material to  adhere to the crystallizing vessel. 

It thus appears that the maximum amount of hexahydroxybenzene is 
produced when inosite and nitric acid are employed in the proportion of 
5 g. of the former to 6 cc. or 9 g. of the latter. Where very small amsunts 
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* Inosite, 
g. 

5 
5 
5 
5 
5 
5 
5 

Nitric 
acid, cc. 

2 5 
2 5 
4 0 
4 0 
5 0 
5 . 0  
6 . 0  

Acetylated Iuosite, 
product, g .  a. 

1.36 5 
1.24 5 
1 71 5 
1 81 5 
1.78 5 
1 89 5 
2 16 5 

Nitric 
acid, cc. 

6 0 
7 0 
7 .0  

10 0 
10.0 
25.0 
25.0 

Acetylated 
product, g. 

1.90 
1.56 
1 48 
1.24 
1.45 
0 .72  
0 .76  

of nitric acid were used some inosite hexa-acetate was obtained, showing 
that some of the inosite originally present had not been attacked by the 
nitric acid. 

Although from the results of previous investigators the structure of the 
numerous compounds which we have encountered in this investigation 
(hexahydroxybenzene, tetrahydroxyquinone, rhodizonic acid, etc.) seemed 
to be reasonably well established, in no case has a molecular weight de- 
termination been reported on any of these compounds or their derivatives. 
It was hoped that we might be able to  give further proof of the correctness 
of the proposed formulas by obtaining the molecular weights of some of 
the derivatives that we had isolated. 

Attempts to obtain the molecular weight of potassium croconate by the 
freezing point depression method, using water as solvent, were unsuccessful 
because of the high degree of dissociation of this salt in water. Attempts 
to obtain the molecular weight of hexahydroxybenzene hexa-acetate by 
the boiling point elevation method, using glacial acetic acid as solvent, 
and by the freezing point depression method, using nitrobenzene as solvent, 
were unsuccessful because of the extremely slight solubility of the com- 
pound in these solvents. 

We were likewise unsuccessful in attempts to obtain methyl ethers. 
Attempts were made to  obtain them in the hope that they might lend them- 
selves to a determination of molecular weight. The potassium salt of 
croconic acid was treated with methyl sulfate and silver croconate was 
subjected to  the action of methyl iodide, but the only evidence of methyla- 
tion was a very small amount of an ether-soluble oil. The complete oxi- 
dation product was also subjected to the action of diazomethane, but here 
again only a very small amount of ether-soluble oil gave any indication 
that methylation had taken place. Attempts to methylate inosite itself by 
means of diazomethane were also unsuccessful. 

Conclusions 

From the results obtained in this investigation it is obvious that in oxi- 
dizing inosite with nitric acid, a large number of products are obtained. 
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It is also obvious that the apparent contradiction pointed out in the litera- 
ture is due to the fact that the two investigators did not succeed in isolat- 
ing a sufficient number of products from the resulting mixture to establish = 

all the intermediate steps in the progressive course of the reaction. 
From the results given above, we then conclude that the products ob- 

tained in the oxidation of inosite with nitric acid, in the order formed, are 
hexahydroxybenzene, tetrahydroxyquinone, rhodizonic acid, croconic acid 
and triquinoyl, and finally leuconic acid. While neither triquinoyl nor 
leuconic acid has been isolated in this investigation, we include them 
among the products for reasons given in the text. 

SYRACUSE, NEW YORK 

SYNTHESIS O F  T H E  POLYPEPTIDE-HYDANTOIN, N-3-METHYL- 
5-TYROSYL-HYDANTOIN-1-PHENYLACETIC ACID 

The present investigation was undertaken with a view to extending the 
knowledge of polypeptide-hydantoins. The particular combination was 
chosen in order to confirm if possible a previous observation2 that the pres- 
ence of two asymmetric carbon atoms in the polypeptide-hydantoin mole- 
cule is associated with isomerism of the meso and racemic type and a t  the 
same time to continue a study of the effect of substitutions in the N-l- 
position upon the mobility of the molecule as shown in its tendency to 
isomerize and also to split off groups in the N-l-3 and in the C-5- position^.^ 

With these ends in view the following substance was selected for synthe- 
sis, the asymmetric carbon atoms being indicated by  asterisk^.^ 

A substance of the above configuration has further interest in that it may be 
expected to add two molecules of water on hydrolysis to give the N-phenyl- 
acetic acid derivative of tyrosine 

This work was offered in partial fulfilment of the requirements for the degree of 
Master of Arts a t  Mount Holyoke College. 

Hahn and Gilman, THIS JOURNAL, 47, 2944 (1925). 
Hahn and Kenfrew, ibid., 47, 156 (1925). 
Hahn and Evans, ib-id., 49,2878 (1927) and 50,810 (1928). 
The system of numbering the positions of the atoms in the hydantoin ring has 

beell changed from that used in previous papers to  the one now in use by T. B. Johnson, 
cf. ibid., 51, 255 (1929), and in the subject index of Chemical Abstracts. 
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i i 
--++ C~HICHNHCHCH~C~H~OH + COe 1. + 

I I 
COOH COOK CHINII~ 1 

and the fact that polypeptide-hydantoins of this type decompose in this way 
affords an excellent and clear method for preparing imino dibasic acids 
which contain aromatic residues. 

The synthesis of N-3-methyl-5-tyrosylhydantoin-N-1-phenylacetic acid 
was accomplished by means of a series of reactions which are indicated by 
arrows on the accompanying chart. The latter is somewhat complicated 
because of the fact that all of the intermediate compounds exist in two or 
more isomeric modifications. The primary reaction consisted in condensing 
the sodium derivative of N-3-methyl-5-anisalhydantoin with ethyl phenyl- 
bromo-acetate. The principal product consisted of the more stable modifi- 
cation of ethyl N-3-methyl-5-anisalhydantoin-N-1-phenylacetate, I, in 
yields averaging 74% of the theoretical, while small quantities of a labile form, 
11, were separated from the filtrates. Of these the former was employed in 
all subsequent major operations while the latter was used only where neces- 
sary in establishing the various chemical relationships. The principal trans- 
formations by means of which the polypeptide-hydantoin XXI  was ob- 
tained consisted in reduction (to XI  and XII), saponification (to the acids 
XV to XIX) and finally demethylation in the presence of hydrogen iodide. 

The constitutional formulas given in the chart are supported not only by 
evidence obtained from a study of the chemical relationships of the various 
substances, but by the fact that a corresponding relationship in their 
physical properties has been established as the result of spectrographic 
analyses.' In this connection it is interesting to note that the absorption 
curves plotted for the esters I and I1 are almost identical with those previ- 
ously obtained in the case of the geometrically isomeric modifications of 
N-1-methyl-5-benzalhydantoin-N-3-acetic acid,s a fact which must be 
construed as furnishing additional evidence in support of the configuration 
of the former substances and of their derivatives. Still further confirma- 
tion of these formulas is shown by the fact that the polypeptide-hydantoin 
XXI decomposes to give methylamine and the imino dibasic acid XXII, 
the latter having been identified by means of analyses both of the free acid9 

and its corresponding copper salt. 
Hahn and Renfrew, THIS JOURNAL, 47, 148 (1925). 
A full discussion of the data has been reserved for a second paper, "The Isom- 

erism of Certain Acids Obtained in the Synthesis of N-3-methyl-5-tyrosylhydantoin- 
N-1-phenylacetic Acid," ibid., 52, 2505 (1930). 

Hahn and Evans, ibid., 50, 808, 809, 810 (1928). 
Other derivatives of this acid have been prepared and will be reported npon 

later. 
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In conclusion emphasis must be given to the fact that the substitution of 
phenyl for hydrogen in the acetic acid group in the N-1-position has been 
observed greatly to increase the mobility of the molecule.10 This is shown 
by the facts (a) that a greater number of isomers has been obtained than 
would ordinarily be expected in the case of both the saturated and unsatu- 
rated molecules of a given configuration, (b) that certain of these com- 
pounds show a marked tendency to associate water or ether molecules 
(i. e., the acids XV and XVII), (c) that the rate of isomerization of the 
labile to the stable modifications is very rapid" and finally (d) that the 
unsaturated esters I and I1 show an increased disposition under the action 
of alkali to split off either the acid group in the N-1-position12 or the alde- 
hyde group in the C-5-position. 

The existence in certain cases of a number of isomeric modifications 
greater than was to be expected on the basis of geometrical13 or stereo-l4 
isomerism offers difficulties in the way of interpretation. Of these the 
unsaturated acids have been set apart for discussion in a separate paper.' 
The saturated isomers may be explained by assuming that XVI and XIX 
represent stereoisomeric inactive forms and that XVIII is a desmotropic 
modification15 of the latter. 

Experimental 
Ethyl-N-3-me*yl-5-anisalhydantoin-I-pheylaete, I, m. p. 119-120.5°.16 was 

prepared by alkylating the sodium derivative of N-3-methyl-5-anisalhydantoin with 
or-phenyl-or-bromo-acetic ester. The latter was purchased from Kahlbaum while the 
N-3-methyl-5-anisalhydantoin was prepared in the usual way.17 The following procedure 
was found to give the best percentage yields. 

Fifty grams of N-3-methyl-anisalhydantoin, m. p. 212-215 ", was suspended in 300 
cc. of 95% ethyl alcohol to which 1.2 equivalents of sodium had been added. The 
mixture was shaken vigorously to prevent caking of the methyl-anisafhydantoin, which 
did not dissolve, but was held in suspension during the process of conversion into the 
corresponding sodium derivative which was also insoluble. After boiling with a reflux 
condenser for one and one-half to two hours, 1.2 equivalents of ethyl phenyl-bromo- 
acetate was added along with 100 cc. of alcohol used for rinsing. Within twenty minutes 
after the addition of this material a vigorous bubbling took place, which was accompanied 

la Compare the behavior of these substances with the corresponding derivatives 
of ethyl N-3-methyl-5-anisalhydantoin-N-1-acetate, Hahn and Renfrew, THIS JOURNAL, 

47, 147 (1925). 
l1 XI1 isomerizes so rapidly that substantial losses are suffered in one recrystalliza- 

tion from alcohol. 
lwompare Hahn and Renfrew and Hand and Evans, THIS JOURNAL, 47, 156 

(1925); 50, 811 (1928). 
13 Compare the unsaturated acids VII to X on the chart. 
l4 Compare the saturated acids XVI, XVIII and XIX on the chart. 

The equilibrium XVIII XIX represents a thermal relationship, one acid 
existing only at  relatively high and the other at  ordinary temperatures. 

16 This substance was first prepared by Miss Marie A. Dobbrow. 
l7 (a) Johnson and Nicolet, Am. Chem. J., 47, 469 (1912); (b) Hahn and Renfrew, 

THIS JOURNAL, 47, 156 (1925). 
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by the solution of the yellow sodium derivative and the precipitation of a fine white 
powder. In the preliminary experiments the latter was filtered hot and identified as a 
mixture of methyl-anisalhydantoin and sodium bromide. Ordinarily no separation 
was attempted a t  this point, but the boiling was continued for about two hours or until 
the solution became neutral to turmeric. On cooling a heavy white precipitate was 
formed which melted between 110 and 200". This was filtered and when dry extracted 
with 100 cc. of cold chloroform in order to separate the reaction product from any un- 
changed methyl-anisalhydantoin and sodium bromide. The extract was evaporated 
to small volume in order to remove the chloroform and 200 cc. of hot alcohol was added. 
On cooling, 34 g. of the ester, m. p. 116-118", crystallized out. The residue, insoluble 
in chloroform, yielded 23 g. of methyl-anisalhydantoin, m. p. 212-214", along with 
varying quantities of sodium bromide. 

This amount of reaction product (averaging about 74% as calculated on the basis 
of the methyl-anisalhydantoin which reacted) remained practically constant even when 
the period of the reaction was extended from two and one-half to fifty-two hours, but 
was decreased if the heating was continued for a longer time. In cases where the heat- 
ing was continued for five days the product consisted of an oil from which it was im- 
possible to separate any solid product. 

The crude ester was readily purified by recrystallization from alcohol, from which 
it separates in the form of white silky rosets which fill the entire solution, m. p. 119- 
120.5". One gram dissolves in 3.5 cc. of boiling alcohol, and in 70 cc. of cold alcohol. 

Anal. Calcd. for CZZHZ~O~NZ: N, 7.10. Found: N, 7.14,7.04. 
The ester was partly transformed into the lower-melting isomer I1 by saturating 

its alcohol solution with hydrogen chloride gas. On alkaline hydrolysis the ester I 
was changed into a mixture of the potassium salts I11 and IV. The latter when sepa- 
rated and acidified in aqueous solution gave the acids VII and VIII, respectively. Acid 
hydrolysis resulted in the formation of the acid I11 alone. Reduction of the ester I 
to the isomeric saturated esters X I  and XI1 took place readily under the action of hydro- 
gen in the presence of palladium. By treatment of the ester with hydrogen iodide the 
demethylated saturated acid XXI was formed. 

Ethyl-N-3-mgthyl-5-anisalhydantoin-l-phenylacetate, 11, m. p. 100.5-101.5°, was 
obtained by the action of dry hydrogen chloride gas on an alcohol solution of the higher- 
melting isomer, I. 

Forty grams of the ester, m. p. 119-120.5", was dissolved in a mixture of 300 cc. 
of 95% alcohol and 150 cc. of cold chloroform. During a period of twenty-five to thirty 
hours the solution was alternately saturated with hydrogen chloride and heated for 
one hour on a water-bath. The product of the reaction consisted of a hard gum which 
would not crystallize in the presence of even small quantities of hydrogen chloride. 
It was, therefore, taken up in chloroform and washed free from acid. The chloroform 
extract was dried, concentrated to small volume, diluted with alcohol to bring the volume 
to 600 cc., and cooled, when 10 g. of hard, pale yellow needles, m. p. 96-100°, separated. 
After two recrystallizations from boiling alcohol a pure substance of m. p. 100.5-101.5° 
was obtained. The filtrates from this substance (which contained the remainder of the 
original 40 g. of ester I) when concentrated and treated again with hydrogen chloride 
gave additional amounts of the lower-melting isomer in about the same ratio as before, 
i. e., approximately 1:4. No loss of material was involved in this procedure, since after 
washing free from hydrogen chloride the mixture of the two esters could be separated 
mechanically. The higher-melting modification crystallized from alcohol in the form of 
white, fluffy needles and could be readily floated off with alcohol from the heavy com- 
pact crystals which formed on the bottom of the beaker and which represented the lower- 
melting isomer. 
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Anal. Calcd. for CXHZ~O~NZ: N, 7.10. Found N, 6.92,6.93. 

The lower-melting ester, 11, was transformed into the higher-melting cstcr I by the 
action of sunlight on its ether solution. Five-tenths of a gram of ester, m. p. 100.5- 
101.5 O, was dissolved in 250 cc. of dry ether and allowed to stand in the sunlight in a glass 
bottle for three and one-half months. After evaporation of the ether a gummy product 
was obtained which on treatment with alcohol yielded 0.1 g. of ester, m. p. 113-118". 
The crystalline product after one recrystallization from alcohol did not lower the melt- 
ing point of an analyzed specimen of the ester I, m. p. 119-120.5". 

The ester I1 is very soluble in boiling alcohol (1 g. in 4.4 cc.) and slightly soluble in 
cold alcohol (1 g. in 70 cc.). It yields on acid hydrolysis two isomeric acids VII and X.  
On alkaline hydrolysis the corresponding sodium and potassium salts VI and V were 
obtained which were transformed into the acid IX as primary product and finally 
into the acid X. By reduction with hydrogen in the presence of palladium the lower- 
melting ester is changed into the same saturated esters, XI  and XII, that were obtained 
from the higher-melting isomer. 

Ethyl N-3-methyl-5-anisylhydantoin-1-phenylacetate exists in the form of two 
isomeric esters: I ,  m. p. 112-113", and XI, m. p. 64-65". Both result from the reduc- 
tion of either of the unsaturated esters I or I1 with hydrogen in the presence of palla- 
dium.18 For example, twenty grams of the ester, m. p. 112-113°, was dissolved in 250 
cc. of 95% alcohol and shaken with 0.6 g. of colloidal palladium (25%) in an atmosphere 
of hydrogen for two days. For the first hours of this time it was necessary to heat the 
mixture with steam in order to keep the unsaturated ester in solution, but after a certain 
amount of hydrogen had been absorbed this was no longer necessary. At the end of the 
reaction the colloid was precipitated by boiling with 1 cc. of acetic acid and filtered. 
The filtrate was concentrated to 200 cc. and allowed to cool, when the reduced ester X I  
separated from the solution in almost pure condition, m. p. 111-112". A further quan- 
tity of the same substance was obtained from the filtrate, making the immediate yield 
of crystalline product 50% of the theoreticaI. On recrystallization from alcohol the 
ester melted a t  112-113 O. 

Anal. Calcd. for CzzHz406Nz: N, 7.07. Found: N, 6.90, 7.04. 

The filtrates from the above crystals, on evaporation, yielded an oil which, after 
standing for several weeks and being periodically agitated with alcohol, gave a series of 
crystalline precipitates which melted, respectively, a t  68-71, 71-10O0, etc. The sample 
having the lowest melting point, when recrystallized from alcohol, finally yielded a new 
substance, XII, m. p. W 6 5  ", which was identified as an ester isomeric with XI. 

Anal. Calcd. for CzzHz406Nz: N, 7.07. Found: N, 7.07,7.07. 

That the entire product resulting from the reduction of either of the unsaturated 
esters I or I1 consisted of the above two isomeric saturated esters was shown by the fact 
that both the crystalline ester X I  and the oil obtained from its filtrates gave the same 
crystalline sodium salt, XIV, in amounts corresponding almost exactly with the theo- 
retical. A slight amount of decomposition during the process of reduction was evident 
from the appearance of traces of methyl-anisalhydantoin in the reaction product. Both 
saturated esters were also obtained by reduction of the unsaturated ester 11. Due to the 
extreme solubility of the latter in alcohol, the reaction could be carried out without heat- 
ing. 

The saturated ester XI is soluble in boiling alcohol (I g, in 8 cc.) and less soluble in 
cold alcohol (1 g. in 55 cc.), from which it separates in the form of large transparent 

l8 Acknowledgment is made to Lillian Nelson and Katherine Haring for preparing 
these esters. 
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rhombic crystals. The ester may be transformed quantitatively into the potassium 
salt XI11 or sodium salt XIV by alkaline hydrolysis. 

The ester XI1 is extremely unstable and when recrystallized from warm alcohol 
with even the minimum amount of heating is partially isomerized to the ester XI. 
For example, 1.8 g. of ester, m. p. 64-65", when dissolved in 20 cc. of hot alcohol, gave 
on cooling first 0.5 g. of crystalline precipitate, m. p. 107-logo, and then 0.6 g., m. p. 
64-65". The combined filtrates from these crystals on evaporation gave an oil which 
crystallized only after long standing and which was found to consist of a mixture of 
these two isomers. The ester XI1 was transformed quantitatively into the same 
potassium and sodium salts, XI11 and XIV, that were obtained from its higher-melting 
isomer. 

Potassium N-3-methyl-5-anisylhydantoin-1-phenylacetate, XIII, m. p. 109-110°, 
and sodium N-3-methyl-5-anisylhydantoin-I-phenylacetate, XIV, m. p. 178" with de- 
composition, were both prepared in quantity by saponifying the ester XI. The re- 
actions, which were carried out by boiling in alcohol solution with an equivalent of po- 
tassium hydroxide or sodium alcoholate, were complete in ten minutes, and on cooling 
the salts crystallized in the form of fine white needles. When recrystallized from alcohol 
the potassium salt separated as large transparent plates which melted at 88-90'. On 
exposure to the air the crystals rapidly became opaque, lost alcohol of crystallization 
and the melting point changed to 94-110'. When alcohol-free (after heating in the 
oven a t  80') the potassium salt melted sharply a t  109-110'. The sodium salt when 
purified by recrystallization from alcohol or water melted with decomposition a t  178'. 

Anal. Calcd. for CzoH190sN%K: N, 6.90. Found: N, 6.81, 6.61. Calcd. for 
C20Hl~O~NzNa: N, 7.18. Found: N, 6.85, 6.73. 

Both salts when dissolved in cold absolute alcohol and treated with hydrogen 
chloride passed quantitatively into the ester XI. When acidified in aqueous solution 
both passed quantitatively into the acids XV or XVI depending on the conditions of the 
experiment. 

N-3-methyl-5-anisylhydantoin-1-phenylacetic Acids.-Five different and well- 
defined modifications were obtained by the hydrolysis of the potassium or sodium salts, 
XI11 or XIV, respectively, each salt giving one or another of these products depending 
upon the conditions under which the acid was precipitated and subsequently treated. 
The relationships between these different substances is shown in the preceding chart.lg 

The acid XV was the primary product usually obtained from the sodium salt XIV 
or potassium salt XIII. For example, when a cold aqueous solution of either salt was 
acidified, a gummy mass was precipitated, which on standing, for two hours in the cold 
solution hardened and disintegrated with the formation of a white powder. This 
melted a t  88-90' and gave off water vapor above 100'. When purified by solution in 
twice its volume of warm alcohol and precipitated by the addition of an equal volume 
of water, it melted a t  92-94' and began to give off water vapor a t  about 100". When 
heated for one and one-half hours in an oven at 80' it  was completely transformed into 
the anhydrous modification, XVI, melting a t  114.5-116°, and suffered a loss in weight 
corresponding to one molecule of water. The same change took place on standing for 
several days a t  room temperature. When recrystallized from concentrated alcohol 
solutions or from ether, the acid XV passed quantitatively into the stable modification 
XIX, m. p. 147-149 O. 

Anal. Calcd. for Czd3zaOaNz.HsO: N, 7.25. Found: N. 7.10,7.04. 
The acid XVI may be obtained from XV as above, or directly in crystalline form 

by acidifying an aqueous solution of either the potassium salt XI11 or the sodium salt 

l9 Page 2496. 



June, 1930 SYNTHESIS OP A POLYPEPTIDE HYDANTOIN 2501 

XIV. However, although it was prepared by the latter method in two experiments, 
the conditions which favored the precipitation of XVI rather than XV could not be de- 
termined. When an analyzed specimen of XVI was heated a t  87' for twelve hours, 
it passed quantitatively without loss in weight into the stable isomer XIX. The same 
transformation was readily effected by recrystallization from ether. 

Anal. Calcd. for CzoHzoOsNz: N, 7.61. Found: N, 7.51, 7.40. 

The acid XVII, m. p. 78-78' with evolution of ether, was formed when the gummy 
acid precipitated from the salt solution was not allowed to stand under water, but was 
immediately taken up in ether. On evaporation of the ether the acid crystallized in the 
form of small transparent plates. When a sample of this acid was heated to constant 
weight, a mole of ether was given off and the acid XIX was formed. 

Anal. Calcd. for C Z O H ~ ~ O ~ N ~ ~ ( C Z H ~ ) Z O :  N, 6.34. Found: N, 6.34, 6.26. 

The acid XVIII, m. p. 67-69', was formed by fusing a t  high temperatures either the 
acid XVII or XIX. When the acid XVII was heated on an oil-bath and the tempera- 
ture raised slowly to 140' during a period of one and one-half hours, the liquid on cooling 
solidified as a hard crystalline mass which now melted at 67-69 ". This was ground in a 
mortar, heated in the oven a t  50" to drive off the last traces of ether, and analyzed. 

Anal. Calcd. for CzoHzo06N~: N, 7.61. Found: N, 7.63, 7.50. 

The same product was obtained when the acid XIX was held a t  a temperature of 
160-170" for one and one-half hours, and then cooled. A sample of the analyzed 
specimen, m. p. 67-69", which was kept in the oven at 50" for four weeks showed a grad- 
ual rise in melting point to 139-144', approaching that of the acid XIX. The same 
change took place more gradually a t  ordinary temperatures on standing and was brought 
about quickly by one recrystallization of the substance melting a t  67 -69" from ether. 
Under these conditions it was transformed quantitatively into the acid melting a t  147- 
149". These experiments were repeated a number of times, so that it would seem 
reasonable to conclude that the acid XVIII represents a modification which is stable 
only a t  higher temperatures and which a t  ordinary temperatures reverts to a more 
stable form. 

The acid XIX, m. p. 147-14Q0, represents a modification which is most stable a t  
ordinary temperatures and to which all of the other acids of this series, viz., XV, XVI, 
XVII and XVIII, revert either on recrystallization or upon long standing. It is most 
readily purified by crystallization from chloroform~ther mixtures (1: lo), from which it 
separates upon cooling in the form of transparent plates. 

Anal. Calcd. for CzoHzoOaNz: N, 7.61. Found: N, 7.68, 7.67. 

The acid neutralizes a theoretical quantity of standard base when titrated in alcohol 
solution with phenolphthalein as indicator. The acid is transformed into the ester X I  
in 70% yield when dissolved in alcohol previously saturated with hydrogen chloride 
and boiled for one hour on the water-bath. The acid is rapidly demethylated when 
heated with hydrogen iodide and red phosphorus a t  a temperature of 100-110". 

N-3-methyl-5-~-hydroxybenzylhydantoin-N-l-phenylacetc Acid, XX1.-Acids cor- 
responding to the above formula exist in the form of a t  least two and probably more 
isomers but because of what appears to be a tendency of these substances to isomerize 
in all solvents, it  was never possible to isolate more than one product, namely, XXI, 
m. p. 206-207.5', in pure condition. Various reactions all leading to the formation of 
such isomers were made the subject of intensive study over a period of more than one 
year and represent (a) demethylation of XIX, (b) saponification and demethylation of 
XI  and (c) reduction, saponification and derneth~lation of I. In all cases the reaction 
was brought about by the action of hydrogen iodide in the presence of red phosphorus 
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and in every case the practical results were the same, the product consisting of a mix- 
ture of acids partly crystalline and partly oil. 

(a) In this case the reaction could bc followed quantitatively by using the Zeisel 
method and measuring the amount of methyl iodide evolved. For example, 8 g. of 
N-3-methyl-5-anisylhydantoin-N-1-phenylacetic acid, m. p. 147-149", when suspended 
along with 2 g. of red phosphorus in 14 cc. of hydrogen iodide (sp. gr. 1.7) and heated for 
half an hour at 100-110°, gave off methyl iodide in the exact amount required by theory. 
The product consisted of a mixture of acids, m. p. 175-178". 

(b) and (c) In this case the reactions were carried out with hydrogen iodide 
in the manner described except that the period of heating was extended to one and one- 
half to two hours. The product after removing the excess of hydrogen iodide was 
partly crystalline and partly oil and the melting point of the crystalline fraction varied 
considerably. As a result of attempts to resolve the crystalline fraction into its com- 
ponents by a prolonged process of fractional recrystallizations, acids melting a t  161- 
163 and 183-186" were obtained but these melting points could not be improved by 
further recrystallizations. Although obviously representing mixtures, analyses of these 
lower-melting and higher-melting fractions were made and both were found to corre- 
spond in composition to the polypeptide acid expected by theory. 

In general, it was found convenient not to attempt to separate this mixture of acids 
into its components, but after removal of the excess of hydrogen iodide to proceed with 
it in either of two ways: (I) to esterify by treating an alcohol solution with dry hydro- 
gen chloride, when the ester XX was obtained as the sole crystalline product in yields 
averaging 20%; (11) to hydrolyze the entire product (crystals and oil) under the action 
of barium hydroxide, in which case the sole product consisted of the imino acid XXII 
in yields averaging about 75%. 

Since the results of a fairly large number of experiments were practically identical, 
it  seems reasonable to conclude that the product consisted in all cases of a mixture of 
isomeric acids corresponding to the above formula. 

The acid XXI, m. p. 206-207.5", was prepared by dissolving this product (obtained 
by treating 20 g. of the ester I with hydrogen iodide) in ether and then extracting with 
dilute sodium hydroxide. The aqueous alkaline extract was concentrated on a water- 
bath, cooled and acidified, when a gum was precipitated. The latter was taken up in 
ether, which when washed, dried and allowed to evaporate, deposited a fine white crys- 
talline powder. This was further purified by recrystallization from aqueous acetone 
from which it separated in the form of long pale yellow needles which contained water 
of crystallization, and which melted a t  144" with evolution of water vapor. When 
pure and anhydrous this acid melted a t  206-207.5'. The total yield was about 3 g .  

Anal. Calcd. for ClgHls05N2: N, 7.91. Found: N, 7.96,8.05. 

Ethyl N3-methyl-5-phydroxybenzylhydanto~-N-l-phenylacetate, XX, m. p. 
125-127O.-This substance would also appear to exist in isomeric modifications al- 
though here again difficulties were encountered in the separation of a second isomer. 
The preparation involved: (a) the esterification under the action of hydrogen chloride 
of alcohol solutions of the acid XXI and also of what seemed to be mixtures of isomeric 
crystalline modifications having the same composition, as for example the above-men- 
tioned crystalline fractions melting a t  161-163 and 183-186", respectively. In every 
case the product consisted of a crystalline precipitate XX, m. p. 125-127', while fil- 
trates from this on concentration gave an oil which on long standing continued to yield 
additional quantities of this substance. (b) The repeated additions of alcohol (and its 
subsequent evaporation in open beakers on a steam-bath) to the crude product obtained 
by the action of hydrogen iodide on the unsaturated ester I. In this way the excess of 
hydrogen iodide present in the mixture acted as a catalyst in the esterification of the 
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acids and was a t  the same time gradually eliminated in the form of ethyl iodide. Here 
again the product consisted of a crystalline ester, XX (in yields approximating 50% 
of the theoretical), and an oil which on standing continued to furnish additional quan- 
tities of this solid. The ester was purified by recrystal!ization from aqueous alcohol and 
also from chloroform-ether mixtures. 

Anal. Calcd. for CZIHZZO~NZ: N, 7.33. Found: N, 7.10, 7.08. 

It may be noted that this ester appears to isomerize during the process of re- 
crystallization since the filtrates obtained during this process on concentration yield 
crystalline precipitates having lower melting points than the original crystals. The 
ester, m. p. 125-127", on hydrolysis under the prolonged action of barium hydroxide, 
is transformed into the imino acid, XXII. 

The N-phenylacetic acid derivative of tyro~ine,~o XXII, m, p. 223-225' with cle- 
composition, was prepared from XX and XXI by the action of barium hydroxide. 
I t  was also prepared by digesting the unsaturated ester I with hydrogen iodide in the 
presence of red phosphorus. The excess of hydrogen iodide was then removed by vac- 
uum distillation and by digestion with small quantities of water and the residue without 
further purification was hydrolyzed with barium hydro~ide.~l After heating on a steam- 
bath for twentyfour hours, the reaction was stopped and the contents of the flask dis- 
tilled with steam in order to remove the methylamine. The mixture was then filtered 
hot to remove barium carbonate and excess of barium hydroxide. The filtrate when 
exactly neutralized as to barium with sulfuric acid and separated from the precipitated 
barium sulfate, was evaporated to small volume a t  ordinary temperature. Under these 
conditions the imino acid separated in the form of a fine white crystalline precipitate in 
yields averaging 75y0 of the theoretical. When purified by recrystallization from alcohol 
it melted with decomposition a t  223-225'. 

Anal. Calcd. for C1~Hl~O~N: N, 4.44. Found: N, 4.36,4.45,4.46. 

The acid is only very slightly soluble in hot water (1 g. in 500 cc.) and hot alcohol 
(I g. in 250 cc.). It is readily changed into its copper salt from which it may be re- 
generated quantitatively. Other derivatives of the acid have also been prepared but 
these will be reported in a later paper. 

The copper salt of the N-phenylacetic acid derivative of tyrosine, XXIII, m. p. 
215" with decomposition, was prepared by suspending 4 g. of the acid, m. p. 223-225', 
and 1.2 equivalents of basic copper carbonate in 300 cc. of water and boiling the mixture 
for twenty minutes or until the acid had entirely disappeared and the effervescence of 
carbon dioxide had ceased. The hot solution was then filtered from excess copper car- 
bonate and on cooling yielded 4.1 g. of a blue crystalline copper salt. The filtrates 
from this precipitate when concentrated by heating turned dark green and then black, 
due to decomposition, and no further quantities of salt were obtained. After recrystal- 
lizing twice from boiling water,22 from which it separated almost completely on cooling 
in the form of fine blue needles which contain water of crystallization, the substance was 
found to melt partially a t  110" with the evolution of water vapor and completely with 
decomposition a t  215O. The loss of water is accompanied by a change in color from 
blue to green. In order to determine the water of crystallization, the salt was heated in 
an air-bath a t  110' to constant weight, when the following results were obtained: -- 

z0 Acknowledgment is made to Dorothea Naas and Anne I,. White for assistance 
in preparing this substance. 

21  The same general procedure was followed that has been already described in con- 
nection with other similar operations. (a) Hahn and Gilman, TI~IS JOURNAL, 47, 
2951 (1925); (b) Hahn and Evans, ibid., 50, 817 (1928). 

22 One gram is soluble in 100 cc. of boiling and 400 cc. of cold water. 
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Anal. Calcd. for 3Cl7Hl8O5NCu~10Hz0: H20, 13.74. Found: HaO, 13.89, 13.74, 
13.37. 

The green anhydrous form melts fairly sharply with decomposition a t  215' and is 
extremely hygroscopic. 

Anal. Calcd. for CllH1606NCu: N, 3.72. Found: N, 3.72, 3.64. Calcd. for 
C1~H1505NCu: CU, 16.89. Found:23 Cu, 16.43, 16.53. 

When the salt was dissolved in water and treated with hydrogen sulfide, it  was 
transformed almost quantitativeiy into the corresponding imino acid, XXII. For 
example, when hydrogen sulfide was passed into a hot aqueous solution containing 2 g. 
of the salt, the blue color was discharged and copper sulfide was precipitated. If the 
soiution was of sufficient volume (700 cc. for 2 g. of salt), no imino acid was precipitated 
a t  this point. The solution was filtered from sulfide, concentrated on the steam-bath 
t o  a volume of 120 cc. and cooled, when 1.5 g. of imino acid was precipitated in pure 
condition. Mixed melting-point determinations showed that the acid obtained in this 
way was identical with the original acid XXII  from which the copper salt was prepared. 

Summary 

The introduction of the phenylacetic acid group in the N-1-position of 
the hydantoin ring by the synthesis of N-3-methyl-5-tyrosyl-hydantoin-l- 
phenylacetic acid has produced a highly labile hydantoin combination. 

(a) The unsaturated derivatives exist in isomeric modifications of which 
two esters and three distinct acids have been isolated.' (b) The saturated 
derivatives also exist in isomeric modifications which may be explained 
on the basis of stereoisomerism. Two esters and three distinct acids were 
isolated, the third of which may be assumed to represent a desmotropic 
modification. The polypeptide-hydantoin itself also would appear to 
consist of a mixture of unstable forms, from which only one stable modifi- 
cation could be isolated. (c) The hydrolysis of the polypeptide-hydantoin 
resulted in the formation of a dibasic imino acid. 

SOUTH HADLEY, MASSACHUSETTS 

*3 Copper was determined by ignition to  form copper oxide. Fresenius, "Quanti- 
tative Chemical Analysis," 1904, Vol. I, p. 373. 
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THE ISOMERISM OF CERTAIN UNSATURATED ACIDS OBTAINED 
IN THE SYNTHESIS OF N-S-METHYL-S-TYROSYL- 

HYDANTOIN-N-1-PHENYLACETIC ACID 
BY DOROTHY A. HAHN AND ELIZABETH DYER 
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The existence of three isomeric potassium salts and of four unsaturated 
isomeric acids corresponding to the formula 

has been referred to in the preceding paper where the chemical relation- 
ships between these substances is indicated by means of arrows on an ac- 
companying chart.' The description of their respective preparations and 
properties has been reserved for a separate paper largely because i t  seemed 
desirable to check the chemical properties against the absorption curves2 

of the respective substances. 

Fig. 1.-I -@-*-a- Ethyl 3-methyl-5-p-anisalhydantoin-l- 
phenylacetate, m. p. 119-120.5°. XI -0 0-0- Ethyl 3-methyl-5-p- 
anisylhydantoin-1-phenylacetate, m. p. 112-113°. B -X-X-X- 1- 
Methyl-5-benzalhydantoin-3-acetic acid, m. p. 198.5-199.5". 

In the first place it may be noted that Fig. 1 offers satisfactory evidence 
of the similarity in constitution of ethyl-3-methyl-5-anisalhydantoin-N- 

* Hahn and Dyer, THIS JOURNAL, 52, 2494 (1930). 
Grateful acknowledgment is made to Dr. Emma P. Carr for advice and assist- 

ance in the spectrographic work. 



2506 DOROTHY A. HAHN AND ELIZABETH DYER V0l. 52 

1-phenylacetate, m. p. 119-120.5°, and N-l-methyl-5-benzalhydantoin-3- 
acetic acid, m. p. 198.5-199.503 

L O  1 and L O  1 
I 

CzHSOOCCH(CsHs)N-C=CHC6H*OCH3 
I 

CHSN---C=CHC~H~ 

This particular acid was chosen because the absorption curve actually 
coincides closely with that of the ester. In general the absorption curves 
of acids and their corresponding esters have been found to be almost identi- 
caL4 On the other hand, the substitution of different groups in the N-1-N- 
3-positions of disubstituted compounds has the effect of shifting the posi- 
tion of the head of the band without, however, materially changing the 
character of the curve.5 And if, as i t  seems probable, the character of the 
absorption of N-1-N-3 disubstituted hydantoins is practically independent 
of the nature of the substituting group,= this fact is of importance in establish- 
ing the configuration of the hydantoin ring in the case of all benzal and 
anisal unsaturated derivatives. 

The curve of the saturated ester XI, also given in Fig. 1, shows a great 
displacement in the position of maximum absorption toward the ultra- 
violet and an accompanying decrease in the persistence and width of the 
band produced by the reduction of the double bond. 

Figure 2 shows the absorption curves of two isomeric unsaturated esters 
(corresponding to I and I1 in the preceding chart) which possess bands 
having approximately the same width and intensity but differing slightly 
in position. Table I shows the wave lengths at which the intensity of 
absorption is a maximum and a minimum. 

TABLE I 
WAVE LENGTH DATA 

Log amax. 1/A h. A. Log rmin 1 / h  A, A. 
Ester I 4.22 30700 3257 3.50 37800 2646 
Ester I1 4.26 29100 3436 3.48 35650 2805 

The curve of the higher-melting ester I is displaced toward the ultra- 
violet as compared with that of the lower-melting ester 11, and this is in 
agreement with the relatively greater chemical stability of the former. 
Thus I1 is prepared from I only after prolonged heating of an alcohol 

8 Hahn and Evans, Tms JOURNAL, 50, 810 (1928). 
Compare Figs. 2 and 3. 
Other evidence in support of this statement is to be found in unpublished spectro- 

graphic investigations of a number of different disubstituted benzal- and anisalhydan- 
toins carried out in this Laboratory under the direction of Dr. I$. P. Carr. 

This is interesting in view of the fact that N-3 mono-substituted hydantoins 
have equally characteristic and distinctly different absorption curves from N-1-N-3 di- 
substituted hydantoins. Compare Carr and Dobbrow, THIS JOURNAL, 47, 2963 (1925). 
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solution in the presence of hydrogen chloride, and reverts to  I when allowed 
to stand in ether solution in the sunlight. A comparison of the above 
absorption curves with those of the isomeric modifications of N-l-methyl- 

~thyl3-Methyl-5-p-anisalhyclantoin-l-phenylacetates. 

4 0 

50 

" 3.5 

3.0 X 3846 3570 3328 3120 2937 2776 2630 2499 2380 
1/X 26000 2800030000 32000 34000 36000 38000 40000 42000 

5-benzalhydantoin-N-3-acetic acid7 reveals a very close analogy between 
the two pairs of isomers and is in accord with the theory that both pairs 
represent geometrical modifications of the same substance. 

3-Methyl-5-p-anisalhydantoin-1-phenylacec Acids. 

CHIN-CO 

I 
Fig. 3.--HOOCCHN-C=CHCaH40CH;. VII, m. p. 203- 

I 
I 

CsHs 
204". VIII, m. p. 227-229'. X, m. p. 178.5-180.5" 

The curves for the three isomeric acids (Pig. 3) corresponding to  X, VII 
and VIII in the preceding chart also show bands having similar width and 
intensity but differing in position. The wave lengths for maximum and 
minimum absorption are given in Table 11. 

Hahn and Evans, THIS JOURNAL, 50,810 (1928). 
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TABLE I1 

WAVE LENGTH DATA 

Log emax 1 / X  X, A. Log crnin 1/X A S  A 
X 4.26 28800 3472 3.49 35700 2800 
VII 4.22 30550 3274 3 .49  37700 2653 
VIII  4.27  32900 3039 3.51 39650 2523 

Similarity in the shape of the curves would indicate that these acids are 
closely related isomeric forms. It is, moreover, to be noted that the pro- 
gressive displacement of the absorption band toward the ultraviolet from 
X to VII to VIII corresponds to a progressive rise in melting points ac- 
companied by an increase in the chemical stability of the substances. 
The relations here are similar to those presented by the isomeric esters. 
For example, the acid, m. p. 178.5-180.5", is transformed into the acid of 
m. p. 203-204' by the action of hydrogen chloride and the latter by a 
similar process into the acid of m. p. 227-229'. Reversion of the higher- 
to  the lower-melting modifications has, however, not been observed. 

I n  comparing the absorption curves of the esters with those of the acids 
i t  is interesting to find that the curve of I1 (Fig. 2) corresponds closely to 
the curve of X (Fig. 3) in the positions of the maximum and mininium 
intensities of absorption and that similarly the curve of I (Fig. 2) corre- 
sponds to  the curve of VII (Fig. 3). These relationships are confirmed by 
the chemical data since the ester I1 hydrolyzes to give the acid X which in 
turn is readily esterified to the former, and similar transformations take 
place in the case of the ester I and the acid VII: 

The fact that there are three acids instead of the two geometrical isomers 
which would normally be expected may possibly be interpreted as bringing 
the chemistry of the unsaturated hydantoins into line with the chemistry 
of the cis and trans geometrical modifications of cinnamic acid. 

Experimental 
N-3-methyl-5-anisalhydantoin-I-phenylacetic Acids 

A. Acids Derived from the Ester I by Acid or Alkaline Hydrolysis.-VII, m. p. 
203-204", and VIII, m. p. 227-229O.-The ester melting a t  119-120.5' gives on both 
acid and alkaline hydrolysis an acid melting a t  203-204'. I n  both cases the yield is 
low, averaging 33 and 40%, respectively, of the theoretical. This may be accounted 
for by the tendency of all of these substances to  isomerize. However, in spite of the 
side reactions which undoubtedly take place, clear relationships have been established 
between the ester I, the corresponding acid VII, and the salt 111, as shown in the chart 
(p 2496).  

(1) Acid Hydrolysis.-Seven grams of the ester, m. p. 119-120.5°, was suspended 
in 30 cc. of boiling concd. hydrochloric acid and just enough boiling glacial acetic acid 
added to dissolve the oil. After heating for one hour the mixture was cooled and diluted 
with water, when 1.7 g. of a yellow powdery precipitate, m. p. 198-203', separated. 
When the filtrates from this product were evaporated to  dryness under a stream of 
air and the resulting gum was treated with ether, an additional 0.6 g. of the same acid 
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was obtained. The product was purified by recrystallization from alcohol, from which 
it separates as clusters of long yellow needles, m. p. 203-204". 

Anal. Calcd. for CzoH~s06Nz: N, 7.65. Found: N, 7.54,7.46. 

The acid is also formed as one of the products of acid hydrolysis of the ester 11. 
The acid is fairly soluble in hot acetone (1 g. in 35 cc.), and in hot alcohol (I g. in 20 cc ), 
and is less soluble in cold alcohol (1 g. in 80 cc.). I t  is transformed into the ester I 
in 90% yield when its alcohol solution is saturated with hydrogen chloride. The acid 
passes quickly and quantitatively into the corresponding potassium salt I11 when its 
hot alcoholic solution is treated with one equivalent of potassium hydroxide. 

(2) Alkaline Hydrolysis.-While the above acid, VII, m. p. 203-204", may be 
obtained as the principal product resulting from the alkaline hydrolysis of the ester I ,  
two side reactions have been observed which indicate that the transformations are some- 
what complicated. These are (a) the formation of a second isomeric acid, VIII, m. p. 
227-229 O, and (b) decomposition of the salt accompanied by the formation of methyl- 
anisalhydantoin and anisaldehyde. The latter (by varying the conditions) may be 
controlled and even eliminated. 

The most convenient method for preparing the acid VII was to acidity a n  aqueous 
solution of the corresponding potassium salt 111. Ten grams of ester I,  m. p. 118-120". 
was dissolved in 70 cc. of boiling 95% alcohol to  which was added 1 equivalent of po- 
tassium hydroxide dissolved in 30 cc. of boiling alcohol. The solution changed color 
immediately from a pale yellow t o  a deep red; this was followed in about three minutes 
by a complete disappearance of color and the precipitation of a white solid. After 
boiling for fifteen minutes the mixture was iced and filtered. The product consisted of 
4.1 g. of a salt 111, m. p. 208-210" with decomposition. 

Bnal. Calcd. for C2aHlrOsNzK: N, 6.93. Found: N, 6.67,6.60. 

The salt, when dissolved in warm water and acidified with hydrochloric acid, passed 
quantitatively into the acid VII. The salt was transformed into the ester I by dissolving 
it  in absolute alcohol and saturating the solution with hydrogen chloride, or by heating 
a n  alcohol solution with ethyl iodide. In  neither case, however, was the yield more than 
10% of the theoretical, due t o  the presence of an oily residue which would not crystallize. 

Although the main product which was obtained on alkaline hydrolysis of the 
ester I consisted of the salt 111, which was transformed into the acid VII, a second iso- 
meric acid VIII was obtained by acidifying the alkaline filtrates (representing the com- 
bined mother liquor and washings from the salt precipitate). Under these conditions 
4 g. of a white crystalline precipitate separated, m. p. 215-22g0. By extracting this 
mixture with hot alcohol or acetone traces of the above-mentioned acid VII were re- 
moved, and the residue was found to consist of a new acid VIII, melting a t  227-229". 
The latter was purified by recrystallization from boiling acetic acid and analyzed. 

Anal. Calcd. for CzoHlsOsNz: N, 7.65. Found: N, 7.63. 7.57. 

The same acid was found in small quantities among the products of alkaline hy- 
drolysis of the ester 11. It was also obtained by isomerizing the acid VII in acetic acid 
solution under the action of dry hydrogen chloride. This acid is soluble in boiling acetic 
acid (1 g. in 15 cc.) from which it  separates almost completely on cooling in the form of 
small hard white plates. It is slightly soluble in boiling alcohol (1 g. in 100 cc.) from 
which it  separates almost completely in the form of regular cubes. Negative results were 
obtained in all attempts a t  esterification whether by suspending the salt or acid, re- 
spectively, in alcohol and saturating the mixture with hydrogen chloride, or by heating 
the salt with ethyl iodide, or by application of the Schotten-Baumann reaction. 

The acid VIII  was transformed quantitatively into the salt IV by boiling the acid 
suspended in alcohol with alcoholic potassium hydroxide, After heating for twenty 
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minutes the acid dissolved, and the solution urhen cooled deposited the salt in the form of 
clusters of colorless prisms which melted a t  212' with decomposition. The salt was 
purified by one recrystallization from alcohol and analyzed. 

Anal. Calcd. for CeJ31706NzK: N, 6.93. Pound: N, 6.72.6.68. 

The salt was completely soluble in water and its aqueous solution when acidified 
passed quantitatively into the acid VIII. 

The statement has been made that  under certain conditions alkaline hydrolysis 
of the ester I is accompanied by decomposition with the formation of methylanisalhy- 
dantoin and anisaldehyde. For example, in a few experiments where the hydrolysis 
was carried out in 25 or 50% aqueous alcoholic mixtures, i t  was observed that after the 
salt I11 had separated as described above, the alkaline filtrate behaved in a curious 
way. Thus, when concentrated to  one-third its volume to remove the alcohol, and then 
diluted with water to  the original volume, precipitation of a neutral product, m. p. 
212-215O, took place. This was fully identified as methylanisalhydantoin. The 
filtrate from this precipitate when acidified yielded the usual quantity of the acid VIII. 
Decomposition could be eliminated by carrying out the hydrolysis in 95% alcohol and 
acidifying immediately without concentrating to  remove the alcohol. The same de- 
composition was brought about when the pure salt I11 was heated for six days in a 95% 
alcohol solution containing 0.1 equivalent of alkali or for three hours in a weakly alkaline 
aqueous solution. In  both cases about lOyo of the salt was decomposed into methyl- 
anisalhydantoin and a t  the same time a secondary decomposition with the splitting 
off of anisaldchyde took place. The anisaldehyde was separated from the alkaline mix- 
ture by steam distillation, and its identity was established by its odor, its reaction 
with Tollens' reagent, and its conversion into anisic acid, which was compared with a 
pure laboratory specimen. 

B. Acids Derived from the Ester I1 by Acid or Alkaline Hydrolysis.-VII, m. p. 
203-204'; IX, m. p. 58-62'; and X, m. p. 178.5-180.5'. 

(1) Acid Hydrolysis.-The products obtained by acid hydrolysis of the ester I1 
consisted of new acid, X, along with small quantities of the acid VII. For example, 
2 g. of the ester 11, m. p. 100.5-101.5°, was suspended in 25 cc. of hydrochloric acid and 
about 20 cc. of acetic acid was added gradually accompanied by boiling and shaking. 
After the material had dissolved completely, the solution was boiled for one hour and 
then cooled. The product (which separated as a n  oil) was precipitated completely by 
the additiori of water, the acid solution decanted, the oil washed with.water and finally 
taken up with alcohol. This solution on dilution with water yielded 1.7 g. of a some- 
what granular precipitate, m. p. 75-145O. The acids composing this mixture were 
separated by extraction with small quantities of ether. The insoluble residue consisted 
of an acid, m. p. 199-202", which when pure was identified as the acid VII. The ether 
extract on evaporation deposited a hard yellow gum which after recrystallization from 
alcohol yielded a crystalline acid, m. p. 178.5-180.5' (X). 

Anal. Calcd. for C L ~ H ~ ~ N ~ O ~ :  N, 7.65. Found: N, 7.54, 7.71. 
This acid is soluble in boiling alcohol (1 g. i a  15 cc.) and less soluble in cold alcohol 

(1 g. in 50 cc.), from which it crystallizes in the form of hard bright yellow plates. 
I t s  aqueous solution neutralizes the theoretical quantity of standard base. When dis- 
solved in alcohol previously saturated with hydrogen chloride and boiled for one hour, 
i t  is transformed into the ester I1 (yield Myo of the theoretical). Esterification is 
accompanied also by isomerization, since a small quantity of the ester I is  also always 
formed. The acid X is partially changed into the isomeric acid VII on prolonged 
boiling of its acetic acid solution with concentrated hydrochloric acid. 

(2 )  Alkaline Hydrolysis.-The potassium and sodium saltsvand VI were prepared, 
respectively, by boiling an alcohol solution of the ester I1 with 1.2 equivalents of ako- 
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holic potassium hydroxide or with a corresponding amount of sodium alcoholate. I n  
each case the reaction was accompanied by a color change first to  dark red and then t o  
light yellow and was complete after boiling from fifteen to twenty minutes. Quanti- 
tative amounts of salt were precipitated from their respective solutio~ls upon cooling, 
and after recrystallization from water the potassium salt melted a t  192-194O with de- 
composition and the sodium salt a t  12&13Z1 with decomposition. 

Anal. Calcd. for CzoHlrOsNzK.2H20: N, 6.36. Found: N,  6.26, 6 22. Calcd. 
for C Z O H I ~ O ~ N S N ~ . H ~ O :  N, 6.90. Found: N, 6.83, 6.73. 

When an aqueous solution of either of the above salts was acidified with hydrochloric 
acid, a yellow granular precipitate was formed. This, when washed with water and 
dried in the air, yielded a pale yellow powder which melted a t  58--62'. On further 
heating it  solidified completely a t  130 O and then remelted to a clear liquid a t  178-180 ". 
A sample when heated in an oven a t  50" did not change in weight but  was then ob- 
served to melt a t  8&178". Since it  was impossible to purify the substance by recrys- 
tallization, analyses were made using freshly precipitated samples both before and after 
heating a t  50 O. 

Anal. Calcd. for CzoH,sOsNz: N, 7.65. Found: N, 7.54, 7.46, 7.42. 

Since these results agree very closely with those calculated, it  may be assumed tha t  
the snbstance represents an unstable isomeric modification of the acid X into which it  
gradually tends to rearrange. This is confirmed by the fact that an acid, m. p. 178.5- 
180 5'. which was fully identified as X is formed (a) when the acid, m. p. 58-62", is 
heated, (b) when it  is allowed t o  stand a t  room temperature for several days and (c )  
when it  is dissolved in cold solvents such as alcohol, chloroform, ether or acetic acid. 
In every case the substance dissolved readily to  give a clear solution which in a few 
minutes became cloudy and then yielded a fine crystalline powder which was found to 
consist of the acid X in pure condition. A spectrographic analysis, conducted a s  
rapidly as possible with a specimen of the substance melting at  58-62 ", gave a n  absorp- 
tion curve which was identical in all respects with that of the acid X, m. p. 178.5-180.5 ". 

Spectrographic measurements were made with a Hilger quartz spectro- 
graph (8 36) according to  the quantitative method of HenrL8 The sub- 
stances to be examined, having been purified by repeated crystallization 
from absolute alcohol, were dissolved in specially purified absolute a l c ~ h o l . ~  
Solutions of 0.0001 and 0.0002 M concentration were placed in Baly quartz 
tubes and exposed to a spark from iron electrodes for periods of forty to 
sixty seconds, the thickness of the solution varying from 6 to 60 mm. For 
purposes of comparison the same thicknesses of solvent were exposed for 
periods of ten seconds each. Lumi6re and Jougla photographic plates 
were used. The extinction coefficients were calculated from the expression 

where e. equals the molecular extinction coefficient, n is a constant depending 
on the photographic plates (i. e., 0.9), c is molar concentration, d is thick- 
ness in centimeters and t is period of exposure in seconds.1° 

Henri, "fitudes de Photochemie," Gauthier-Villars, Paris, 1919, p. 5. 
Castille and Henri, Bull. soc. chim. biol., 6, 299 (1924). 

lo Acknowledgment must be made t~ Mia~ Katherine ha. Haring for assistance 
in making some of these measurements. 
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Summary 
The fact that N-1-N-3-disubstituted unsaturated hydantoins with dif- 

ferent groups in union with the nitrogen show practically the same absorp- 
tion spectra may be applied in determining the configuration of the mole- 
cule. 

A strikingly close analogy has been observed between the relationship 
indicated by a comparison of absorption curves and the chemical properties 
of the substances studied. 

Three closely related isomers have been discovered where only two might 
normally be predicted on the basis of geometrical isomerism. 

SOUTH HADLEY, MASSACHUSETTS 
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Inasmuch as biochemical tests revealed that extraction of yeast and plant 
materials with alcohol, or even with concentrated solutions of potassium 
hydroxide in alcohol, failed to free them of substances capable of anti- 
rachitic activation (unpublished work) i t  occurred to us that ergosterol was 
probably present therein in the form of derivatives. Speculation concern- 
ing the possible nature of such derivatives led us to attempt the synthesis 
of the d-glucoside of ergosterol and N-ergosterol glycine, as representatives 
of carbohydrate and protein substances, respectively. We were successful 
in our attempt to synthesize the carbohydrate compound, but failed with 
the latter. In order to avoid waste of ergosterol, preliminary experiments 
were always carried out with cholesterol. 

The glucoside of cholesterol was first described by Salwayl who obtained 
i t  by the condensation of the sterol with tetra-acetylbromoglucose by 
means of dry silver oxide, and subsequent saponification of the acetyl de- 
rivative. This method was found to be entirely satisfactory for the prepa- 
ration of the glucoside of ergosterol, the only precaution necessary being 
the rigid exclusion of moisture. 

A large number of experiments were made in an unsuccessful attempt to 
obtain an ergosteryl halide which, i t  was hoped, might be condensed with 
the amino acids to produce secondary amines. Darzens' method2 for the 
preparation of halides by treatment of the appropriate alcohol with thionyl 
chloride in the presence of pyridine or other tertiary base when applied to 

Salway, J. Chen~. S o c ,  103, 1026 (1913). 
Darzens, Compt. rend., 152, 1314 (1911). 



June, 1930 ANTIRACHITIC ACl'IV.4'I'ION 2513 

cholesterol yielded a white crystalline compound which analysis showed to  
be cholesteryl sulfite. After this work was completed a paper appeared 
by Daughenbaugh and Allison3 in which they described the preparation 
of cholesteryl sulfite by Darzens' method. The properties given by them 
for this compound are in excellent agreement with those found by us. 
Various proportions of ergosterol with thionyl chloride and pyridine in dry 
ether gave small yields of what was apparently the sulfite or in other cases 
the chlorosulfite. In  dry chloroform the reaction product was an oily tar. 
Phosphorus trichloride and phosphorus tribromide in dry benzene and dry 
1,4-dioxane produced small yields of organic compounds containing phos- 
phorus. Phosphorus tri-iodide in carbon disulfide also produced an organic 
phosphorus compound. None of these was further investigated. 

Efforts were next directed toward the preparation of an ergosteryl ester 
of an amino acid. Abderhalden and Kautsch4 prepared the cholesteryl 
ester of glycine by reacting cholesterol with glycyl chloride hydrochloride 
in dry chloroform and liberating the ester from its salt by means of alkali. 
Attempts to carry out this reaction with ergosterol proved unsuccessful 
due to the destructive action of the hydrogen chloride liberated in the 
reaction. The use of pyridine to avoid this proved ineffective because i t  
reacted with the glycyl chloride hydrochloride liberating glycyl chloride 
which immediately underwent condensation. When the amino group was 
protected by benzoylation, good yields of cholesteryl and ergosteryl hip- 
purates were obtained. 

Schmidt, Knilling and Ascher15 have used acetobromo-amide as a re- 
agent for the addition of hypobrornous acid to the ethylene bond and i t  
seemed that this method might serve to throw additional light on the nature 
of the unsaturation in ergosterol. The reaction was found to  work very 
smoothly in the case of cholesterol, practically quantitative yields of the 
brornohydrin being produced, but with ergosterol decomposition was rapid 
and extensive. 

Heilbron and Sexton6 have described the results of some experiments on 
the catalytic hydrogenation of the free ergosterol with a palladium catalyst. 
When this paper appeared we were engaged in some similar experiments 
using the platinum catalyst of Voorhees and Adams and we likewise found 
that a t  a pressure just slightly greater than atmospheric two moles of hy- 
drogen were absorbed with the formation of the a-ergostenol of Reindel and 
Walter.' The reductions were carried out in a semi-micro hydrogenation 
apparatus a t  room temperature, and the solvents used were ethyl acetate, 
ethyl alcohol and glacial acetic acid, all three solvents giving the same re- 

3 Daughenbaugh and Allison, THIS JOURNAL, 51, 3666 (1929). 
* Abderhalden and Kautsch, Z. physiol. Chem., 65,69-77 (1910). 
6 Schmidt, Knilling and Ascherl, Ber., 59B, 1279-1282 (1926). 
6 Heilbron and Sexton, J. Chem. Soc., 921-926 (1929). 
7 Reindel and Walter, Ann., 460, 212 (1928). 
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sults. In  a typical experiment, 0.1093 g. of ergosterol dissolved in 40 cc. 
of glacial acetic acid was shaken with hydrogen and 0.100 g. of catalyst 
previously reduced and saturated with hydrogen. At the end of twenty- 
five minutes the contraction amounted to 16.9 cc. (calcd. for two moles, 
17.5 cc.) and after an additional forty-five minutes it was 17.2 cc. There 
was no break in the curve to indicate the formation of the dihydroergosterol 

Experimental 
Tetra-acetylbromoglucose.-This was prepared by the method of J. K. Dale.8 It 

was found that a mixture of dry ether and dry petroleum ether was a much better sol- 
vent for recrystallization than ether alone. From the mixed solvent the product was 
obtained in beautiful white needle-like crystals which melted a t  88-89 ". 

Ergosterol-d-g1ucoside.-Ergosterol, obtained from The Fleischmann Company 
was purified by recrystallization from a mixture of alcohol and benzene as described by 
Bills and Honeywell.9 Two crystallizations gave a product which had [a]% -131.5- 
and melted a t  164 O. This ergosterol was dried a t  room temperature and 2-mm. pressure 
for one hour and then a t  80' and the same pressure for fifteen minutes. Then 2.00 
g. of this was dissolved in 100 cc. of thoroughly dried ether and 3.00 g. of pure freshly 
recrystallized tetra-acetylbromoglucose and 3.00 g. of dry Freshly precipitated silver 
oxide added. This was shaken for about eight hours, after which the container was 
centrifuged to collect the silver bromide and silver oxide a t  the bottom. The clear 
ethereal solution was poured through a filter and the ether distilled off on the water- 
bath. The crude tetra-acetyl-ergosterol-d-glucoside thus obtained was crystallized once 
from 95y0 alcohol. The partially purified product was dissolved in boiling 95% alcohol 
knd an excess of hot 10% alcoholic potash was added. The glucoside precipitated im- 
mediately and after warming for a few minutes on the water-bath the product was fil- 
tered from the hot solution and washed thoroughly with boiling 95% alcohol. For 
complete purification it  was boiled with redistilled pyridine and filtered from a small 
amount of insoluble material. The filtrate was diluted somewhat with distilled water 
and allowed to cool, whereupon the glucoside separated in pure white crystals which 
were filtered off and washed with cold dilute pyridine and then with 95% alcohol. The 
yield was 0.94 g. Another recrystallization from dilute pyridine yielded 0.84 g. of 
product. The glucoside is insoluble in water, alcohol, ether, chloroform, acetone, ben- 
zene and ethyl acetate. It dissolves with difficulty in hot amyl alcohol and glacial 
acetic acid, and with ease in hot pyridine. It melts a t  308" (corr.) with decomposition; 

-98.5 when C = 1 in pyridine. 

Anal. Calcd. for C33H6206: C, 72.75; H, 9.63. Found: C, 72.64; H, 10.07. 

Upon hydrolysis with hydrochloric acid in a mixture of amyl alcohol and ethyl al- 
cohol, glucose and isoergosterol are formed. 

Tetra-acetyl-ergosterol-d-g1ucoside.-One gram of pure ergosterol-d-glucoside was 
boiled for thirty minutes with 10 cc. of pure acetic anhydride, the excess of the latter then 
being removed by distillation under diminished pressure on the water-bath. The 
residue was dissolved in 25 cc. of hot absolute alcohol and filtered through a hot funnel. 
Upon cooling, the filtrate deposited the tetra-acetyl-ergosterol-d-glucoside in fine white 
needle-like crystals. This product was filtered off, washed with ice-cold absolute al- 
cohol and the crystallization repeated. The yield was 0.80 g. of product which melted 
a t  167' corrected. I t  dissolves readily in ether, acetone, ethyl acetate, chloroform, 

Dale, THIS JOURNAL, 38, 2187 (1916). 
Bills and Honeywell, J. Biol. Chem., 80, 12 (1928). 
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benzene and glacial acetic acid. I t  is fairly soluble in hot alcohol but crystallizes out 
almost completely on cooling; [a]: -43.0 " when C = 1 in chloroform. 

A d .  Calcd. for CalHcoO,o: C, 69 06; H, 8.49. Found: C, 69.43; H, 8.60. 

Cholesteryl Hippurate.-One gram of dry cholesterol was dissolved in 5 cc. of dry 
chloroform and heated on the water-bath for half an hour with 0.60 g. of hippuryl chlo- 
ride. The solution was then evaporated to about 3 cc. and a large excess of hot methyl 
alcohol added. On cooling the cholesteryl hippurate separated in small spherical clus- 
ters of needles. The yield was 1.35 g. It was recrystallized three times from methyl 
alcohol containing a little chloroform and then melted a t  153-154' corrected; [a]': 

-30.5" when C = 1 in chloroform. I t  dissolves in about twenty-five parts of methyl 
alcohol and separates on cooling in small roset-like clusters of needles. From 80% 
ethyl alcohol it separates in long hair-like needles. I t  dissolves easily in chloroform, 
acetone, benzene, ethyl acetate and glacial acetic acid. I t  is insolclble in water. On 
saponification with dilute alcoholic potassium hydroxide it yields cholesterol and hip- 
puric acid. 

Anal. Calcd. for C36Hb303N: N, 2.56. Found: N, 2.60. 

Ergosteryl Hippurate.-One-half gram of pure ergosterol ([a]% -131.5') and 
0.30 g. of hippuryl chloride were dissolved in 3 cc. of dry chloroform containing 0.5 cc. 
of pure dry pyridine and heated on the water-bath for half an hour. Then 25 cc. of dry 
methyl alcohol was added and the brown solution chilled in ice and salt. The crystal- 
line ergosteryl hippurate was filtered off and washed with methyl alcohol. The yield 
of crude dry product was 0.63 g. It was recrystallized once from 95% ethyl alcohol 
containing a little chloroform and then three times from pure acetone. This gave 0.24 
g. of product which was dried a t  80 " and 2 mm. and then melted a t  166-167 " corrected. 
Its solubility in ethyl alcohol roughly corresponds to that of cholesteryl hippurate in 
methyl alcohol and it crystallizes in the same manner. I t  dissolves readily in benzene 
and chloroform. It is moderately soluble in acetone, ethyl acetate and hot ethyl alco- 
hol. It is only sparingly soluble in cold ethyl alcohol and almost insoluble in methyl 
alcohol. It does not dissolve in water. [or]2: -67.5', when C = 1 in chloroform. On 
saponification with alcoholic potassium hydroxide it yields ergosterol and hippcxric acid. 

Anal. Calcd. for CssHasOaN: N, 2.58. Found: N, 2.30. 

Cholesterol Bromohydrin.-Three grams of cholesterol was dissolved in 8 cc. of 
pure chloroform and 8 cc. of distilled water was added. Then 1.10 g. of acetobromo- 
amide was added and the mixture shaken a t  room temperature until the water layer no 
longer affected starch-iodide paper. This required about six hours. The chloroform 
layer was washed twice with distilled water and dried over anhydrous sodium sulfate. 
after which it was filtered into a 100-cc. distilling flask and the solvent removed by dis- 
tillation in a vacuum at  room temperature. The flask was finally heated for one and 
one-half hours on the water-bath to remove the last traces of chloroform. The product 
swelled up to a light fluffy solid mass which was easily broken up and removed from the 
flask. The yield of almost pure white product was 3.12 g. I t  melted, but not sharply, 
a t  about 85" and underwent rapid decomposition a t  a slightly higher temperature. I t  
is very soluble in benzene, chloroform, ethyl acetate, ethyl alcohol, methyl alcohol, 
petroleum ether, ethyl ether, acetone and glacial acetic acid. It is insoluble in water. 
No suitable solvent was found for recrystallization. 

Anal. Calcd. for C2rHGO2Br: Br, 16.53. Found: Br, 16.02. 

-- Biological Tests 
The biological tests were carried out with rats. They were young ani- 

mals raised under standard conditions to a weight of about 60 g. in our 
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stock colony. After having attained this weight they were transferred to a 
rickets-producing diet for three to four weeks, by which time they had 
always developed a very pronounced degree of rickets. They were then 
taken for test. The diet used was our Ration 29651° consisting of yellow 
corn 76, wheat gluten 20, calcium carbonate 3 and sodium chloride 1. 

When the animals were taken for the curative tests the afore-mentioned 
ration had incorporated in it the sterol preparation mixed in the desired 
quantity with 50 g. of the ration. This was fed ad libitum, daily consump- 
tion records being taken. When the 50 g. was completely consumed the 
unsupplemented ration was fed until ten days had elapsed from the begin- 
ning of the experimental period. The animals were then killed and the 
distal ends of the radii and ulnae examined for the deposition of calcium 
phosphate in the rachitic lesions.1° 

CALCIPICATION WITH IRRADIATED STEROL PREPARATIONS 

Initial Final Av. con- 
wt., wt., sumption, Line 

Rat Mg. Dietary addition g. g. g .  test 

9509 0.01 Cholesterol glucoside Mc 185 87 92 10.0 - 
9510 .10 Cholesterol glucoside Mc 185 73 78 7.5 - 
9511 2.00 Cholesterol glucoside Mc 185 77 82 9.5 - 
9515 0.01 Ergosterol glucoside Mc 193 88 95 10.0 - 
9516 .10 Ergosterol glucoside Mc 193 100 104 9.2 ++ 
9517 2.00 Ergosterol glucoside Mc 193 84 80 9.2 ++ 
9520 2.00 Acetyl ergosterol glucoside Mc 194 85 82 7.5 + + + 
9523 2.00 Acetyl ergosterol glucoside Mc 195 88 89 8 .1  + + + 
9784 0.01 Ergosterol d-glucoside Mc 200 80 73 6.9 ++ 
9785 0.10 Ergosterol d-glucoside Mc 200 72 75 6.9 + + o r  +++ 
9786 2.00 Ergosterol d-glucoside Mc 200 84 86 6 .4  ++++ 
9792 0.01 Isoergosteryl acetate Mc 203 91 107 9 . 3  - 
9794 2.00 Isoergosteryl acetate Mc 203 74 77 8 .7  - 
9839 0.10 Isoergosterol Mc 204 87 97 6.3 - 
9842 2.00 Isoergosterol Mc 204 90 98 6.9 - 
9969 0.01 a-ergostenyl acetate Mc 209 79 80 5.1 ++++ 
9970 .10 a-ergostenyl acetate Mc 209 84 90 6.1 ++++ 
9972 . O 1  a-ergostenol Mc 210 82 78 5.7 ++++ 
9973 .10 a-ergostenol Mc 210 84 70 4.0 ++++ 
217 .10 Ergosteryl hippurate Mc 221 94 90 7.4 +++ 
220 .10 Cholesteryl hippurate Mc 219 80 87 7 .0  - 

9975 . O 1  Ergosterol d-glucoside Mc 212 85 90 9.0 +++ 
9976 .10 Ergosterol d-glucoside Mc 212 85 95 7.5 ++++ 
9977 2.00 Ergosterol d-glucoside Mc 212 87 98 5.7 ++++ 

Key to table: - = wide rachitic metaphyses; + = narrow line; + + = medium 
metaphyses or medium line; + + + = wide line or narrow metaphyses; + + + + = 
almost complete healing. 

lo Steenbock and Black, J. Biol. Chem., 64, 263 (1925). 
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Por their activation the sterol derivatives were exposed to the radiation 
of a Hanovia Alpine Sun Lamp a t  a distance of 25 em. from the burner. 
In order to secure thorough exposure and to facilitate subsequent mixing 
with the ration, 10 mg. of the preparation was ground in a mortar with 
990 mg. of sucrose. The mixture was then spread out on a glass dish 
measuring 22.2 by 16.5 cm. and irradiated with mixing a t  intervals of fifteen 
minutes for a period of one hour. The mixing of the preparations with 
sucrose is permissible because sucrose is not antirachitically activatable. 
The results of the tests are listed in Table I. Because the various prepa- 
rations differ as to purification, treatment, etc., a brief description of 
each is necessary. 

Cholesterol-d-glucoside, Mc 185.-This was prepared by Salway's method,' the 
cholesterol used having a melting point of 147-148'. The glucoside was crystallized 
four times from dilute pyridine and melted at 265-270" with decomposition. 

Ergosterol-d-glucoJde, Mc 193.-This preparation was made from an incompletely 
purified specimen of ergosterol having a melting point of 157-159" (short thermometer). 
The crude glucoside was recrystallized once from pure dilute pyridine and was then 
extracted for one hour with pure dry ether in a Soxhlet extractor. The crystallization 
and extraction were repeated after which the dry product had a melting point of 308" 
(corrected) with decomposition. 

Tetra-acetyl-ergosterol-d-glucoside, Mc 194.-A portion of the glucoside Mc 193 
was not extracted the second time with ether but was acetylated by boiling with acetic 
anhydride. The product was recrystallized twice from absolute alcohol and melted a t  
163" (uncorr.). 

Tetra-acetyl-ergosterol-d-glucoside Mc 195.-The preparation of this was identical 
with that of Mc 194 except that the ergosterol used was of a fairly high degree of purity 
having a specific rotation of - 128" and a melting point of 161 5-162.5' (short thermom- 
eter). 

Ergosterol-d-glucoside Mc 200.-The ergosterol used for this preparation was 
rather crude, having a melting point of 152-156" (short thermometer). Purification 
of the glucoside was the same as that of Mc 193. 

Isoergosteryl Acetate Mc 203.-This was prepared by treatment of a chloroform 
solution of ergosteryl acetate with dry hydrogen chloride according to the directions of 
Reindel, Walter and Rausch.ll The product was recrystallized three times from a mbx- 
ture of methyl alcohol and ethyl acetate (4:l) and then twice from glacial acetic acid. 
The crystals began to sinter a t  128' and melted a t  131-132" (short thermometer). 

Isoergosterol Mc 204.-A sample of ergosteryl acetate which had a melting point 
of 174" uncorrected was treated with hydrogen chloride in chloroform solution and the 
isoergosteryl acetate recrystallized twice from methyl alcohol and ethyl acetate (4:l) 
and once from glacial acetic acid. The ester was saponified with alcoholic potash and 
the isoergosterol recrystallized twice from a mixture of methyl alcohol and ethyl acetate 
( 4 : )  The crystals were found to have a melting point of 145-146O whereas Reindel, 
Walter and Rauschll give the melting point of their compound as 135-136 ". The reason 
for this discrepancy became clear with the appearance of a paper by Heilbron and 
Spring12 in which these authors have shown that the isoergosterol of Reindel, Walter 
and Rausch is a mixture of two isomers, a-isoergosterol melting a t  143-144', and P- 

" Reindel, Walter and Rausch, Ann., 452, 34 (1927). 
l2 Heilbron and Spring, J. Chew. Soc.,  2807 (1929). 
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isoergosterol melting a t  135'. Clearly our compound was the a-isomer which we had 
separated by the repeated crystallization. 

a-Ergostenyl Acetate Mc 209.-The ergosterol used was the same as that used for 
preparation Mc 195. It was acetylated and the acetate reduced catalytically in glacial 
acetic acid. The a-ergostenyl acetate was purified by recrystallization first from methyl 
alcohol and ethyl acetate (4:l) and then from methyl alcohol and ether (4: 1). It melted 
a t  110-111 (short thermometer). 

a-Ergostenol Mc 210.-The ergosterol was the same as for Mc 209. I t  was hydro- 
genated in glacial acetic acid and then precipitated with water. The product was 
warmed with alcoholic potash, diluted and chilled. It was then recrystallized twice 
from methyl alcohol and then melted a t  130-131" (short thennometer). 

Ergosteryl Hippurate Mc 221 and Cholesteryl Hippurate Mc 219.-These were the 
preparations previously described in detail. 

Ergosterol d-Glucoside Mc 212.-This was prepared from highly purified ergosterol. 
I t s  preparation has already been described in detail. 

These data show that isoergosterol, isoergosteryl acetate, cholesterol-d- 
glucoside and cholesteryl hippurate are entirely unactivatable. The gluco- 
side, the tetra-acetylglucoside and the hippurate of ergosterol are shown to 
be antirachitically activatable, although to a somewhat less degree than 
the free sterol. The tests show a-ergostenol and a-ergostenyl acetate to be 
activatable but we do not wish these results to be accepted as final. 'She 
feeding tests of these compounds were unsucces;sful in several cases as the 
consumption of the ration was incomplete. However, this apparently 
was not due to any properties peculiar to the ergostenol, for a t  the same 
time the consumption of a ration containing ergosterol glucoside was 
also incomplete. 

Summary 

I. Five new compounds, ergosterol-d-glucoside, tetra-acetyl-ergosterol- 
d-glucoside, ergosteryl hippurate, cholesteryl hippurate and cholesterol 
bromohydrin have been prepared and their properties described. 

2. Ergosterol-d-glucoside, tetra-acetyl-ergosterol-d-glucoside and ergo- 
steryl hippurate and perhaps a-ergostenol have been shown to be antira- 
chitically activatable by ultraviolet light, while cholesterol-d-glucoside, 
cholesteryl hippurate, isoergosterol and isoergosteryl acetate have been 
shown to be unactivatable. 

MADISON, WISCONSIN 
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[CONTRIBUTION PROM THE HYGIENIC LABORATORY, U. S. PUBLIC HEALTH SERVICE] 

RELATIONS BETWEEN ROTATORY POWER AND STRUCTURE 
IN THE SUGAR GROUP. XXIX. THE PREPARATION OF 

CRYSTALLINE TURANOSE 

Alekhineqound that when the trisaccharide melezitose is gently hydro- 
lyzed by weak acid solutions there results as one of the products a di- 
saccharide to which he gave the name turanose. He observed that  tura- 
nose is dextrorotatory and he states that it melts at 65-70' and is very 
hygroscopic; this description indicates in the light of our present results 
that his preparation must have been an amorphous substance. Alekhine 
obtained only glucose by the complete hydrolysis of melezitose with strong 
acids and he concluded that turanose is a di-glucose.  is inference was 
later revised by G. Tanret,3 who obtained both glucose and fructose from 
the hydrolysis of turanose. Tanret describes turanose as a white powder 
consisting of extremely hygroscopic round grains containing one-half 
molecule of alcohol of crystallization, melting at 60-65O and showing [@ID 
-i-71.8, without mutarotation. His description indicates in the light of 
our results that the substance was not obtained in crystalline condition. 
Alekhine observed that turanose is a reducing sugar; decision as to  whether 
it is a glucosido-fructose or a fructosido-glucose was made by Kuhn and 
Von Grundherr,* who found that it is not oxidized by alkaline hypoiodite 
solution and must consequently be a glucosido-fructose. 

This partial determination of the structure of turanose leads a t  once fo 
some very interesting speculations concerning the structure of melezitose. 
Since melezitose is a non-reducing sugar, its structure must be indicated as 
glucose < >fructose > glucose, where the disaccharide > fructose >glucose is 
turanose. What is the identity of its other potential disaccharide, which 
must be a non-reducing sugar, glucose < >fructose? Obviously this sugar 
may be sucrose. If such is not the case it must be an isomer closely related 
to sucrose. Kuhn and Von Grundherr have found that certain enzyme 
preparations which hydrolyze sucrose also split melezitose into glucose and 

Publication authorized by the Surgeon General of the U. S. Public Health 
Service. The crystallization of turanose was reported by the authors a t  the April, 
1929, meeting of the National Academy of Sciences and a short articIe was published 
in Science, 69, 278 (1929). No. XXVIII of this series was published in THIS JOURNAL, 
52, 2106 (1930). 

Alekhine, Ann. phys. chim., 18, 532 (1889). 
Tanret, Bull. soc. chim., 35, 816 (1906). 
Kuhn and Von Grundherr, Ber., 59, 1655 (1926); Bougault, J. pharm. chim., 

16, 97 (1917); VotoEek and NemeEek, Z. Zzcckerind. Bohmen, 34, 399 (1910); Nef, 
Ann. ,  403, 204 (1914). 
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turanose and they conclude that melezitose is probably a derivative of su- 
crose. When these authors published their observations, one of us (C. S. H.) 
made the following calculations from the application of the isorotation rules 
to  the rotations of the substances in question. I t  has long been known5 

that the mixture of the forms of glucose and fructose which are initially 
liberated through the hydrqlysis of sucrose by invertase possesses the same 
rotation as sucrose, that the glucose form is ordinary a-glucose 113) 
and that consequently the fructose form is one having an value of 
about +17. This form must be a /3-fructose; if it were an a-fructose the 
mixture immediately resulting from the hydrolysis would show a much 

lower dextrorotation than sucrose, which 
is not the fact. Assume now with Kuhn 
and Von Grundherr that melezitose is a 
derivative of sucrose and apply similar 
considerations. The initial products of 
its hydrolysis must be a-glucose (113) 
and a P-form of turanose; this mixture 
must show the same rotation as melezi- 
tose 88.6). The [a]= value of this 
hypothetical @-turanose is obtained from 
these data, when the molecular weights 
are introduced, as ((88.6) (504) - (113) 
(180))/342 = 71. This calculated value 
is quite near the rotation of turanose 
which l'anret has measured (71.8). Ob- 
viously the measurement applies to 
stable solutions of turanose. It seemed 
therefore from the calculations that 

pig, l.-crystals of turlnose in melezitose might indeed be a derivative 
polarized light of sucrose and that if such is the case 

turanose might be found to be a ketose 
which, like sorbose, tagatose and mannoketoheptose, would not exhibit 
mutarotation. Obviously the existence or absence of mutarotation could 
only be determined from the study of truly crystalline turanose, but since 
'I'anret believed that he had the crystalline sugar in hand and found no 
mutarotation, the calculations appeared to be substantiated throughout. 
However, it was not considered wise to publish these considerations a t  the 
time because of the following uncertainty: the statement by l'anret that 
his turanose preparation melted a t  as low a temperature as 60-65' and was 
exceedingly hygroscopic and the fact that accurately discernible crystals 
were not reported suggested that the substance was really amorphous be- 
cause the reported properties would be most unusual for a pure crystalline 

Hudson, THIS JOURNAL, 31, 655 (1909); see also ibid. ,  52, 1715 (1930). 
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disaccharide. Indeed, Bridel and AagaardB have expressed the conviction 
that Tanret did not crystallize turanose. It was decided, therefore to await 
the production of further experimental evidence. This has fortunately been 
obtained lately in an unexpected way, as will now be described. In 1918 one 
of us found an abundant supply of the rare melezitose in a certain kind of 
honey-dew honey7 and from it he prepared a small quantity of sirupy tura- 
nose in the hope of crystallizing it. Other samples of turanose simp were 
prepared subsequently from this stock of melezitose by other workers in 
the same laboratory. Recently it was observed by D. H. Brauns that one 
of these sirups, the exact histor; of which is not now known, had crystallized 
after standing many years. By the use of these crystals to nucleate tura- 
nose sirups which we have lately prepared from melezitose, it has been pos- 
sible to obtain a rapid crystallization of the sugar in abundant q~ant i t i e s .~  

The physical properties of crystalline turanose differ entirely from those 
reported by G. Tanret and there can no longer be any doubt that his 
preparation was an amorphous material. The sugar is readily purified by 
recrystallization from hot methyl alcohol, in which it is moderately soluble. 
Its melting point is 157", it crystallizes in well-formed prisms with many 
faces developed (see photograph), its composition is CI~HZZOII and it is not 
hygroscopic. We were surprised to find that it exhibits a large and rapid 

TABLE I 

MUTAROTATION OF TURANOSE AT 22' IN AQUEOUS SOLUTION (CONCENTRATION, 3.928 G . /  

100 Cc.) 
?me, 

m ~ n u t e s  [a]: 
f i  = 1 log Rm--iZo 

t R,-R 

0 (+22 0) . . 
4 $53 5 . . 
5 +58 1 0 103 
6 $61 4 ,098 
7 $64.5 101 
8 +66 2 - .095 
9 $68 2 ,091 

10 $69 7 .098 
11 f70 6 ,095 
12 +71 7 098 
13 $72 4 ,097 
14 +73 0 098 
25 $75 3 
60 $75 3 Average .097 

Bridel and Aagaard, Bull. soc. chim. biol., 9, 884 (1927). 
Hudson and Sherwood, THIS JOURNAL, 42, 116 (1920). 
During the hot dry season in early July, 1928, an unusually large flow of honey- 

dew honey occurred in apiaries around Washington, D. C., and we were able t o  pre- 
pare five kilograms of melezitose from such honey kindly supplied by the Office of 
Bee Culture Investigations, U. S. Department of Agriculture, from their apiary at 
Somerset, Maryland. 
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mutarotation, from the direction of which it is inferred that the sugar is a 
beta modification. The designation is provisional, however, because it is 
not excluded that a ring shift may occur during the mutarotation. The 
course of the change is shown in the table; it follows closely the uni- 
molecular law and consequently the initial rotation can be obtained with 
fair accuracy by extrapolation. The value of the final rotation (75.3) 
shows that the previous estimates by Tanret (71.8) and by Bridel and 
Aagaard (72-73) from the study of amorphous materials were fair approxi- 
mations. 

Let us return now to the theoretical considerations. Observation shows 
that the form in which turanose has crystallized is not the hypothetical 
p-turanose of initial [a]= approximately 71, predicted by theory. Never- 
theless, the theory may be correct; if such is the case the hypothetical 
sugar must have a different ring structure from that of the known form. 
Such a result would not be surprising because by analogy with the structure 
of sucrose, the fructose constituent of which apparently possesses a 2,4-ring 
that shifts to the 2,5-position after the hydroly~is,~ the fructose constituent 
of melezitose would be expected to possess the same 2,4-labile ring which 
could conceivably change to another type in crystalline turanose. It will 
apparently require new experimental evidence before this phase of the 
considerations can be further advanced and it is mentioned that the studies 
of Bridel and Aagaard on the hydrolysis of melezitose and turanose by 
various enzyme preparations lead them to doubt that sucrose is a con- 
stituent of the melezitose molecule. The writers are continuing the in- 
vestigation of turanose; one (E. P.) will publish soon the description of 
several acyl derivatives of it which he has prepared and the other (C. S. H.) 
is studying its behavior in the Lobry de Bruyn alkaline rearrangement in 
the hope of converting it to a disaccharide aldose. 

The Preparation of Crystalline Turanose from Me1ezitose.-The one-stage acid 
hydrolysis of melezitose must be carefully controlled for a good yield of turanose. 
Bridel and Aagaard recommend heating a solution containing 10% melezitose and 0.6% 
sulfuric acid for one and three-quarters hours on the water-bath but our results indicate 
that the hydrolysis proceeds under these conditions much beyond the first stage. The 
rotations of test samples of such a solution which were kept definitely a t  100' for differ- 
ent lengths of time and then cooled, indicated that the first stage of hydrolysis is com- 
plete a t  this temperature in fifteen minutes. Three hundred grams of pure melezitose 
was dissolved in 2800 cc. of boiling water and a hot mixture of 19.2 g. of concentrated 
sulfuric acid (95%) and 150 cc. of water was added in one portion. The solution was 
kept boiling gently for fifteen minutes and was then cooled rapidly to room temperature 
and neutralized with an excess (22 g.) of calcium carbonate. About 10 g. of baker's 
yeast was then added to the unfiltered solution and fermentation was allowed to pro- 
ceed a t  40° for thirty-six to forty-eight hours, when it appeared to have nearly ceased. 
The solution was filtered after adding decolorizing carbon and the filtrate was con- 
centrated under reduced pressure to a thick sirup, which was taken up with 500 cc. of 

Hudson, THIS JOURNAL, 52, 1717 (1930). 
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absolute methyl alcohol and filtered from the insoluble calcium salts, using decolorizing 
carbon again. On nucleation of the solution with crystals of turanose i t  crystallized 
rapidly and became a solid mas? after twenty-four hours a t  room temperature. The  
crystals were washed with absolute methyl alcohol and dried in a desiccator; yield, 
110-125 g., and a further crop of 3 5 4 0  g. was obtainable from the mother liquor by 
reconcentration to  a sirup and taking this up as before. Even the second mother 
liquor yielded a crop of 8-12 g. by removal of the methyl alcohol, solution of the residue 
in water, fermentation and retreatment by the usual procedure. The highest yield from 
a batch of 300 g. of melezitose was 178 g. or 87% of the theoretical, the lowest 80%. 
The sugar was recrystallized from boiling methyl alcohol and refluxing i s  advisable for 
obtaining a concentrated solution. 

The separation of glucose from turanose, which is accomplished in the preceding 
directions through fermentation, may also be made by oxidizing the hexose with bromine 
water, which leaves the turanose largely unchanged, and precipitating calcium gluconate 
by the addition of alcohol.'O Onc hundred grams of mclezitose was hydrolyzed as  di- 
rected and the cooled solution was neutralized with ll g. of barium carbonate. Without 
filtration there was added a solution of 78 g. of barium benzoate in 1800 cc. of water fol- 
lowed by 10.2 cc. of bromine, which rapidly dissolved on stirring. After twelve hours 
the excess bromine was blown out, the barium was removed as sulfate and the main 
portion of the hydrobromic acid as  lead bromide (using litharge to  neutrality for congo 
red), and the final part as  silver bromide. Excess heavy metals were then precipitated 
as sulfides. Dissolved benzoic acid was largely removed by several extractions with 
chloroform. The resulting colorless solution contained little besides turanose and 
gluconic acid. It was kept slightly alkaline to phenolphthalein with milk of lime for 
one hour a t  room temperature and then neutralized with sulfuric acid, filtered and 
concentrated to 500 cc. under reduced pressure. This solution was made slightly 
alkaline with lime and 450 cc. of 95% alcohol was added, followed by filtration and  nu- 
cleation with calcium gluconate crystals. After standing overnight in the ice chest the 
salt was filtered off, 300 cc. of 95% alcohol was added and the filtration repeated. 
The filtrate was concentrated under reduced pressure to  a thick sirup, which was dis- 
solved in 400 cc. of cold methyl alcohol. A slight quantity of calcium gluconate soon 
separated but the filtrate gave no further precipitate on adding methyl alcohol. The 
solution was then concentrated t o  a thin sirup, which was seeded with turanose crystals ; 
after a day i t  had become solid and yielded 44 g. of turanose. A second crop of 7.5 g. 
was obtained from the mother liquor, bringing the yield to 80% of the theoretical. 
The fermentation procedure is less laborious than the oxidation method but  the latter 
may be used if difficulties arise in connection with the control of the growth of the yeast, 
as  is sometimes the case. 

Turanose crystallizes from methyl alcohol without solvent of crystallization and its 
analysis corresponds to  the formula C12H22011. After drying a t  room temperature over 
calcium chloride in a vacuum desiccator to constant weight i t  lost no further weight 
when heated for two-hour intervals a t  77, 98 and 11O0, respectively, under reduced 
pressure. Micro combustions of samples weighing 2 3  milligrams showed C, 42.09, 
42.17, 42.10; H,  6.38, 6.58, 6.56%; calculated for CleH22011: C, 42.08; H, 6.48. 
The combustions were made by Dr. R. T. K. Cornwell, to whom our thanks are 
expressed. 

One of the authors (E. P.) expresses his thanks to the International 
Education Board for the grant of a fellowship which made possible his 
participation in this research. 

lo Montgomery and Hudson, THIS JOURNAL, 52, 2101 (1930). 
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Summary 
After several years' standing a sirupy preparation of turanose crystallized 

spontaneously and by nucleation with these crystals i t  has been possible to 
obtain rapid crystallization of large quantities of turanose. Directions for 
the preparation of the sugar in good yield from melezitose are given and 
some of its properties are recorded. Turanose shows a large and rapid 
mutarotation. A discussion of the structures of turanose and nielezitose, 
in so far as present evidence permits, is presented. 

WASHINGTON, D. C. 

[CONTRIBUTION PROM THE KENT CHEMICAL LABORATORY OF THE UNIVERSITY OF 

CHICAGO] 

SALTS OF NITRILES. IV. SODIUM ALPHA- 
PHENYLBUTYRONITRILE 

Previous reports3 have described the preparation of the sodium and 
potassium salts of certain nitriles, and presented evidence for the nitride- 
carbide tautomerism of the anions of the salts, e. g., 

[C6H,C(R)=C=N-]Mef F* [CsH,C-(R)CN ]Me+ (1) 

Rising and Braun3 made a quantitative study of the course of the re- 
action of phenylacetonitrile with sodium, and of the chemical behavior 
of the salt sodium phenylacetonitrile, [CeH5CHCN]Na. The present 
authors have studied quantitatively the analogous reaction of a-phenyl- 
butyronitrile with sodium. They have found that the course of the re- 
action may be summarized in the equation 
2CeH6C(C2H6)HCN + 2Na ---t [CsHsC(C2H~)=C=N]Na $- NaCN + C ~ H ~ C S H ~  (2) 

The hydrogen formed in the reaction of sodium with the nitrile reduces 
part of the salt to toluene and sodium cyanide 

2CsHsC(C2H5)HCN + 2Na -+ 2[C6H,C(C2H5)=C=N]Na + 2H (3) 
[C6H5C(C2H5)=C=N]Na + 2H -+ CRH~COHT + NaCN (4) 

This reaction corresponds to that observed by Rising and Braun with 
sodium phenylacetonitrile, which is reduced by hydrogen to toluene ant1 
sodium cyanide. There are described also herein the conditions used 
for the preparation of the salts sodium and potassium a-phenylbutyroni- 
trile. A study of the behavior of sodium a-phenylbutyronitrile has 

1 The work here reported forms part of the dissertation of E. W. Lowe, to be pre- 
sented in partial fulfilment of requirements for the doctorate degree a t  the University of 
Chicago. 

2 Original manuscript received August 31, 1929. 
3 Rising and Zee, THIS JOURNAL, (a) 49, 541 (1927) and (b) 50, 1699 (1928); 

Rising, Muskat and Lowe, ibid.,  51, 262 (1929); Rising and Braun, ibid., 52, 1069 
(1930). 
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brought to light a number of important facts. (1) The solid salt is ex- 
tremely unstable and is obtainable only in an inert atmosphere, such as 
nitrogen. When exposed to air i t  bursts into flame. (2) The salt is 
somewhat unstable even in ether solution and decomposes very slowly, 
with the formation of sodium cyanide. This is believed to be a reaction 
of the nitride tautomer 

The instability of the salt makes the preparation of the pure compound 
extremely difficult to accomplish. This is unquestionably the chief cause 
of the earlier difficulties experienced in duplicating the work of Dr. Zee.* 
(3) Finally, i t  has been shown that ethylation of sodium a-phenylbutyro- 
nitrile produces a-phenyl-a-ethylbutyronitrile, C~HE,C(C~HE,)~CN, in fairly 
good yield. This is probably a reaction of the carbide salt, since the prod- 
uct is a C-alkyl derivative 

[CE,H~C-(C~H~)CN]N~+ + CzHd + CsHaC(CzH6)zCN + NaI  (6) 

Silver and mercury salts of the nitrile are expected to yield N-alkylated 
derivatives, in part a t  least, and are being studied. 

Experimental Part 

1. Preparation of Sodium a-Phenylbutyronitrile in Ether Solution.-The appara- 
tus used for the preparation of the salt was similar to that devised by Braun (Diagram, 
Ref. 3) for the reaction of phenylacetonitrile with sodium. Air and moisture were a t  
all times rigorously excluded from this apparatus, an atmosphere of nitrogen being used 
for the reaction and for all operations in which sodium a-phenylbutyronitrile in  solution 
or in solid form was handled. a-Phenylbutyronitrile of boiling point 110.5-111° a t  
11 mm., and n7: 1.50945 (pure a-phenylbutyronitrile n? 1.5092) was used, prepared by 
the method of Bodroux and Taboury.6 For the preparation of sodium a-phenylbutyro- 
nitrile, sodium dust (10 g., a 26y0 excess) was prepared in dry xylene a s  usual. After 
removal of the xylene, the sodium was covered with 250 cc. of dry ether, the ether was 
brought to boiling and the nitrile (50 g.) was dropped slowly into the reaction flask during 
the course of five hours; the reaction mixture was then refluxed for one and one-half 
hours more. As the reaction progressed sodium cyanide was precipitated and the ether 
solution became bright yellow. The reaction which occurred is expressed in Equation 2. 
After separation of the ether solution from the sodium cyanide by filtration, the fil- 
rate F was made up to 400 cc. with ether and 50 cc. of it  was used for the isolation of 
sodium a-phenylbutyronitrile for analysis. The rest of the filtrate containing the salt 
in ether solution was reserved for treatment with ethyl iodide t o  convert the salt into 
a-phenyl-a-ethylbutyronitrile. 

2. Isolation of Sodium a-Phenylbutyronitrile, [(CsH6)C(C2H~)=C=N-]Na + 

and [(C*Hs)C-(CzHs)CN]Na+.-A 50-cc. portion of filtrate F was allowed t o  flow into 
2 liters of low-boiling ligroin, whereupon sodium a-phenylbutyronitrile was precipitated 
as a finely divided, pale yellow solid.-The salt was separated from the ether-ligroin 
mixture and analyzed, air being rigorously excluded in all operations. 

See footnote, THIS JOURNAL, 50, 1699 (1928). 
Measurements of indices of refraction were made with an Abbe refractometer. 
Bodroux and Taboury, Bull. soc. chim., [ 7 ]  4,666 (1910). 
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Anal. Subs., 0.2405, 0.2956: NaS04, 0.1235, 0.1510. Calcd. for CloHluNNa: 
Na, 13.70. Found: Na, 16.64, 16.55. 

The high sodium content suggested that some decomposition of the salt into sodium 
cyanide had occurred during its preparation, a suspicion which was later confirmed, as 
will presently be shown. When the preparation of the salt was carried out more rapidly, 
this difficulty was largely overcome. I t  was found best also to concentrate the original 
ether solution of the salt to a volume of 175-200 cc. during its filtration from sodium 
cyanide. After filtration about half of this volume was allowed to flow into 5 liters of 
low-boiling ligroin. The ligroin and ether were then drawn off as rapidly as possible 
(with the loss of a considerable part of the salt, which was carried away with the solu- 
tion). Analysis of the salt showed i t  to be pure. 

Anal. Subs., 0.6143, 0.3267: Na2S04, 0.2581, 0.1380. Calcd. for ClaHloNNa: 
Na, 13.70. Found: Na, 13.60, 13.68. 

Solid sodium a-phenylbutyronitrile was found to be exceedingly unstable; when 
exposed to air it smokes and bursts into flame. In  ether solution the salt decomposes 
slowly with the formation of sodium cyanide. 

3. Ethylation of Sodium ol-Phenylbutyronitrile.-The remainder of filtrate F 
(350 cc.) containing sodium a-phenylbutyronitrile was treated with ethyl iodide (25 g.) 
during the course of several hours. The procedure followed was that used by Braun 
for the analogous reaction of sodium phenylacetonitrile with ethyl iodide. Equation 6 
expresses the reaction which occurred. At the end of the reaction sodium iodide and 
traces of sodium cyanide (see Section 4) were removed from the reaction mixture by 
extraction with water. The ether solution remaining was then dried and the ether re- 
moved by evaporation. The residue of oil was fractionated a t  13 mm. 

FRACTION 1.-B. p. 57.5--65O, 14 g., propylbenzene, formed in the reaction of a- 
phenylbutponitrile with sodium (Equation 2). 

Anal. Subs., 0.2924, 0.3098: (202, 0.9648, 1.0190; H20, 0.2640, 0.2771. Calcd. 
forC0Hl2: C,89.92; H,10.08. Found: C,89.78,89.96; I-I,10.10,10.04. 

FRACTION 2.-B. p. 65-110 O, 1-2 g., a mixture. 
FRACTION 3.-B. p. 110-115°, 3.5 g., unchanged a-phenylbutyronitrile. 
FRACTION 4.-B. p. 115-118°, 15 g , a-phenyl-a-ethylbutyronitrile. 

Anal. Subs., 0.3130,0.4832: N, 23.00 cc. (20 ', 749 mm.), 35.04 cc. (20 ", 749 mm.) 
(over 50% KOH). Subs., 0.3783, 0.3366: (202, 1.1503, 1.0240; H20, 0.2953, 0.2647. 
Calcd. for ClzHlsN: N, 8.09; C, 83.17; H, 8.73. Found: N, 8.28, 8.17; C, 82.93, 
82.97; H, 8.76,8.80. 

FRACTION 5.-B. p. 11&195O, 1-2 g., not identified. 
FRACTION 6.-Decomposes above 195"; a gummy solid. 
4. Determination of Sodium Cyanide.-Sodium cyanide is formed (a) as one of 

the products of the reaction of a-phenylbutyronitrile with sodium (Equation 2), and 
(b) by the slow decomposition of sodium a-phenylbutyronitrile itself in ether solution. 
The cyanide (a) formed by and during the action of sodium on the nitrile was collected 
on the filter of the reaction apparatus.? The amount formed was determined by the 
Liebig method,8 and found to be 8.1 g. A further formation of sodium cyanide (b) 
in filtrate F was observed. This solution, originally clear, slowly deposited a small 
quantity of a colorless salt which was suspected to be sodium cyanide. The amount 
of cyanide thus formed was determined in a number of instances. (I) Filtrate F ob- 
tained from 50 g. of nitrile and 10 g. of sodium was allowed to stand for forty hours. A 

? See Diagram, Rising and Braun, Ref. 3. 
Liebig, Ann., 77, 102 (1851). 
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white precipitate of sodium cyanide was deposited, in amount 0.744 g., determined by 
the Liebig method. (2) Filtrate F obtained from 20 g. of nitrile and 5.9 g, of sodium 
was allowed to stand for five days. A precipitate was formed as in (1). Ethylation of 
the nitrile salt in the solution was then carried out, and the amount of cyanide formed 
during the five days and the time of ethylation was determined by analysis for cyanide 
of the aqueous extract of the ethylation reaction mixture; total cyanide, 0.0986 g. 
(3) Ethylation of filtrate F obtained from 50 g. of nitrile and 10 g. of sodium was carried 
out as usual. Total cyanide, determined as in (2), was found to be 0.176 g. Clearly, 
sodium or-phenylbutyronitrile has a tendency to decompose slowly in its ether solution. 
The conditions which cause, or favor, this change are not as yet understood, nor has any 
product of the decomposition, aside from sodium cyanide, been isolated. The decom- 
position may be a reaction of the nitride salt (Equation 5). 

5. Quantitative Summary of the Course of the Reaction of a-Phenylbutyronitrile 
with Sodium.-There follows a list of products formed in the reaction of 50 g. of nitrile 
wikh 10 g. of sodium, together with the yields obtained, calculated on the basis of Equa- 
tions 2 and 6 (correction is made for the recovered a-phenylbutyronitrile). 

(a) Recovered a-phenylbutyronitrile: 4 g., or 8%. 
(b) Propylbenzene: 16 g., or 84.2% of the calculated amount. 
(c) Sodium cyanide: 8.1 g., or 95.6% of the calculated amount. This quantity 

includes that formed in the reaction expressed in Equation 2, and, in addition, any 
traces of cyanide formed by the slow decomposition of a-phenylbutyronitrile up to  the 
time of filtration. 

(d) Sodium a-phenylbutyronitrile: since the yield of this product cannot be de- 
termined directly owing to the instability of the salt in solid form, the yield of its ethyla- 
tion product may be taken as a fairly accurate measure of the amount of salt formed; 
yield of or-phenyl-or-ethylbutyronitrile, 17.1 g., or 62.4% of the calculated amount. 

6. Potassium a-Phenylbutyronitrile, [(C6H6)C(czH6)=C=N-]K+ and 
[(CeH6)C-(CzH6)CN]K+.-The potassium salt was prepared by a procedure resembling 
that used for the preparation of sodium or-phenylbutyronitrile. The potassium salt 
obtained contained 20.80 and 20.67% of potassium (calculated potassium is 21.34%). 
The salt is a pale yellow, unstable substance which decomposes rapidly on exposure to 
air. 

Summary 

1. The reaction of a-phenylbutyronitrile with sodium has been studied 
quantitatively and the course of the reaction established. 

2. Sodium a-phenylbutyronitrile and the analogous potassium salt 
have been prepared and isolated by a method similar to that developed 
by Rising and Braun for obtaining sodium a-phenylbutyronitrile. 

3. Sodium a-phenylbutyronitrile decomposes slowly in ether solution 
into sodium cyanide. 
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Certain azo dyes, particularly Trypan Red and Trypan Blue, have been 
reported1 as having some trypanocidal action. These dyes were ob- 
tained by tetrazotizing certain benzidine derivatives and coupling with 
naphthalene derivatives having sulfonic acid groups in the 3- and 6-posi- 
tions. The structures for these two dyes are indicated by the formulas 

Na03S 03.:;~ Na03S 
Trypan Red 

c @ z N a  

NaOS Na03S 
Trypan Blue 

The use of organic mercury compounds has also met with some success 
in the treatment of diseases which are caused by trypanosomes. Since 
mercury can usually be introduced into aromatic amines, i t  seemed worth 
while to prepare some mercurated benzidine derivatives and use these to 
obtain dyes related to Trypan Red and Trypan Blue. Such products 
might be expected to have very useful pharmacological properties. 

Raiziss2 has mentioned that acetoxymercuri-benzidine can be obtained 
as a white amorphous powder by boiling benzidine and mercuric acetate in 
dilute hydrochloric acid. He has never described this procedure in detail 
and has given no further information concerning the compound. Bernardi 
and Tartarini3 have treated benzidine with mercuric acetate in glacial 
acetic acid and have obtained a very unstable compound which melted 
with decomposition at 138-140'. They say that the compound is too un- 
stable for analysis, but suggest that i t  has the structure, HzN(p-NHzC6H4)- 
CsH3HgOCOCH3. 

In repeating this work it has been found possible to introduce one acet- 

Ehrlich, Berl. klin. Wochschr., 44, 235 (1907). 
Raiziss in "Organic Compounds of Mercury," by F. C. Whitmore, The Chemical 

Catalog Company, Inc., New York, 1921, p. 349. 
Bernardi and Tartarini, Gazz. chim. ital., 57, 223 (1927). 
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sxymercuri group into benzidine with considerable ease. The compound 
which was obtained melted somewhat higher (14P.14fi0) than was recorded 
by Bernardi and Tartarini for their product. The product always con- 
tained acetic acid of crystallization and when this was removed by heating 
the sample, decomposition resulted. Only one acetoxymercuri group could 
be introduced even when benzidine was treated with two or three equiva- 
lents of mercuric acetate. The new mercury compound was quite unstable 
and lost its mercury when suspended in water. The mercury atom was 
attached to the benzene ring since the rnercurated amine could be tetrazo- 
tized and coupled to give azo dyes which contained the expected amount 
of mercury. 

o-Tolidine was also mercurated and the derivative was very similar to  
the benzidine derivative in its properties. On account of the instability 
of these products their exact structure has not been established. The 
acetoxymercuri group is presumably ortho to one of the amino groups. 

In preparing the tetrazonium salts from acetoxymercuri-benzidine and 
acetoxymercuri-o-tolidine it was necessary to treat an absolute alcoholic 
suspension of the amine with n-butyl nitrite in the presence of a little aque- 
ous hydrochloric acid. When the reaction was attempted in water sus- 
pension, the mercury was removed from the molecule. The coupling re- 
actions were also carried out in absolute alcohol suspension. Three dyes 
were prepared and analyzed. Acetoxymercuri-benzidine was tetrazotized 
and coupled with 2-amino-8-naphthol-6-sulfonic acid and with 1-amino- 
8-naphthol-3,6-disulfonic acid (H-acid). Acetoxymercuri-o-tolidine was 
tetrazotized and coupled with H-acid. The dyes thus obtained separated 
with alcohol of crystallization. Attempts further to purify the dyes were 
not successful due to their instability. When dissolved in water containing 
sodium bicarbonate, the dyes lost metallic mercury in a few days. Heating 
the water solutions caused decomposition very quickly. The instability 
of the dyes made them unsuitable for pharmacological tests. 

Experimental Part 
Acetoxyrnercuri-bemidine.-In a liter beaker equipped with a mechanical stirrer 

was placed a solution of 31.8 g. (0.1 mole) of mercuric acetate in 150 cc. of glacial acetic 
acid. The stirrer was started and a solution of 18.4 g. (0.1 mole) of benzidine in 300 
cc. of glacial acetic acid was added slowly. A precipitate began to appear a t  once. 
The mixture was stirred for about ten minutes after the solutions were mixed and was 
then filtered. The precipitate was washed iirst with glacial acetic acid, and then with 
ether and finally dried in the air in the dark. The yield was 55 g. of a product which 
melted at  144-146 " with decomposition. 

This compound was insoluble in water, alcohol, ether and benzene. It turned gray 
on stan&g in the light. The water suspension was acid to litmus. When this suspen- 
sion was heated the compound darkened rapidly. An aqueous suspension of the product 
reacted in the cold with sodium sulfide solution giving mercuric suEde. Aqueous 
hydrochloric acid removed the mercury from the compound vety rapidly. The same 
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product was obtained when the preparation was repeated tising 63.6 g. and 95.4 g. of 
mercuric acetate with 18.4 g. of benzidine. 

A complete analysis of this mercurated benzidine was made. Carbon and hydrogen 
were determined by combustion. Mercury was determined by Whitmore's gold crucible 
r n e t h ~ d . ~  Nitrogen was determined by the Kjeldahl method. Acetic acid was deter- 
mined by drying a sample under reduced pressure over solid sodium hydroxide and by 
direct titration of a sample with standard alkali. 

Anal. Subs., 0.1855, 0.1718: C02, 0.2650, 0.2440; H20, 0.0726, 0.0669. Subs., 
0.1000, 0.1000; Hg, 0.0320, 0.0325. Subs., 1.000, 1.000: cc. of 0.102 N H2SO4, 32.00, 
31.00. Subs., 0.5000; loss in weight on drying, 0.0535. Subs., 0.2000; cc. of 0.0980 
N NaOH, 12.2. Calcd. for C1rHlaNzOzHg.3CHaCOOH: C, 38.8; H, 4.2; Hg, 32.5; 
N, 4.5; CH&OOH, 9.65; neutral equivalent, 207. Found: C, 39.0, 38.8; H, 4.3, 4.3; 
Hg, 32.0, 32.5; N, 4.52,4.43; CH,COOH, 10.07; neutral equivalent, 204. 

Acetoxymercuri-o-tolidhe.-This compound was obtained in the same manner as 
described for the benzidine derivative using 21.2 g. of o-tolidine in place of the equivalent 
amount of benzidine. The yield was 52 g. of a product which melted with decomposition 
a t  120". In all of its other properties it was very similar to the benzidine derivative. 

Anal. Subs., 0.1500: Hg, 0.0500. Calcd for C16H18N20zHg.2CH3COOH: Hg, 
33.9. Found: Hg, 33.3. 

Tetrazotization of Acetoxymercuri-benzidine and Coupling with H-Acid.--To a 
suspension of 6.2 g. of acetoxymercuri-benzidine in 300 cc. of absolute alcohol was added 
1.5 cc. of concentrated hydrochloric acid. The mixture was cooled to O D  and then with 
continuous stirring 2.1 g. of n-butyl nitrite was added. Stirring was continued for ten 
minutes and then this mixture was added to a cold suspension of 6.4 g. of H-acid in 300 
cc. of absolute alcohol to which had been added about 0.5 cc. of concentrated hydro- 
chloric acid. The mixture was stirred in the cold for about thirty minutes and then 
allowed to come to room temperature. The dye separated as a red-brown crystalline 
compound. The product was collected on a suction filter, washed with alcohol and ether 
and dried in the air out of direct light. The dye was insoluble in water. I t  dissolved 
in aqueous sodium bicarbonate to give a purple solution. The alkaline solution de- 
posited free mercury within forty-eight hours. Since the dye was too unstable to purify, 
it  was analyzed directly. Nitrogen was determined by the Dumas method, sulfur in the 
Parr bomb, mercury by the gold crucible method and sodium as the sulfate by de- 
composition with nitric and sulfuric acids. Ethyl alcohol was present as alcohol of 
crystallization. This was demonstrated by drying the sample to constant weight in a 
vacuum dryer over calcium chloride. 

Anal. Subs., 0.1354: 9.95 cc. of NZ a t  33O and 750 mm. Subs., 0.5000, 0.5000: 
BaSO4, 0.3752, 0.3831. Subs., 0.1500, 0.1500: Hg, 0.0245, 0.0245. Subs., 0.2965, 
0.2222: Na2S04, 0.0335,0.0270. Subs., 0.2188: CZH~OH lost in drying, 0.0163. Calcd. 
for CS~HZ~OIBNBS~H~N~Z.~CZHKOH: N, 6.5; S, 10.3; Hg, 16.2; Na, 3.7; C,HKOH, 7.4. 
Found: N, 7.6; S, 10.3, 10.5; Hg, 16.3, 16.3; Na, 3.8, 3.9; CzH60H, 7.6. 

Tetrazotization of Acetoxymercuri-o-tolidine and Coupling with H-Acid.-To a 
suspension of 6.2 g. of acetoxymercuri-o-tolidine in 300 cc. of absolute ethyl alcohol 
was added 1.5 cc. of concentrated hydrochloric acid. The mixture was cooled to 0'; 
then while stirring there was added 2.1 g. of butyl nitrite. Sitrring was continued for 
ten minutes and then this mixture was added to a cold suspension of 6.4 g. of H-Acid in 
300 cc. of absolute alcohol. The mixture was stirred in the cold for thirty minutes 

Whitmore, "Organic Compounds of Mercury," The Chemical Catalog Co. 
Inc., New York, 1921, p. 365. 
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and then allowed t o  come to room temperature. The orange-colored powder which 
separated was collected on a suction filter and washed with alcohol and ether. The 
prodnct was dried in the air out of direct light. This dye was only slightly soluble in 
water, but in sodium bicarbonate solution it  gave a deep purple solution. Mercury 
separated from this solution on standing for forty-eight hours. 

Anel. Subs., 0.1500: Hg, 0.0217. Calcd. for C~sH~8O16hT6S4Na2Hg.5CzH60H: Hg, 
14.24. Found: Hg, 14.4. 

Tetrazotization of Acetoxymercuri-benzidine and Coupling with 2-Amino-8- 
naphthol-6-sulfonic Acid.-The tetrazotization was performed with the same amount of 
material as described before and the tetrazonium salt was coupled with 4.8 g. of 2-amino- 
8-naphthol-6-sulfonic acid. The dye separated as a reddish-purple powder which 
was washed with alcohol and ether and dried in the air out of direct light. It was only 
slightly soluble in water, but gave a deep purple solution in sodium bicarbonate solution. 
This solution deposited mercury on standing for forty-eight hours. 

Anal. Subs., 0.1500: Hg, 0.0276. Calcd. for C34H26010Nb&Hg.3C2HSOIT: Hg, 
18.5. Found: Hg, 18.4. 

Summary 

1. Monoacetoxyrnercuri derivatives have been prepared by treating 
benzidine and o-tolidine in glacial acetic acid with mercuric acetate. 

2 .  These acetoxymercuri derivatives can be tetrazotized and coupled 
with naphthalene derivatives to give azo dyes which are related in their 
structure to Trypan Red and Trypan Blue. 

3. The mercurated dyes are not stable and readily lose mercury and 
are hence unsuitable for pharmacological testing. 

URBANA, ILLINOIS 

ARYL SULFONE DERIVATIVES OF DIBASIC ACIDS1 

It was recently shown that phthalyl chloride reacts readily with sulfon- 
amides to give phthalimide derivatives2 when the materials are merely 
heated or are boiled in toluene solution. The following study develops 
this and other practical methods for the preparation of aryl sulfone deriva- 
tives of dibasic acids. 

Whereas certain suggested methods such as heating phthalic anhydride 
with P-tolyl sulfonamide or with its sodium salt, or heating p-tolyl sulfonyl 
chloride with phthalimide, failed to yield the desired product, i t  was found 
that heating phthalic anhydride with p-tolyl sulfonamide in the presence of 
phosphorus oxychloride readily gave the phthalimide derivative in sub- 

The material presented in this paper is from part of a thesis submitted by Theo- 
dore Evans, du  Pont Fellow for 1929-1930, in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy, 1930. 

Evans and Dehn, THIS JOURNAL, 51, 3651 (1929). 



Used Soluble 
Acid Sulfonamide, Formula of M. P., Crystal in hot Sulfur, % 

derivativea etc. Method compoundb OC. form solvent. Calcd. Found 

SC1 Phenyl I C X-SOZ.CGH~ 161 Prisms Toluene 13.40 13.59 
SC1 p-Bromphenyl I1 X-SOZ.C,H~B~(P) 181 Prisms Toluene 10.08 10.16 
SCl p-Tolyl 11~  SS02.C7H7(p) 184 Prisms Alcohol 12.66 12 78 
SA p-Tolyl I11 X-SOZ.C~H~(P) 184 Prisms Alcohol 12.66 12 74 
SCl m-Nitro-p-tolyl I1 x - s o z . C ~ H ~ O Z ~ - ~  212-213 Prisms Toluene 10.75 10 51 
SCl o-Tolyl I, I1 X-S02C7Hr(O) 136 Prisms Toluene 12.66 12.63 
SCl P-Naphthyl I X-SOZ.CIOH~ 175-176 Rectangles Alcohol 11 .08 10.97 
S A Phenyl I11 ‘Y=(SOZC~H~)Z 235-237 Prisms MEK

g 
16.18 1569  

S A p-Bromphenyl I11 Y=(SOzCaH4Br)z 23 1 Needles Toluene 11.57 11.43 
S A m-Nitro-p-tolyl I11 Y=(SOzC.rHsNOz)z 236 Needles Toluene 12.47 12.47 
S A 0-Tolyl IV Y=(SOZC~H~)Z 231-232 Needles MEK

g 
15.11 14.96 

Scl  a-Tolyl I1 Y=(SOzC7H7)z 231-232 Needles Alcohol 15.11 
S A 8-Naphthyl I11 Y=(SO~CIOH~)Z 248 Prisms Insoluble 12.92 12.46 
PA Phenyl l l If  Z.SOzC6Hs 205 Needles Toluene 11.12 11.09 
PA p-Bromophenyl I11 Z.SOzC6H4Br 246 Needles Toluene 8.76 
PC1 fi-Bromophenyl I1 Z.SOzCfiH4Br 246 Needles Toluene 8.76 8.65 
PA p-Tolyl 111~ Z.SOzC7H7 237d Prisms Toluene 10.59 10.42 
PA m-Nitro-p-tolyl 111~ Z.SO~C~HBNO? 247 Needles Toluene 9.26 
PA 0-Tolyl 111~ Z.SOZC~H~ 182~ Prisms Toluene 10.59 10.07 
PC1 8-Naphthyl I Z.SOZ.C~OH~ 216 Prisms Toluene 9.51 9.23 
PA 8-Naphthyl IV Z.SOZ.CIOH~ 216 Prisms Toluene 9.51 9.44 
SCl Benzamide IIe X-C0.C6Hs 130 Hexagons EtOH 

Maleic acid Phenyl 111 CAH~OZ(NHSOZC~H~)Z 258 Prisms Insoluble 16.26 15.75 

" Abbreviations used: SA = succinic anhydride; SC1 = succinyl chloride; PC1 = phthalyl chlortde; PA = phthalic anhydride. 
H2C-CO HzC-CO-NH- CO 

5 X =  1 >N- Y =  I Z = ~ 6 ~ 4 '  'NH-. ~ e r h a r d t  and Chiozza, Ann. chim., [3] 46, 158 (1856), 
HzC-CO HzC-CO-NH- \CO/ 

heated the materials to 160 O; melting point given, 160 O. Walkowa, J. Russ. Phys.-Chem. Soc., 2, 244 (1870) ; no melting point given. 
a Titherley prepared this compound by the action of benzoyl chloride on succinimide; melting point given, 130'. Evans and Dehn, 
THIS JOURNAL, 51, 3651 (1929). Methyl ethyl ketone. 
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stantially quantitative yield. This method was tried with various aryl 
sulfonamides and was found to be uniformly effective with phthalic an- 
hydride. The same method applied to succinic and maleic anhydrides 
yielded compounds of the type (HzCCO-NHSOZR)~, except that when K is 
p-tolyl the succinimide derivative results. However, with succinyl chloride 
the amides give succinimide derivatives. That the succinyl chloride does 
react in the normal form is evidenced by its reaction with benzamide to give 
benzoyl ~uccinimide,~ with 9-tolyl sulfonamide to give the same product 
as the anhydride, and with o-tnlyl sulfonamide to give in part the succin- 
amide derivative. 

I t  .seems probable that with anhydrides and phosphorus oxychloride re- 
actions take place in two steps, the first being the conibination of one mole- 
cule of anhydride and one molecule of amide, HOOCCHZCH~CONHSO~R. 
This then either forms the imide derivative or eliminates water with a 
second molecule of the amide to form the di-substituted diamide. 

Methods of Preparation 
I. The reacting materials were heated without a solvent in an oil-bath 

to 150-200°. The product was then recrystallized, usually from toluene. 
11. The materials were refluxed in toluene for twelve to  twenty-four 

hours. The solution was then concentrated, precipitated by the addition 
of ether, and the product filtered off and recrystallized. 

111. The materials were heated to 100' in phosphorus oxychloride for 
several hours. Ether was then added, the product filtered off and washed 
well with ether and hot alcohol, and then recrystallized. 

IV. The same as I11 except that the materials were heated to the boiling 
point of the phosphorus oxychloride. 

Summary 
1. Phthalyl and succinyl chlorides react with sulfonamides to give imide 

derivatives. 
2 .  Phthalic anhydride reacts with sulfonamides in the presence of phos- 

phorus oxychloride to give substituted phthalimides. 
3. Succinic anhydride reacts with sulfonamides in the presence of phos- 

phorus oxychloride to give derivatives of succinamide except in the case of 
p-tolyl sulfonamide. 

4. Maleic anhydride and benzene sulfonamide in the presence of phos- 
phorus oxychloride give the derivative of maleic amide. 

SEATTLE, WASHINGTON 

Although benzoyl succinimide and benzamide melt within one degree o f  each 
other, there can be no doubt that  our product is benzoyl succinimide, since i t  is in- 
soluble in  ether, whereas benzamide is very soluble, and, further, when cautiously 
hydrolyzed with sodium carbonate, i t  yields benzoyl succinamic acid, m. p. 180" [Tither- 
ley, J .  Chem. Soc., 85, 1679 (1904)l. 
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[CONTRIBUTION FROM THE POLARIMETRY SECTION, BUREAU OF STANDARDS, U. S. 
DEPARTMENT OF COMMERCE] 

RELATIONS BETWEEN ROTATORY POWER AND STRUCTURE 
IN THE SUGAR GROUP. XXX. THE ALPHA AND BETA 

METHYL-d-GALACTOSIDES AND THEIR TETRA-ACETATES1 

In 1918 the writers2 prepared the crystalline tetra-acetate of a-methyl-d- 
galactoside for the first time and found its rotation to agree with the value 
that was predicted by the rules of isorotation. By an oversight the details 
of the preparation were not published and mention was not made that the 
substance was new; in consequence our record of the compound has been 
overlooked by later investigators, probably because it was not mentioned in 
recent reference books. I,evene and Sobotka3 attempted the preparation 
of this substance in 1926 but were unable to obtain it crystalline. They 
record [a]D f 69.3 in chloroform for a sirup which had been distilled a t  
190' under 0.8-mm. pressure. Using this figure in their calculations they 
concluded that the molecular rotation difference for the acetylated methyl- 
galactosides did not agree with the corresponding difference for the acetyl- 
ated methylglucosides and hence that optical superposition or isorotation 
does not hold among the acetylated methylglycosides. This conclusion 
does not appear justified, however, because the specific rotation which they 
record for their sirupy a-tetra-acetylmethylgalactoside is certainly not the 
value for the pure substance. We used the value [a]: + 133 in our earlier 
article and now on repreparing this compound find this value to be correct 
for the pure substance, which we have obtained again in crystalline form 
without difficulty. We recorded a table in our 1918 article which clearly 
shows that isorotation holds closely for the alpha and beta acetates of 
methyl glucoside, xyloside and galactoside, all of which were prepared in 
pure crystalline condition. I t  has also been shown4 that the rotations of 
the hepta-acetates of alpha and beta methylgentiobioside agree closely with 
values calculated from theory. The methylgalactosides and their acetates 
have now been carefully prepared again and the rotations have been found 
to  agree closely with the previously published experimental values. The 
results are included in the following two tables, which are to be regarded as 
revisions and extensions of the two similar tables previously publ i~hed .~ ,~  

1 Publication authorized by the Director of the Bureau of Standards, U. S. De- 
partment of Commerce. No. XXIX was published in THIS JOURNAL, 52, 2519 (1930). 

Wudson and Dale, ibid., 40, 997 (1918). 
8 Levene and Sobotka, J. Biol. Chern., 67, 759, 771 (1926). 
4 Hudson and Johnson, THIS JOURNAL, 39, 1272 (1917); Hudson, ib id . ,  47, 872 

(1925); Helferich, Klein and Schafer, Ann., 447, 26 (1926). 
Hudson, THIS JOURNAL, 47, 268 (192.5). 
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Table I shows the specific rotation in water and molecular rotational differ- 
ence for five pairs of methyl glycosides. The close agreement in the molec- 
ular rotational differences for the pairs is evidence that the rules of iso- 
rotation hold in first approximation, though not with mathematical exact- 
ness, for compounds of this type. 

TABLE I 
ROTATIONS IN WATER OF PURE METHYLGLYCOSIDES 

Substance Moi. wt. [ o ] ~  [MID Difference 

a-Methyl-d-glucoside6 194 158 9 
(3-Methyl-d-glucoside 

301830 } 37,460 
194 -34.2 -6,630 

a-Methyl-d-galactoside 194 196.1 
P-Methyl-d-galactoside 194 0 .7  

3R1040 ) 37,900 
140 

a-Methyl-d-xylosides 164 153.9 
j3-Methyl-d-xyloside 

24240 ) 35,980 
164 -65.5 -10,740 

a-Methyl-1-arabinoside6 164 17.3 
j3-Methyl-1-arabinoside 164 245.5 

2'840 } -37,420 
40,260 

a-Methyl-gentiobioside4 356 65.5 
j3-Methyl-gentiobioside 356 -36 

231300 } 36,100 
- 12,800 

Table I1 shows the specific rotations in chloroform and molecular rota- 
tional differences for four pairs of acetylated glycosides. Here again there 
is a close agreement in the molecular rotational differences, leading to  the 
conclusion that the rules of isorotation hold closely when applied to the 
completely acetylated glycosides. On the basis of these data we must 
disagree with I,evene and Sobotka's conclusion that isorotation does not 
apply in the group of the known acetylated methylglycosides. 

TABLE 11 
ROTATIONS IN CHLOROPORM OF ACETYLATED METHYLGLYCOSIDES 

Substance Mol. wt. [ a ] ~  [MID Difference 

a-Tri-acetyl-methyl-d-xylosidez 290 119.6 34,700 1 52,300 
p-Tri-acetyl-methyl-d-xyloside 290 - 60.7 -17,600 ( 
a-Tetra-acetyl-methyl-d-glucoside2 362 130.5 
j3-Tetra-acetyl-methyl-d-glucoside 

471300 } 53,900 
362 -18.3 -6,600 

a-Tetra-acetyl-methyl-d-galactoside 362 133 48'400 ) 53,460 
P-Tetra-acetyl-methyl-d-galactoside 362 - 14.0 - 5,060 

a-Hepta-acetyl-methyl-gentiobioside4 660 64.5 
j3-Hepta-acetyl-methyl-gentiobioside 650 - 19 

41'IHX)) 51,250 - 12,350 

Experimental Part 
Preparation of Alpha and Beta Methyl-d-ga1actoside.-Fifty grams of d-galactose 

was refluxed on a steam-bath with 400 cc. of methanol containing 1% of hydrogen 
chloride until the rotation became constant, which required fourteen hours. A few 
pieces of porous plate in the flask insured steady boiling. After neutralizing the acid 
with silver carbonate and filtering, the filtrate was decolorized with active carbon and 

Riiber. Ber.. 57. 1797 (1924). 
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concentrated to a thick sirup under reduced pressure. This sirup was dissolved in 200 
cc. of hot isopropyl alcohol, from which on cooling there crystallized 26: g. of a-methyl- 
d-galactoside monohydrate which showed [a]: +175.5 in water. After one recrys- 
tallization from hot absolute alcohol the value was [a]: +178.7 (0.7064 g. of substance 
in 25 cc. of aqueous solution rotated 10.1 to  the right in a 2-dm. tube). The mother 
liquor was evaporated under reduced pressure until i t  crystallized spontaneously in the 
flask. The resulting mixture of sirup and crystals was dissolved in 100 cc. of hot 
isopropyl alcohol, from which on cooling there crystallized 9.2 g. of 0-methyl-d-galacto- 
side which showed [a]: f1.2 in water. After recrystallization from hot absolute al- 
cohol the value was [orI2$ $0.61 in aqueous solution (1.0261 g. of substance in 25 cc. of 
aqueous solution rotated 0.05" to  the right in a 2-dm. tube). 

Preparation of Alpha Tetra-acetyl-methyl-d-ga1actoside.-This compound was 
readily prepared by dissolving 13.5 g. of a-methyl-d-galactoside in a tnixtme of 68 cc. of 
acetic anhydride and 88 cc. of pyridine which had previously been cooled in an ice- 
bath. The mixture was kept in the ice-bath for three hours and then in an ice chest for 
two days. The solution was then poured into a liter beaker filled with crushed ice and 
crystallization took place almost immediately. After the ice had melted the crystalline 
material was separated from the ice water by filtration. Dried a t  35" there was ob- 
tained 20 g. of substance. I t  was purified by recrystallization from a mixture of equal 
parts of ethyl ether and petrole~~m ether followed by a second recrystallization from 50% 
alcohol. After the first recrystallization [a]? = 4-132.5'. After the second recrys- 
tallization, [a]: = +133.0 (0.7209 g. of substance in 25 cc. of chloroform7 solution ro- 
tated 7.67 to the right in a 2-dm. tube). A check determination of the specific rotation 
was made in chloroform which had been purified by shaking with five successive portions 
of water and drying with calcium chloride. The value was +133.1°, which is not sen- 
sibly different from the previous measurement. 

The compound melted sharply a t  87" (corr.). It crystallized from water, ether or a 
mixture of alcohol and petroleum ether, in radiating prismatic needles. It was readily 
soluble in ether, alcohol, chloroform, acetone and hot water, but insoluble in petroleum 
ether. An acetyl determination was made by Kunz'ss method; 0.2598 g. of substance 
was dissolved in 25 cc. of pure acetone and 40 cc. of 0.1 N sodium hydroxide was added. 
After standing all night in an ice box the solution was titrated with 0.1 N hydrochloric 
acid and it  was found that 28.62 cc. of the 0.1 N alkali had been neutralized, indicating 
66.09'70 of acetic acid; calcd., 66.30%. 

De-acetylation of Alpha-Tetra-acetyl-methyl-d-galactoside.-Thirteen grams of 
the twice recrystallized tetra-acetate was dissolved in 125 cc. of methanol saturated with 
dry ammonia gas. The solution was kept in an ice box overnight and then evaporated 
under diminished pressure almost to  dryness. The residue was extracted with several 
portions of warm ether to  remove acetamide and then dissolved in a little hot absolute 
alcohol. On cooling, crystals separated which were filtered from the mother liquor and 
washed with absolute alcohol. After recrystallization from absolute alcohol and drying 
a t  35" the [a]? of this product was found to be $179.3 in aqueous solution (1.0052 g. 
of substance in 25 cc. of solution rotated 14.42 t o  the right in a 2-dm. tube). This agrees 
with the value, [a]: 4-178.7, found for a-methyl-d-galactoside monohydrate made by 
direct methylation of d-galactose. 

The water of crystallization was determined by drying a 1-g. sample in a weighing 
bottle t o  constant weight a t  90' and 50 mm.; found: 8.47% of water; calculated for 
methylgalactoside monohydrate, 8.49%. This dried material was used for a direct 

The specific rotation determinations of a -  and P-tetra-acetyl-methylgalactoside 
were made in U. S. P. chloroform unless otherwise stated. 

Kunz and Hudson, THIS JOURNAL, 48, 1982 (1926). 
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determination of the specific rotation of anhydrous a-methyl-d-galactoside. The dried 
product, amounting to 0.9153 g., when dissolved in water to a volume of 25 cc. read 
14.36 to the right in a 2-dm. tube, hence [a]? +196.1, which corresponds to [a]': 
+I79 4 for the monohydrate, in good agreement with the directly observed values. 

Preparation of p-Tetra-acetyl-methyl-d-ga1actoside.--Seven grams of recrystal- 
lized 0-methyl-d-galactoside was acetylated by heating for three hours on a steam-bath 
with 16 cc. of acetic anhydride and 2 g. of fused sodium acetate. The reaction mixture 
was then poured into ice water. The sirupy phase which separated crystallized on 
standing overnight in an ice box. A further portion was obtained by neutralizing the 
supernatant acid water with sodium bicarbonate and extracting with chloroform. The 
chloroform extract was dried with calcium chloride and evaporated to  a thin sirup 
which on stirring with the addition of petroleum ether crystallized immediately. The 
two portions of impure 8-tetra-acetyl-methyl-d-galactoside were combined and re- 
crystallized from absolute alcohol. The yield of pure product was 8 g. or 61y0 of the 
theoretical. I t  showed [a12 -14.05 in chloroform (0.5514 g. of substance in 25 cc. of 
chloroform solution rotated 0.62 to the left in a 2-dm. tube). After a second recrys- 
tallization from absolute alcohol the specific rotation was unchanged. 

De-acetylation of 8-Tetra-acetyl-methyl-d-ga1actoside.-As a check upon the 
specific rotation and purity of the P-methyl-d-galactoside that was obtained by the direct 
methylation of d-galactose, the substance was also prepared by de-acetylating the puri- 
fied p-tetra-acetyl-methyl-d-galactoside described above. Four grams were dissolved in 
40 cc. of methanol saturated with dry ammonia gas and the solution kept in an ice box 
overnight. It was then evaporated until on reaching the consistency of a thin sirup 
P-methylgalactoside crystallized in the flask. The crystalline mass was extracted with 
several portions of warm ether to remove acetamide and was then dissolved in hot 
absolute alcohol. On cooling p-methylgalactoside quickly crystallized. After filtering, 
washing with absolute alcohol and drying a t  35O, there was obtained 2.0 g. or 93% of 
the theoretical. I t  showed [a]? 0.73" in aqueous solution (1.0194 g. of substance in 
25 cc. of aqueous solution rotated 0.06' to the right in a 2-dm. tube), in good agree- 
ment with the previous measurement. 

Summary 

The preparation and properties of pure crystalline a-methyl-d-galactoside 
tetra-acetate are described. The rotation of the substance was recorded by 
us in 1918 but the details of preparation were inadvertently omitted. 
These are now supplied and our earlier measurement of the rotation is 
confirmed. Using the best revised data for the rotations of the pure alpha 
and beta forms of methylxyloside, arabinoside, glucoside, galactoside and 
gentiobioside, and such of the fully acetylated derivatives of these sub- 
stances as are known, it is shown by the data recorded in Tables I and I1 
that the rules of isorotation hold closely in all these cases. 

WASHINGTON, D. C. 
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[CONTRIBUTION PROM THb CHEMISTRY DEPARTMENT O f  THE UNIVERSITY OF ILLINOIS] 

CHALCONES. 11. DECOMPOSITION BY ALKALI 
BY R. I,. SHRINER AND T .  KUROSAWA 

RECEIVED MARCH 7, 1930 PUBLISHED JUNE 6, 1930 

Certain of the natural yellow and orange coloring matters are substituted 
benzalacetophenone derivatives called chalcones. The structure of these 
chalcones is usually determined by decomposing them with alkali and iso- 
lating and identifying the products. The degradation products however, 
depend on the condition used for splitting the chalcone. 

The chalcone from hyssopin was shown by synthesis to be 2,4,6-trihydro- 
xystyryl-3,4-methylenedioxyphenyl ketone.' Oesterle2 proposed the iso- 
meric structure 2,4,6-trihydroxyphenyl-3,4-methylenedioxystyryl ketone 
because piperonal was produced by alkaline degradation, along with phloro- 
glucinol and acetopiperone. Butein3 gave resacetophenone and proto- 
catechuic acid. On the other hand, eriodi~tyol,~ homoeriodictyo15 and 
hesperitin6 yielded phloroglucinol and substituted cinnamic acids when 
subjected to alkaline degradation. 

The purpose of the present work was to  study the decomposition by 
alkali of two isomeric chalcones whose structure was known as a result of 
their synthesis. I t  was desired to determine the optimum conditions for 
splitting this type of molecule in order that a procedure might be available 
for the determination of the structure of naturally occurring chalcones. 

The chalcones studied were, 4-hydroxystyryl-phenyl ketone (I) and 4- 
hydroxyphenyl-styryl ketone (11). These were chosen because the de- 
composition products could be fairly easily separated and were well-known 
compounds which could be readily identified. 

A series of experiments was carried out in which the chalcones were 
heated with various concentrations of aqueous potassium hydroxide rang- 
ing from 25 to 50% for different periods of time. The net results of a 
great number of experiments may be summarized as follows. 

Aqueous potassium hydroxide caused the splitting of both of these chal- 
cones a t  the double bond and the decomposition is merely the reverse of 
their mode of formation, as shown by the equations 

C~HKCOCH=CHCIH~(OH)(~) + Hz0 + C~HKCOCHJ + C I H ~ < ~ ~ O  
I OH(P) 

COCH3 
CIH~CH=CHCOC~H~OH(~) + H2O - C6H.CHO +  HI< 

I1 OWP) 

1 Shriner and Kleiderer, THIS JOURNAL, 51, 1267 (1929). 
Oesterle, Schweis. Apoth.-Ztg., 59, 548 (1921). 
Auwers and Mfiller, Ber., 41,4233 (1908). 

*Will, ibid., 18, 1311 (1885). 
6 Power and Frank, J. Chem. Soc., 91,887 (1907). 

Tiemann and Will, Ber., 14, 953 (1881). 
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I t  was found that chalcone (11) was decomposed by heating i t  with 33% 
potassium hydroxide for six hours. The isomeric chalcone (I) required 
the use of 50% potassium hydroxide and eight hours of refluxing. The 
yields of decomposition products were low (25 to 50% of the theoretical) due 
to secondary reactions of the products with the undecomposed benzalaceto- 
phenone derivative to give higher condensation  product^.^ It is due to the 
formation of these products that no actual equilibrium concentrations 
could be determined for this reversible reaction. Sodium hydroxide cannot 
be used for these decompositions since the sodium salts of these chalcones 
are insoluble in the concentrated alkali solutions. In no case was cinnamic 
acid or p-hydroxycinnamic acid found among the decomposition products. 
The formation of the latter types of degradation products is evidently 
possible only in the case of highly substituted benzalacetophenones. 

Experimental 
4-Hydroxystyryl-phenyl Ketone.-Forty grams of acetophenone and 36 g. of 

P-hydroxybenzaldehyde were added to a solution of 24 g. of sodium hydroxide in 200 cc. 
of water and 100 cc. of alcohol. The mixture was warmed to 70 " for two hours and then 
allowed to stand a t  room temperature for three days with occasional shaking. The dark 
red solution was then diluted with an equal volume of water and acidified. The pre- 
cipitate, which consisted of 4-hydroxystyryl-phenyl ketone and some unreacted fi-hy- 
droxybenzaldehyde, was filtered, washed with 50% alcohol and then recrystallized twice 
from 95% alcohol. A yield of 25 g. of yellow needles was obtained which melted a t  
183-184". 

Aaal. Subs., 0.2133: C02, 0.6235; H20, 0.1033. Calcd. for C16H1202: C, 80.32; 
H, 5.39. Found: C, 79.91; H, 5.41. 

Decomposition of 4Hydroxystyryl-phenyl Ketone by Alkali.-Ten grams of the . 

above chalcone was refluxed with 200 cc. of 33% aqueous potassium hydroxide for a 
period of eight hours. The solution became dark red in color and an oil separated on 
top of the solution. The mixture was cooled and extracted with ether. The ether 
extract was dried and fractionally distilled. After distillation of the ether the only 
fraction obtained consisted of 2.5 g. of colorless oil which boiled a t  197-202'. This was 
identified as acetophenone by conversion to the phenylhydraz~ne,~ m. p. 105". The 
alkaline solution was partly neutralized with hydrochloric acid and evaporated to a 
volume of about 50 cc. The precipitated potassium chloride was filtered off and the 
filtrate acidified and filtered again. This filtrate was treated with norite to  remove some 
of the color and then extracted three times with ether. Evaporation of the ether and 
recrystallization of the residue from a small amount of 50% alcohol gave p-hydroxy- 
benzaldehyde, m. p. 116". I t  was identified by conversion to the phenylhydrazone, 
which melted a t  181-182 ". This agrees with the value given by An~elrnino.~ 

4-Hydroxyphenyl-styryl Ketone.-Fifty-four grams of fi-hydroxyacetophenone and 
42 g. of benzaldehyde were condensed together by exactly the same procedure as de- 
scribed above for the isomeric chalcone; 57 g. of pale yellow crystals was obtained which 
melted a t  173-174'. This agrees with the value given by Kostanecki and Tambor.lo 

7 Kostanecki and Rossbach, Ber., 29, 1488 (1896). 
8 Reisenegger, ibid., 16, 662 (1883). 

Anselmino, ibid., 36, 3974 (1903). 
10 Kostanecki and Tambor, Ber., 32, 1924 (1899). 
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Anal. Subs., 0.2069: C02, 0.6068; H20, 0.1016. Calcd. for ClsHl~Oz: C, 80.32; 
H, 5.39. Found: C, 79.99; H, 5.49. 

Decomposition of 4-Hydroxyphenyl-styryl Ketone.-Ten grams of this chalcone 
was refluxed with 200 cc. of 50% aqueous potassium hydroxide for eight hours. Ether 
extraction of the alkaline solution yielded a small amount of benzaldehyde, b. p. 175- 
180°, which was identified by means of its pheny1hydrazone;ll m. p. 153-154O. A very 
small amount of benzyl alcohol was also obtained. This was undoubtedly produced 
by the Cannizzaro reaction. The alkaline solution produced a brown precipitate on 
acidification which was dissolved in dilute alkali. The solution was saturated with 
carbon dioxide which caused the separation of some unreacted chalcone along with 
some amorphous polymerization products. These were filtered and the filtrate was 
extxacted three times with 100-cc. portions of ether. The ether was distilled and the resi- 
due recrystallized from a small amount of water. Crystals of p-hydroxyacetophenone 
melting a t  107" were obtained. It was identified by means of a mixed melting point 
and conversion to the phenylhydrazone,l* which melted a t  13.5136". 

Summary 

Concentrated potassium hydroxide splits simple chalcones into the 
corresponding aldehyde and ketone. The best conditions for accomplish- 
ing this degradation and procedures for isolating the products are given. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OP ILLINOIS] 

PREPARATION AND BACTERICIDAL PROPERTIES OF CERTAIN 
PENTADECANOIC, HEPTADECANOIC AND NONADECANOIC 

ACIDS. XIX1 

I n  two previous papers covering the preparation and properties of 
certain dialkyl acetic acids, it was demonstrated that the hexadecanoic 
acids were more effective bactericidally to B. Leprae than the octadecanoic 
acids, and far more effective than the dodecanoic, the tridecanoic or the 
tetradecanoic acids. Representatives of the missing series, pentadecanoic, 
heptadecanoic and nonadecanoic acids have now been prepared. The 
bacteriological results of the specific compounds produced are given in 
Table I. 

It is obvious that the C ~ B  and the CI'I acids are not as effective as the C16, 
and the C19 acids are less effective than the previously prepared Cis acids. 
From the tables containing the data for all of the acids from Clz to Cle, 
i t  may be concluded that the bactericidal action is zero for the Clz acids, 
and practically nil for the Clt acids. Beginning with the Clq acids the 

l1 Biltz, Ann., 305, 171 (1899). 
l2 Nencki, Ber., 30, 1770 (1897). 

The previous paper in this series is XVIII, Armendt and Adams, 52,1289 (1930). 
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BACTERIOLOGICAL TESTS ro  B. Leprae 
Dialkyl acetic acids containing C15, C17 and C19 

Dilutions of sodium salts in thousands 
fi 25 50 62 74 55 100 125 155 192 250 333 

I'entadecanoic Acids 

Heptadecanoic Acids 

CH3CH (C0zH)Cl4HZ9-n - - = I = +  * f + + + + + +  
CzHt,CH(C02H) C13H27-n - - - - -  * + + + + + +  
CaH7CH(C02H) ClzH26-n - - -  + * + + f f f + f  
C ~ H ~ C H ( C O Z H ) C ~ ~ H ~ ~ - ~  - - - -  * - I - + + + + + +  
C5HllCH(CO2H)C1~H~1-n - - - - -  * * + + + + +  
C6H13CH(C02H) C9Hlg-n - - -  A + + + + + + + +  
C7H16CH(COzH)CsHa-n - - - - - - - * + $ . + +  

Nonadecanoic Acids 

C3H7CH(C02H)C14H29-n - + + + + + + + + f + +  
CBH~ICH(COZH)C~ZHZ~-~  - + + + + + + + + + + +  
C7Hl6CH(COzH)C1 "Hzl-n - + + + + f f + f + + +  

effectiveness reaches a maximum in the C16 series, then drops off with a 
certain irregularity to a very low bactericidal value in the C19 acids. Ap- 
parently the best combination of physical properties which are presumably 
causing the bactericidal action, appears in the hexadecanoic compounds. 
In  Table I1 are given bacteriological results on individual members of the 
Clz to C19 acids tested all a t  one time. The maximum in the hexadecanoic 
acid is clean cut. 

The various acids were prepared in a manner similar to  those previously 
described from the proper disubstituted malonic esters. 

TABLE I1 

BACTERIOLOGICAI, TESTS TO B. Leprae. SERIES op DIALKYL ACETIC ACIDS, C12-C19 
No. of C Dilution of sodium salts in thousands 
atoms 5 50 100 155 250 500 

C.~HI~,CH(CO~H)CH(CH~)Z 1 2 + + + + + +  
C7HibCH (COzH) C ~ H S  1 3 - + + - I - + +  
C ~ H ~ ~ C H ( C O Z H ) C ~ H ~ I  14 - - f + f +  
C . ~ H ~ ~ C H ( C ~ Z H ) C ~ H ~ ~  15 - - - - + +  
C7HiaCH (C02H) C7H15 16 - - - - - + 
C7&6CH(COzH)CsH17 17 - - - + f +  
C ~ H I ~ C H ( C ~ Z H ) C ~ H I ~  18 - - + f f +  
C ~ H I ~ C H  (C02H) CloH21 1 9 - + - I - + +  3- 
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Experimental Part 

Compound B. p., OC. n: d: 

Diethyl dialkyl malonates (all alkyl groups normal) 

CH~C(C~ZCZHL)ZC~ZHZ~ 161-164 (1.5-2.5 mm.) 1.4412 0.9217 
CzH6C(COzC2H5)zCllHz3 150-154 (0.2-1.0 mm.) 1.4420 .9262 
C3H7C(COzGH5)zCl&z1 143-148 (0.1-1.0 mm.) 1.4416 ,9256 
C~H~C(COZCZH,)ZC~HI~ 143-147 (0.1-1.0 mm.) 1.4420 .9241 
C6Hi1C(C0zCzH~)zC8Hj7 142-146 (0.1-1.0 mm.) 
CsH13C(C0~C~H6)2C7H16 146-152 (0.1-1.0 mm.) 1.4412 .9231 

Calcd. for each isomer of CzaH380r.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Found, % 
C H 

Pentadecanoic Acids 

CH3CH(CO~H)C1zHz6 172-175 (2-3 mm.) m. p. 34-36 74.66 12.58 
CzHr,CH(COzH)CnHzz 160-163 (2-3 mm.) 1.4455 0 8821 74.24 12.42 
C3H7CH(C0zH)C~oHz1 164-167 (2-3 mm.) 1 4450 ,8819 74.32 12.51 
C~H~CH(COZH)C~HI~ 159-162 (2-3 mm.) 1.4459 ,8824 74.20 12.46 
CaHilCH (C0zH)CaHlr 161-164 (2-3 mm.) 74 20 12.37 
C6H13CH(C02H)CrH16 156-159 (1-2 mm.) 1.4450 ,8806 74.38 12.55 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Calcd. for each isomer of ClfiH3002 74.31 12.48 

Compound B. p., OC. n d"P 

Diethyl dialkyl malotiates (all alkyl groups normal) 

CH~C(COZCZH~)ZCI~HZS 172-176 (0.5-1.0 mm.) 1.4436 0.9164 
C2H6C(C0zCzHa)2C13Hz7 178-181 (0.8-2.0 mm.) 1.4435 .9207 
CaH7C(C02CzH6)zCizHz6 173-177 (0.5-1 .0 mm.) 1.4438 ,9191 
C ~ H ~ C ( C O Z C ~ H ~ ) ~ C ~ ~ H ~ ~  171-176 (0.5-1.0 mm.) 1.4439 .9173 
C6H11C(COzCzHs)zC10H21 14&154 (0.1-0.8 mm.) 
C ~ H I ~ C ( C O Z C ~ H ~ ) ~ C ~ H I ~  170-174 (0 5-1 5 mm.) 1.4441 ,9178 
C7H~~C(C0~C~H6)2C8Hl  157-161 (0.2-1.0 mm.) 1.4436 ,9171 

Calcd. for each isomer of CZZHUO~. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Heptadecanoic Acids 

CH~CH(COZH)CI~HZ~ 174-177 (1-2 mm.) m. p. 
C~H~CH(COZH)CISHZ~ 164-168 (1-2 mm.) 
CaHrCH(C0zH)CuHza 183-187 (2.5-3.5 mm.) 
C~H~CH(COZH)CIIN~~ 174-177 (2-3 mm.) 
C~H~~CH(COZH)CIOHZI 177-182 (2-3 mm.) 
CBHI~CH(COZH)C~HIB 182-185 (2-3 mm.) 
C!~HI~CH(COZH)C~H~~ 184-187 (2-3 mm.) 

. . . . . . . . . . . . .  Calcd. for each isomer of Cl7H3402.. 

Found, % 
C H 

M. p. 54' according to Morgan and Holmes, S. Soc. Chem. Ind., 46, 152 (1927). 
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CONSTANTS OF ESTERS AND ACIDS 

ng dig Pound, % Compound B. p., OC. C H 

Diethyl dialkyl malonates (all alkyl groups normal) 

C,HiC(C02C,HK)zC14H29 180-184 (0.2-1.0 mm.) 1.4459 0.9141 72.29 11.63 
CsHllC(COzCzH5)zC12H~6 178-181 (0.2-1.0 mm.) 1.4460 ,9112 72.30 11.58 
CiH16C(COzCzH6)zC~oH21 182-186 (0.2-1.0 mm.) 1 4459 .9116 72.23 11.71 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Calcd. for each isomer of Cz4Hd60r. 72 29 11 .64 

Nonadecanoic Acids 

C3HrCH(COzH) Ci4IIzg 182-185 (0.5-1.5 mm.) m. p. 36-37 76.56 12.81 
C~HI~CH(COZH)C~~HZK 184-188 (0.5-1.5 mm.) 1.4508 0.8752 76.47 12.85 
C~H~ICH(COZH)CIOHZ~ 180--184 (0.5-1.5 mm.) m. p. 31.5-33.5 76.65 12.81 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  Calcd. for each isomer of C19H3802.. 76.43 12.84 

Summary 
A number of pentadecanoic, heptadecanoic and nonadecanoic acids have 

been prepared and tested bacteriologically toward B. Leprae. The C I ~  and 
the C17 acids are active but not to such a degree as the previously studied 
hexadecanoic acids. The C19 acids are very slightly bactericidal. 

URBANA, ILLINOIS 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OF T- UNIVERSITY OF ILLINOIS] 

THE REDUCTION OF NICOTINE AND SOME DERIVATIVES OF 
HEXA- AND OCTAHYDRONICOTINES 

Nicotine (I) should be the cheapest basic product for the preparation of 
a piperidine ring with an unsaturated side chain in the beta position (IV), 
provided the following reactions proceed in the normal manner. 

CH2-CHz CH, CHz-CHz 
1 I reduction /\ 1 1 Acylation 
CH CHn - CHz CH-CH CH2 ----) 

I I \N/ 
CH2 CHa 

CHI \N/ 
I 

I H I1 
CHI 

CHz CHz-CH2 CHa 
I I exhaustive /\ 

CHe CH-CH CH2 ---- CHz CH-CH=CH-CH=CHz 
I I \N/ methylation ( ( 

CHz CHz CHz CHz 
\N/ 111 \CHI \N/ IV 

\COR \COR 

The reduction of nicotine by means of sodium and alcohol was first 
studied by Liebrecht,' who isolated a basic product which he called di- 

1 Liebrecht, Ber., 18, 2969 (1885) ; 19, 2587 (1886). 
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piperidyl. He prepared and analyzed a number of derivatives. A few 
years later Blau2 made a more complete investigation of the reaction and 
showed that Liebrecht's base was not dipiperidyl, but was a mixture of two 
amines which he called hexahydronicotine (11) and octahydronicotine. 
The second compound is formed by the opening of the pyrrolidine ring in 
the reduction and presun~ably has the formula 

/\ 
CHz CHCH*CH2CHzCH2-N /H 
I I 'CHI 

CH2 CHz 
'N/ 

H 

Blau did not establish the relative amounts of these reduction products, 
but  he did isolate both amines and prepare a number of derivatives. Pin- 
ner3 has also studied the reduction of nicotine with sodium and alcohol and 
has reported the isolation of hexahydronicotine only. 

I n  attempting to carry out the synthesis outlined above, nicotine has 
been reduced with sodium and alcohol and its hydrochloride has been re- 
duced with hydrogen under pressure using the platinum-oxide platinum 
black catalyst of Adams and Shriner.4 The relative amounts of hexa- 
hydronicotine and octahydronicotine obtained in these reductions were 
determined by benzoylating the mixed amines and separating the mono- 
benzoyl derivative of the former from the dibenzoyl derivative of the latter 
by fractional distillation under reduced pressure. I t  was found that the 
sodium and alcohol reduction of nicotine produced approximately five 
parts of hexahydronicotine to one part of octahydronicotine. On the other 
hand, catalytic reduction of the hydrochloride produced about one part of 
hexahydronicotine to three parts of octahydronicotine. 

The acetyl and benzoyl hexahydronicotines (111) were treated with 
methyl iodide and the quaternary ammonium iodides were easily obtained. 
However, distillation of the corresponding hydroxides gave unexpected 
results. The acetyl derivative lost methyl alcohol to give back the original 
acyl derivative of hexahydronicotine almost quantitatively. The benzoyl 
derivative gave very complex mixtures and the only product definitely 
identified was the original acyl derivative. Since neither reaction seemed 
t o  offer any promise as a method of obtaining the desired unsaturated 
piperidines, further work was discontinued. 

It is interesting to note that reduction gave optically active hexa- 
hydronicotine derivatives, but optically inactive octahydronicotine de- 
rivatives. 

Blau, Ber., 24, 326 (1891); 26, 628, 1029 (1893). 
Pinner, ibid., 26, 765 (1893). 
Adams and Shriner, THIS JOURNAL, 45, 2171 (1923). 
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Experimental Part 
Reduction of Nicotine with Sodium and Alcohol.-The procedure was essentially 

that used by Liebrecht,' Blau2 and Pinr~er.~ In one typical reduction the amounts 
used were 150 g. of nicotine, 2000 cc. of absolute alcohol and 130 g. of sodium. About 
500 cc. of water was added. The alcohol was distilled and the residue was extracted with 
ether. Two such runs were combined and after distillation of the ether the residue was 
distilled under reduced pressure. There was thus obtained 98 g. of mixed bases boiling 
a t  125-140" a t  16 mm. ; diO 0.9800; n y  1.5067. 

Benzoylation of the Mixed Arnines.-In a 500-cc. glass-stoppered bottle were 
placed 50 g. of the mixed amines and 120 g. of 10% aqueous sodium hydroxide solution. 
The mixture was cooled in an ice-bath and 50 g. of benzoyl chloride was added slowly 
with shaking. The shaking was continued until the odor of benzoyl chloride was no 
longer apparent. The mixed amides were then extracted with ether and the ether 
solution was dried and distilled. The amides were separated by fractional distillation 
under reduced pressure. There were thus obtained 48 g. of monobenzoylhexahydro- 
nicotine boiling a t  195-198' a t  0.8-1.0 mm.; 1.072; nT 1.5549; [ru]z - 11.39' 
(0.1903 g. in 25 cc. of absolute alcohol), and 8 g. of dibenzoyloctahydronicotine boiling 
a t  280-300' a t  1.5 mm.; diO 1.106; n y  1.5710. The dibenzoyl derivative was never 
obtained quite pure, as was  show^,^ by the wide boiling range and the nitrogen analysis. 
I t  was optically inactive. 

Anal. (Dumas) Calcd. for ClrHz4ONz: N, 10.29. Found: N, 10.38; 10.44. Calcd. 
for C24H3002N2: N, 7.40. Found: N, 7.15. 

Catalytic Reduction of Nicotine Hydrochloride.-Pure nicotine hydrochloride was 
prepared by dissolving 100 g. of nicotine in 400 cc. of dry ether and then passing in dry 
hydrogen chloride. The salt which precipitated was filtered off and recrystallized by 
dissolving in the minimum amount of hot absolute alcohol, adding anhydrous ether and 
cooling. This procedure gave 116 g. (80% of the theoretical amount) of nicotine hydro- 
chloride melting a t  163-165 ". 

The hydrochloride was reduced according to the general method of reducing pyri- 
dine derivatives recently described by Hamilton and Adams6 The individual runs 
were made with 0.2 of a mole of nicotine hydrochloride using 0.4 g. of catalyst. The 
reduction was run a t  70 ". The absorption of hydrogen seemed to be complete in about 
six hours. Altogether 160 g. of salt was reduced. After the reduction the solutions 
were combined, filtered and concentrated. The residue was treated with aqueous 
potassium hydroxide, the amine layer was extracted with ether and then dried over 
solid potassium hydroxide. On distillation there was obtained 86 g. of mixed bases 
boiling a t  12&130 a t  16 mm. ; n y  1.4858; d:O 0.9192. 

The chloroplatinate of this material melted a t  199-200 ", which agrees with the m. p. 
recorded by Blau2 for this derivative of octahydronicotine. Benzoylation of 50 g. of 
this base was carried out as described before. Fractionation of the mixed amides gave 
11.5 g. of monobenzoylhexahydronicotine, b. p. 208-212' at 2 mm., and 39.5 g. of di- 
benzoyloctahydronicotine, b. p. 300-305" at 2 mm. 

Acety1hexahydronicotine.-To 50 g. of a mixture of the bases from the sodium and 
alcohol reduction of nicotine was slowly added 30 g. of acetic anhydride. The mixture 
was kept cold and shaken while the two substances were reacting. The mixture was 
then distilled. Several portions were obtained. The two main fractions were collected 
a t  140-150' (1 mm.) and 210-213" (1 mm.). These were analyzed and agreed with 
acetylhexahydronicotine and diacetyloctahydronicotine, respectively. 

5 Hamilton and Adams, THIS JOURNAL, 50,2260 (1928). 
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Acetylhexahydronicotine had the following constants: diO 1.034; n22 1.5010 ; 
calcd. M,  61.16; found, MD 60.16; [or]?, -4.07" (0.2130 g. in 25 cc. of absolute alcohol). 

Anal. (Dumas) Calcd. for C12H22NzO: N, 13.32. Found: N, 13.51. 
Diacetyloctahydronicotine had the following constants: diO 1.041; ny  1.5033; 

calcd. MD, 72.32; found, MD, 72.21. It was optically inactive. 

Anal. (Dumas) Calcd. for C I ~ H Z ~ N ~ O Z :  N, 11.01. Found: N, 10.96. 
Methiodide of Benzoylhexahydronicotine.-To a solution of 113 g. of benzoyl- 

hexahydronicotine in 250 cc. of dry ether was added 65 g. of methyl iodide. Crystals 
began to form in a very short time. After twelve hours the precipitate was filtered and 
washed with dry ether. The salt was hygroscopic and was dried over phosphorus pen- 
toxide in a vacuum desiccator. There was thus obtained 144 g. of salt which softened 
a t  about 85" and melted a t  99-103 O with decomposition. 

Anal. (Volhard) Calcd. for ClsH2.1NzO1: I, 30.64. Found: I,  30.42, 30.56. 
Methiodide of Acetylhexahydronicotine.-To 20 g. of acetylhexahydronicotine in 

dry ether was added an excess of methyl iodide. The derivative separated as an oily 
product which would not crystallize. 

Distillation of Quaternary Ammonium Hydroxide from the Methiodide of Acetyl 
Hexahydronicotine.-Some of the oily methiodide was dissolved in water and the iodine 
content of this solution was determined. It was thus found that  16.3 g. of the methio- 
dide was in solution. This solution was treated with an excess of silver oxide and shaken 
until the aqueous portion no longer gave a test for the iodide ion. The mixture was then 
filtered, the precipitate was washed with water several times and the filtrate and wash- 
ings were evaporated, first under ordinary pressure and finally under reduced pressure 
until the water was removed. The residue was then heated and finally distilled a t  
1.1 mm. This gave 7 g. of product boiling a t  142-148' a t  1.1 mm.; 1.017; n? 
1.4984. This material was very pure acetylhexahydronicotine. 

Anal. (Dumas) Calcd. for ClzHznNzO: N, 13.32. Found: N, 13.55, 13.58. 
Distillation of the Quaternary Ammonium Hydroxide from the Methiodide of 

Benzoy1hexahydronicotine.-A solution of 154 g. of the methiodide in 300 cc. of water 
was treated with 41 g. of silver oxide. The mixture was treated as described for the 
corresponding acetyl derivative. Fractionation of the decomposition products gave 
several different substances. The main fraction boiled a t  140--147' a t  1.2 mm. Analysis 
of this material showed that it  was not the expected exhaustive methylation product. 
A small portion (5 g.) boiling a t  192-200' (1.2 mm ) was found to be benzoylhexahydro- 
nicotine. 

Summary 
1. Reduction of nicotine with sodium and alcohol produced a mixture 

of amines which contained about five parts of hexahydronicotine for one 
part of octahydronicotine. 

2. Catalytic reduction of nicotine hydrochloride with hydrogen and a 
platinum-oxide platinum black catalyst gave a mixture of amines which 
contained about one part of hexahydronicotine to three parts of octahy- 
dronicotine. 

3. Attempts to obtain piperidine derivatives with unsaturated side 
chains in the 0-position by the exhaustive methylation of benzoyl and 
acetyl hexahydronicotines were unsuccessful. 

URBANA , ILI,INOIS 
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[A COMMUNI~ATION PROM THE LABORATORY OF ORGANIC CHEMISTRY OF THE UNIVERSITY 

OF WISCONSIN] 

THE OXIDATION OF "DI-ISOBUTYLENE" BY OZONE 

An octylene or a mixture of octylenes known as di-isobutylene was ob- 
tained by Butlerowl on heating equal weights of tertiary butyl alcohol, 
water and sulfuric acid in a water bath for twenty-four hours. Butlerow 
oxidized di-isobutylene with potassium dichromate and obtained carbon 
dioxide, acetone, acetic acid, trimethylacetic acid, a seven-carbon atom 
ketone ( b. p. about 124') and an eight-carbon atom acid (b. p. 205-218'). 
When he used a 5% solution of potassium permanganate as an oxidizing 
agent he obtained the three acids but neither of the ketones mentioned 
above. There was also produced a monohydroxy alcohol (m. p. 49-50') 
to which he assigned the name of oxoctenol and the formula I and an  
hydroxy acid (m. p. 117') to which he assigned the name oxoctylic acid 
and the formula 11. 

Prileshaiev2 oxidized di-isobutylene with a 1% solution of magnesium 
permanganate and obtained almost equal quantities of oxoctenol and a 
glycol (formula 111) and small amounts of acetone, trimethylacetic acid and 
oxoctylic acid. When he used a 1% solution of potassium permanganate 
the amount of the glycol was three and a half times the amount of oxoctenol. 

(111) (CHs)3CCH2C(OH) (CH3)CHzOH (IV) (CH~)~CCH=C(CH~)P 
Trimethyl-2,4,4-pentanediol-1,2 Trimethyl-2,4,4-pentene-2,3 

(V) (CH~)~CCHZC(CH~)=CH~ 
Trimethyl-2,4,4-pentene-1,2 

The above facts substantiate the view of Butlerow that di-isobutylene 
contains two isomers having the formulas IV and V. The present investi- 
gation was carried on for the purpose of evaluating the proportions of the 
isomers in the mixture and of developing practical methods for the produc- 
tion of such ketones, aldehydes and acids as could be obtained in good 
quantities from the readily available di-isobutylene. The di-isobutylene 
used in this investigation was prepared as by EdgarS3 The material used 
had a boiling range of 101-103'. A similar product was obtained through 
the polymerization of isobutylene in 65% sulfuric acid, the isobutylene hav- 
ing been prepared by dehydrating isobutyl alcohol over alumina a t  400' 

Butlerow, Ann., 189, 46-83 (1877). 
2 Prileshaiev, J. Russ. Phys.-Chem. Soc., 39, 769-771 (1907). 

Edgar, Ind. Eng. Chem., 19, 746 (1927). 
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This method of polymerization gave only low yields of di-isobutylene, as 
the principal product was tri-i~obutylene.~ 

Preparation of Ozone.-Oxygen from a commercial cylinder was passed a t  the rate 
15 liters per hour through an ozonizer consisting of three Berthelot tubes arranged essen- 
tially as described by Lee I. Smiths except that the inner mercury electrode was replaced 
by a 20% solution of sulfuric acid. The oxygen was dried over sulfuric acid and phos- 
phorus pentoxide before passing through the ozonizer. The gas from the ozonizer 
contained from 3 to 4% of ozone. The ozonization was carried out in a series of three 
300-ml. long-necked flasks provided with ground-glass joints. The solution of di-iso- 
butylene was placed in the first two of the reaction flasks while the third was used as a 
trap. The exit gases from the third flask passed through a sulfuric acid wash bottle. 

The Formation and Hydrolysis of the Ozonide of Di-isobuty1ene.-Preliminary 
experiments in which the ozonization was carried on in a chloroform solution were 
unsuccessful, as difficulty was encountered in decomposing the ozonide without using 
zinc. Acetic acid was thereafter used as a solvent. Fifty-six g. of di-isobutylene, dis- 
solved in 100 ml. of acetic acid containing about 1% of acetic anhydride, was placed in 
each of the two reaction flasks and ozone passed into the flask for about twenty-four 
hours, a t  the end of which time the ozone passed through unchanged in concentration. 
The yield of ozonide was then determined by titrating a weighed sample of its acetic 
acid solution, the ozonide C~H1803 being assumed to  constitute the whole of the non- 
acidic portion of the solution. The yield of ozonide was about 50% of the theoretical. 

An amount of water approximately equal to the weight of acetic acid present (as 
determined by the above titration) was added to the ozonide solution. The mixture 
was placed in a 2-liter, three-necked flask in which was fitted a mechanical stirrer and a 
long reflux condenser. The amount and temperature of the water in the condenser were 
regulated to control the amount of refluxing. This condenser was connected a t  the up- 
per end to a well-cooled condenser by means of a piece of 1-cm. glass tubing. The con- 
densate was collected in a flask cooled in ice water. About 20 g. of zinc (30-mesh) 
was added to the solution in 2- or 3-gram portions over a period of one and one-half to 
two hours. The reaction proceeded with the evolution of a good deal of heat and it 

, was necessary to cool the reaction flask with ice water. The mixture was stirred rapidly 
so that there was practically an emulsion of the ozonide and its decomposition products 
in the dilute acid. When the reaction had moderated somewhat (about one and one- 
half hours), the cooling bath was removed from around the flask and it was warmed with 
a small free flame. 

When most of the zinc had gone into solution, the flask was heated sufficiently to 
cause gentle refluxing. By keeping the temperature of the water in the reflux condenser 
a t  about 70" the more volatile aldehydes and ketones distilled over with water and were 
accompanied by only a relatively small amount of acetic acid. The heating and stirring 
were continued until no more insoluble oil distilled, water being added to the distilling 
flask in such amounts that the volume remained nearly constant. The oily layer of the 
distillate was separated and dried over calcium chloride. The aqueous layer was dis- 

4 Mr. Walter Arthur, a t  the suggestion of Dr. James F. Norris, began in the fall 
of 1926 a t  the Massachusetts Institute of Technology an investigation of the oxidation 
of di-isobutylene. Simultaneously and independently the authors began a similar 
study. A year later Mr. Arthur came to Wisconsin to continue his graduate work 
and the duplication of work was discovered. Mr. Arthur with the approval of Dr. 
Norris continued his study of the permanganate oxidation of di-isobutylene and expects 
to report on this independently. 

1,ee I. Smith, THIS JOURNAL, 47, 1844 (1925). 
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tilled several times over calcium chloride and the oily layer obtained in this way was 
added to the first portion. The oil was dried over calcium chloride and fractionated 
through a 20-em. Widmer column. The results from a typical fractionation are shown 
in Table I. They were duplicated in six experiments. 

TABLE I 
FRACTIONATION OF THE HYDROWSIS PRODUCTS OF THE OZONIDE OF DI-ISOBUTYLENE 

Fraction Boiling range Weight, g. Fraction Boiling range Weight, g. 

A to 65" 4 .8  E 100-110 1 . 1  
B 65- 77 7 .7  F 110-120 14.4 
C 77- 90 0 8 G 120-130 38.1 
L) 90-100 0.2 H Residue 10.3 

The fraction boiling up to 65' was identified as acetone by means of the dibenzal 
derivative, m. p. 111'; and as the p-nitrophenylhydrazone, m. p. 148'. Fraction B 
formed a semicarbazone melting a t  190.7' (corr.), which corresponds with the melting 
point of trimethylacetaldehyde semicarbazone (191 "). This fraction was also oxidized 
to an acid boiling a t  162-165' which formed an amide melting a t  153" (corr.). Tri- 
methylaceticacid boils a t  163.7' and its amide melts a t  153-154'. The fractions boiling 
between 100 and 130" were washed with water and-sodium carbonate solution for the 
removal of acetic and formic acids. The resulting oil after drying over calcium chloride 
or sodium sulfate weighed 40 g., distilled betwecn 123-126" and gave a semicarbazone 
melting a t  176' (corr.). 

Anal. Calcd. for CrHuO: C, 73.62; H, 12.36. Found: C, 73.33; H, 12.51. 
Anal. Calcd. for C ~ H ~ ~ N I O :  N, 24.54. Found: N, 24.65. 

Markownikoffa claimed that the semicarbazone of ethyl tertiary butyl ketone 
melted a t  174-175 O. Favorski7 reported that the melting point of this semicarbazone 
was 144'. Ethyl tertiary butyl ketone was synthesized and the melting point of its 
semicarbazone found to be 144". An attempt to synthesize the isomeric neopentyl 
methyl ketone from acetoacetic ester and tertiary butyl bromide resulted in a failure. 

The ketone boiling a t  123-126O upon oxidation with dichromate was converted 
into two acids, one of them boiling mainly a t  164-165" and the other a t  17&180 O. The 
acids formed amides melting a t  153.5 and 126", respectively. The amide of trimethyl- 
acetic acid melts a t  153-154" and that of tertiary butyl acetic acid a t  132'. All of the 
above facts point to a ketone having the structure (CI?3)aCCH2COCH3, i.e., methyl 
neopentyl ketone or dimethyl-4,4-pentanone-2. 

In addition to the products referred to above, i.e., acetone, trimeth~lacetaldehyde 
and methyl neopentyl ketone, there were also formed during the hydrolysis of the ozonide 
considerable quantities of formaldehyde and carbon dioxide. 

Acetone and trimethylacetaldehyde were formed in approximately equal amounts 
(0.082 and 0.089 moles, respectively) and are presumably oxidation products of an oc- 
tene of formula IV. The amount of methyl neopentyl ketone produced was approxi- 
mately 3.7 times the amounts of acetone and trimethylacetaldehyde and indicates a 
corresponding predominance of an octene of formula V. This is in good agreement 
with Prileshaiev's conclusions as to the ratio of the isomers as determined by oxidation 
of the mixture of isomers using a 1 % solution of potassium permangtinate. 

C 
I 

Isobutylene (C3-C2=C1) may add to isobutylene in a t  least four ways. 
6 Markownikoff, Ber., 33, 1906 (1900). 

Favorski, J. Russ. Phys.-Chem. Soc., 44, 1339-1395 (1912). 
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(1) The hydrogen of the methylene group of one molecule may add: (a) 
to the number 1 carbon atom or (b) to the 2 carbon of the second molecule. 
( 2 )  The hydrogen of one of the methyl groups in the first molecule may add 
(a) to  the number 1 carbon atom or (b) to the number 2 carbon atom of 
the second molecule. The predominance of the octene of formula V indi- 
cates that in the polymerization of isobutylene the reaction proceeds pre- 
dominantly according to 2a, i. e., the labile hydrogen for addition is in the 
methyl rather than in the methylene group, and the preferred direction of 
addition involves the addition of hydrogen to the more hydrogenated 
carbon atom. It should be noted that the presence of an octene of formula 
IV in the mixture does not necessarily indicate that addition took place 
according to scheme l a  since sulfuric acid would be expected to cause the 
rearrangement of an octene of formula V to one of formula IV. 

Summary 

Methyl neopentyl ketone, (CH3)3CCH2COCH3, and trimethylacetalde- 
hyde were produced in the ratio of approximately 3.7 to 1 when di-iso- 
butylene was ozonized and the ozonide hydrolyzed. This indicates that 
di-isobutylene contains two isomeric octylenes, i. e., trimethyl-2,4,4- 
pentene-l,2 and trimethyl-2,4,4-pentene-2,3, with the former in consider- 
able excess. It appears then that when isobutylene undergoes polymeriza- 
tion the labile hydrogen for addition is in the methyl rather than in the 
methylene group, and that the predominant direction of additions involves 
the addition of hydrogen to the more hydrogenated carbon atom. 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OP IOWA STATE COLLEGE] 

NITROFURFURAL AND NITROFURYLACRYLIC ACID 

Introduction 
In  connection with the preparation of aminofurans and their diazo com- 

pounds, i t  was necessary to have a series of readily accessible nitrofurans 
and their derivatives. We turned to the nitration of furfural because this 
aldehyde is available in large quantities and a t  a low price. Apparently, 
the literature contains no description of the preparation of a nitrofurfural. 
However, attempts have been made to nitrate furfura1.l 

By means of the technique of Gilman and Wright2 for introducing 
substituents in furfural, we have succeeded in preparing the first nitrofur- 
fural. As might have been predicted, the nitro group markedly increases 

Marquis, Compt. rend., 135, 505 (1902). 
Gilman and Wright, THIS JOURNAL, 52, 1170 (1930). 
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the stability of the furan nucleus. ' The nitrofurfural has been characterized 
by a few selected derivatives. Among the reactions studied was a Perkin 
condensation leading to nitrofurylacrylic acid. The same nitrofurylacrylic 
acid was obtained by the nitration of furylacrylic acid and of its ethyl ester. 
However, the mechanism of the nitration of furfural diacetate is apparently 
unlike that of furylacrylic acid. In the latter case, i t  is unnecessary to  
close the furan ring with pyridine (see Experimental Part) inasmuch as 
the nitrofurylacrylic acid is precipitated directly in the nitrating m i ~ t u r e . ~  

The nitrofurfural was oxidized to the known nitrofuroic acid of Klink- 
hardt4 and of Marqu i~ .~  If we provisionally accept the structure of nitro- 
furoic acid assigned by Hill and Palmer,5 then our nitro group is in the 5- 
po~ition,~ and the following reaction illustrates the condensation leading 
to the 5-nitrofurylacrylic acid. 

HC-CH HC-CH 
II II H II II 

OpNC C-C=O + (CHdC0)20 f CH3COONa + OINC CCH==CHCOOH 
\o/ \o/ 

Experimental Part 
Nitrofurfural Diacetate, N02C4H20CH(OCOCHs)l.-The nitrating mixture 

was prepared by adding dropwise 43.7 g. (0.69 mole) of fuming nitric acid (sp. gr. 1.5) 
to 143 g. (1.4 moles) of acetic anhydride chilled to 0' and contained in a 500-cc. three- 
necked flask equipped with a mechanical stirrer, dropping funnel and thermometer. 
A solution of 49.5 g. (0.25 mole) of furfural diacetate7 in 51 g. (0.5 mole) of acetic an- 
hydride was added slowly to the nitrating mixture which was not allowed to  rise above 
- 5 ". The time required for the addition was about thirty minutes. After allowing the 
reaction mixture to stir for three hours longer, it was poured into about one kilo of 
cracked ice. A sodium hydroxide solution (about 40%) was then added, with vigorous 
stirring, until precipitation of the oil was complete. The aqueous layer was then re- 
moved by decantation, and an almost equal volume of pyridines was added very carefully 
and slowly, together with some cracked ice. Care must be exercised that  the reaction 
starts after a few cc. of pyridine are added; otherwise the entire reaction mixture may be 
lost by violent ebullition. The mixture is diluted to 2 or 3 times its original volume by 

3 A later paper will consider 1,4- and l,6-addition reactions of furan types as a 
mechanism of nuclear substitution; see Gilman, Kirby and Kinney, THIS JOURNAL, 

51, 2252 (1929). 
Klinkhardt, J. prakt. Chem., 25, 41 (1882). 
Marquis, Ann. chim. phys., [8] 4, 196 (1905). See also Priebs, Ber., 18, 1363 

(1885), and Hill and Palmer, Am. Chem. J., 10, 380 (1888). 
6 Marquis (Ref. 5) has assigned the nitro group in his nitrofuroic acid to either 

the 3- or the 4-position. We hope definitely to establish the position of the nitro group 
by a series of moderate and reliable reactions. In our bromination of furfural di- 
acetate (Ref. 2), the bromine entered the 5-position. 

7 The furfural diacetate was prepared in accordance with the directions of Gilman 
and Wright, Iowa State College J .  of Science, 4, 35 (1929). The yields reported in that  
article are rather modest. It has since been determined that the yields are in the range 
of 70%. 

The excess of pyridine appears to be essential. 
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means of iced water, and after standing until p;ecipitation is complete (about one-half 
hour), the cold solution is filtered by suction, and washed free of pyridine by dilute 
acetic acid followed by a water washing. The crude nitrofurfural diacetate obtained in 
this manner weighs, when air-dried, 24.5 g. or 40% of the theoretical amount, and melts 
a t  87O. It may be crystallized from hot alcohol and when purified i t  melts a t  92.5O. 

Anal. Calcd. for C O H ~ O ~ N :  C, 44.44; H,  3.73. Found: C, 44.85; H, 3.81. 

Intermediate Ring Fission Compound.-It is possible to  isolate the intermediate 
nitro compound prior to  its closure by pyridine. If we assign t o  this intermediate a 
structure that conforms with that  ascribed by Marquis6 to  the fission products of ni- 
trofuran and nitrofuroic acid, the reaction with pyridine may be written 

HC-CH HC-CH 
11 11 H (HNOa) 11 1 1  H (Pyridine) 

HC C-C(OCOCHB)~ - OzNC C-C(OCOCHs)2 -------+ 
\o/ (CHBCO)ZO 1 1 0 OH 

I 
CHI (A) 

HC-CH 
II /I H 

OPNC C-C(OCOCH3)z 

\o/ 
The heavy oil [Compound (A)] precipitated by addition of cracked ice to  the re- 

action mixture, is extracted with ether, and after washing the ether solution with 
water and then chilling it, pyridine is added to neutralize the acids p r e ~ e n t . ~  The ether 
solution is then washed thoroughly with water, dried over sodium sulfate, filtered, and 
then concentrated by evaporation under reduced pressure until crystallization is com- 
plete. The product obtained by suction filtration weighs 31.6 g. (42% yield), melts 
96-97", and, when crystallized from a petroleum ether-benzene mixture, melts a t  106- 
107 ". 

Anal. Calcd. for C11HlsOsN: C, 43.56; H,  4.32. Found: C, 43.03; H, 4.53. 
When the intermediate compound (A) is dissolved in pyridine and then precipitated 

b y  dilution with water, i t  is converted quantitatively t o  the nitrofurfural diacetate melt- 
ing a t  92-93'. Inasmuch as this reaction is slightly endothermic, it  is evidently neces- 
sary t o  maintain sufficient heat in the treatment of the precipitated oil in the original 
preparation of nitrofurfural diacetate to  allow this ring closure by pyridine to take place. 

Nitrofurfural, N02C4H20CH0.-In an atmosphere of carbon dioxide, 24.3 g. 
(0.1 mole) of nitrofurfural diacetate was refluxed, with constant stirring, with a solution 
of 54 g. of concd. sulfuric acid in 108 g. of water for about fifteen minutes. The ether 
extract of the cooled hydrolysate was washed with water, dried over sodium sulfate, 
and  then (after removing the ether) distilled a t  128-132' (10 mm.). The yield was 
10.95 g., or 77.8%. The nitrofurfural melted a t  85-36' after crystallization from 
petroleum ether. It is colorless when pure and is somewhat soluble in water. 

Anal. Calcd. for CsHsO4N: C, 42.55; H, 2.14. Found: C, 42.64; H, 2.18. 

Oxidation of 1.41 g. (0.01 mole) of the nitrofurfural by an equivalent quantity of 
sodium dichromate in sulfuric acid gave 0.64 g. or a 57% yield of crude nitrofuroic acid. 
This melted at  183' when crystallized from water and showed no depression in a mixed 
melting point determination with the acid prepared in accordance with the directions of 

The point of neutralization may be determined by means of litmus paper and 
by  noting the cessation of temperature rise during addition of the pyridine. 
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Marquis.6 Marquis had previoiisly shown that his nitrofuroic acid was identical with 
that of earlier  investigator^.^,^ 

I t  is interesting to  note that the same nitrofuroic acid was obtained by us by oxi- 
dizing nitrofurfural diacetate with aqua regia. 

Nitrofurfuraldoxime, NOzCsHaOCH=NOH.-The oxitne was prepared in a 
customary manner from hydroxylamine hydrochloride (10.4 g. or 0.15 mole), sodium 
hydroxide and 17.7 g. (0.073 mole) of nitrofurfural diacetate. Because of the sensitivity 
of the nitro group to alkali, the 6 g. (0.15 mole) of sodium hydroxide was added slowly, as 
a dilute solution, and with vigorous shaking. The yield of oxime melting a t  121° was 
8.0 g. or 70%. I t  is slightly sweet.1° 

The isomeric oxime is more readily prepared from nitrofurfural by a similar re- 
action. When crystallized from alcohol it melts at 153'. If the hydrochloride of the 
oxime melting a t  121 is precipitated by sodium carbonate, it yields the higher-melting 
(153 ") isomer. 

Anal. Calcd. for C6H404N2: C, 38.46; H, 2.58. Found: C, 38.84; H, 2.72. 

Nitrofurylacrylic Acid, N02C4H20CH=CHC02H.--A mixture consisting of 14.1 
g. (0.058 mole) of nitrofurfural diacetate, 40 g. (0.4 mole) of acetic anhydride, 20.0 g. 
(0.24 mole) of thrice fused sodium acetaten and a drop of pyridine was refluxed a t  142" 
for eight hours with constant stirring. The reaction mixture was diluted with about 
300 cc. of water, and sodium carbonate was added to neutrality. I t  was then heated to 
90' with boneblack, filtered and acidified; the nitrofurylacrylic acid which separated 
melted a t  229-230' and weighed 1.2 g. or 13% of the theoreti~al.'~ When crystallized 
from methyl alcohol, or preferably from furfural, it melted at 235-236'. It is of interest 
to observe that in this reaction the nitro-aldehyde diacetate and not the free aldehyde 
was used in the condensation. This points to the intermediate formation of a diacetate 
in the Perkin reaction. 

In an experiment carried out under corresponding conditions, but starting with ni- 
trofurfural (0.04 mole), the yield of nitrofurylacrylic acid was 27.4%. 

The nitrofurylacrylic acid appears to be distinctly more stable than the correspond- 
ing unsubstituted furylacrylic acid. For example, it was apparently unaffected by 
chromic acid, which will oxidize furylacrylic acid. 

Anal. Calcd. for C,Hp05N: C, 45.90; H, 2.75. Found: C, 45.90; H, 2.83. 

The same acid may be obtained in a 40% yield by nitrating 35 g. (0.25 mole) of 
furylacrylic acid dissolved in 51 g. (0.5 mole) of acetic anhydride with a nitrating mix- 
ture consisting of 87.5 g. (1.4 moles) of fuming nitric acid (sp. gr. 1.5) and 140 g. (1.4 
moles) of acetic anhydride, prepared after the method described for the nitration of 
furfural diacetate. The mixture during nitration was kept at - 5 ", and toward the end 
of the reaction a precipitate separated. The yield of acid melting a t  233" was 18.3 g., 
and attention should again be directed to the fact that this nitro acid precipitated 
directly from the reaction mixture and no pyridine was required to close the ring. 

Ethyl Nitrofurylacrylate, NO~CIH~OCH=CHCOZC~HS.--T~~ ethyl furylacrylate 

10 See Gilman and Hewlett, Iowa State College J. of Science, 4,27 (1929), for a recent 
article on the correlation of sweet taste with constitution of some furan compounds; 
also, Gilman and Dickey, THIS JOURNAL, 52, 2010 (1930) for a later related study. 

l1 See Gilman, Brown, Wright and Hewlett, Iowa State College J. of Science, 4, 
355 (1930), for the helpful effect of several fusions of sodium acetate on the yield of furyl- 
acrylic acid. 

12 This low yield can probably be improved in larger-sized runs. Our chief object 
here was to prepare some of the acid in order to confirm that obtained by direct nitra- 
tion of furylacrylic acid. 
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was prepared in accordance with the directions of Gilman, Brown and Jonesx3 and 41.5 
g. (0.25 mole) of it was nitrated after the procedure described for the nitration of furyl- 
acrylic acid. The mixture was stirred for three hours and during this time a yellow 
precipitate separated. When the temperature reached On, the reaction product was 
removed by filtration and washed several times with cold water. The yield of ethyl 
nitrofurylacrylate, melting at 123', was 27 g. or 51%. When recrystallized from ben- 
zene, it melted at 125'. 

Anal. Calcd. for CsHoOsN: C, 51.18; H, 4.30. Found: C, 50.68; H, 4.43. 
The ester is unusually stable, being quite resistant to thionyl chloride and phos- 

phorus pentachloride. I t  may be hydrolyzed with 65% sulfuric acid by heating until 
solution is completed, to give the nitrofurylaaylic acid. The identity of this acid, like 
the other compounds described in this paper, was confirmed by a mixed melting-point 
determination, in this case with the acids obtained in the Perkin condensation and in the 
nitration of furylacrylic acid. 

The authors gratefully acknowledge assistance from W. M. Selby for a 
part of the experimental work. 

Summary 
The first nitrofurfural has been prepared by the hydrolysis of nitrofur- 

fural diacetate obtained by nitrating furfural diacetate. The mechanism 
of its formation is probably unlike that of nitrofurylacrylic acid and ethyl 
nitrofurylacrylate, which were obtained by direct nitration of furylacrylic 
acid and ethyl furylacrylate, respectively. The nitro group markedly in- 
creases the stability of the furan nucleus. 

AMES, IOWA 

THE SOLUBILITY OF ROTENONE. I. SOLUBILITY AND 
OPTICAL ROTATION IN CERTAIN ORGANIC SOLVENTS AT 20' 

BY HOWARD A. JONES AND CHARLES M. SMITH 

RECEIVED MARCH 18, 1930 PUBGISHED JUNE 6, 1930 

Introduction 
The root of Derris elliptica has long been used by the natives of the 

Malay Peninsula and the East Indies as a fish poison. One of the active 
insecticidal principles of this root is a white, crystalline material with a 
melting point of 163'. This material, now known as rotenone, crystallizes 
from alcohol in the form of six-sided plates apparently belonging to the 
orthorhombic system. The empirical formula CZ~HZZO~, now generally 
accepted, was first proposed by Takei and later substantiated by Bute- 
nandt. Much work has been done to determine its constitution but a t  
present its structure is still unknown. 

Rotenone is known to be practically insoluble in water, Gimlette stating 
its solubility to be of the order of one part in six m i l l i~n .~  Numerous quali- 

'3 Gilman, Brown and Jones, Iowa State College J. of Science, 2, 317 (1928). 
Gimlette, "Malay Poisons and Charm Cures," London, 1923, 2d ed. 
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tative statements as to its solubility in organic solvents are found in the 
l i terat~re,~J~4~5 but few quantitative data are available. The present 
investigation had as its object the finding of solvents suitable for use in 
extracting rotenone and for the preparation of spray mixtures. This 
paper treats of its solubility in some organic solvents a t  20°. A later 
paper will deal with other solvents and with some mixed solvents, both 
at  20' and at higher temperatures. 

Materials and General Procedure 
The rotenone used consisted of several samples prepared by H. V. Cla- 

born of this Laboratory from the root of Derris elliptica by extraction of the 
ground root with ether. The rotenone crystallizes from the concentrated 
extract and is purified by recrystallization from alcohoI. The purity of 
each lot was checked by determinations of melting point and by micro- 
scopical examination. Only rotenone passing a 70-mesh sieve was used. 

Twenty-one solvents, representing the more common classes of organic 
compounds, were used. These were, in general, of chemically pure grade, 
except in those cases in which a commercial grade was more readily avail- 
able. 

The method used for determining solubility was based on the optical 
activity of the compound, and was suggested by the fact that the specific 
rotation of rotenone was given by Kariyone, Atsumi and Shimada6 as 
[a]: -244' and by Ishikawa7 as [a12 -225.2O in benzene solution. 
The specific rotation of rotenone in the various solvents was first de- 
termined by the use of solutions of known concentration. Then satu- 
rated solutions were prepared, their rotations measured an73 the concen- 
trations (or solubility) obtained by extrapolation. 

The solvents were all tested for optical rotation, but in only one was 
any observed. The commercial n-butyl alcohol used was very slightly 
levorotatory and a corresponding correction was made in the readings. 
The specific gravities of the solvents and of the saturated solutions were 
obtained in order to permit the results to be stated in several units. All 
determinations were carried out in a constant-temperature room kept a t  20°. 

Determination of Specific Rotation.-Solutions of known concentra- 
tions were made by weighing the rotenone accurately into volumetric 

Ishikawa, Tokyo Igakkwai Zasshi, 30, 45 (1916); C. A., 11, 2370 (1917). 
a Van Hasselt, Proc. Roy. Acad. Sci. (Amsterdam), [Pt. 21 13, 688 (1911) (in 

English). 
k n z ,  Arch. Pkarm., 249, 298 (1911). 

6 Moeller and Thorns (Editors), "Real-Enzyklopadie der gesamten Pharmazie," 
1905,2d ed., Vol. IV. 

Kariyone, Atsumi and Shimada, J .  Pharm. Soc. (Jafian), No. 500, 739 (1923); 
C. A., 18, 408 (1924). 

7 Ishikawa, J. med. Ges. Tokio, 31, No. 4, 180 (1917); [abstracted by Takei, 
Bwchem. Z.,  157, 2 (1925)l. 
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flasks and making to volume a t  20' with the solvent. After considerable 
shaking a careful inspection was made to see whether any material re- 
mained undissolved; if so, the solution was diluted to a larger known 
volume, until the rotenone went into complete solution. Because of this, 
the concentrations are expressed as "grams of rotenone per 100 cc. of sol- 
vent" throughout the calculations. The making of these solutions also 
gave a rough estimate of the solubility of rotenone in each solvent. 

The light used was obtained from an ordinary electric light bulb by 
filtration through a bichromate cell containing a solution giving an optical 
path equivalent to 9 mg. of KzCrz07 per square centimeter. This light was 
therefore made up of wave lengths centering rather closely around that of 

C =  Concentration (g. solute/100 cc. sol). 
a, Observed values; @, extrapolated value for saturated solution. 

Equation of line [or]Yo = 0.67C- 117 
Fig. 1.-Specific rotation-concentration. Rotenone in chloroform a t  20'. 

the "D" line of sodium. The readings of this instrument, in Ventzke de- 
grees, were converted to circular degrees by multiplying by the factor 
0.3466. The specific rotation was then calculated by means of the formula 

20 - Ventzke degrees X 0.3466 X 100 
Iff] - Length tube X concentration of solution 

(in decimeters) (in g./100 cc. soln.) 

With practically all solvents solutions of different concentrations were 
measured in order to determine whether there was any variation of the 
rotation with change in concentration. The specific rotations obtained 
for the various concentrations are given in Table I, Col. 3. 

I n  those cases in which no variation with concentration was evident, the 
specific rotation was assumed to be a constant and its most probable value 
obtained by taking a weighted average of the values for specific rotation a t  
the different concentrations, giving each the relative weight of the actual 
Ventzke readings. 

With those solvents which gave more concentrated solutions, a definite 
decrease of specific rotation with increase in concentration was found. 
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In  two other cases this same decrease was noted although the range of 
concentration was not as great. The results for these solvents were repre- 
sented graphically by plotting the specific rotation against concentration. 
The variation was found to be linear within the limits of error of the 
measurements, and the straight line which seemed best to fit the points 
was drawn. The parameters of the equation for this line were obtained 
graphically, and from the expression obtained the value for specific rotation 
a t  any concentration may be calculated. The graph obtained for chloro- 
form is shown in Fig. I and is typical of those obtained with the other 
solvents. 

The final values adopted for specific rotation are given in Table I ,  Col. 4. 

(1 )  

Solvent 
and sp. 

gr. a t  20" 

Acetone" 
0.791 

Acetic acida 

1.049 

Alcohol, n-butyl 
0.811 

Alcohol, ethyl (absolute)" 
0.789 

Alcohol, isopropyl 
0.786 

Alcohol, methyla 

0.791 

Amy1 acetate 
0.867 

Benzene" 
0.879 

Carbon disulfide" 
1.263 

Carbon tetrachloridea 

1.594 

Chlorobenzene 
1.107 

(2) (3) 
Concn. (C) of Sp. rotation 

(4) 

soln. in g. of of soln. Sp. rota.6 [a]:in circular 
solute per in circular degrees (weighted 

100 cc. of soln. degrees av. or equation) 
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(1) 

Solvent 
and sp. 

gr. at 20 O 

TABLE I (Concluded) 
(2) (3) 

Concn. (C)  of Sp. rotation 
(4) 

soln. in g. of of soln. Sp. rota.6 [a]: in circular 
solute per in circular degrees (weighted 

100 cc. of soln. degrees av. or equation) 

Chloroforma 2 -116 [a]': = 0.67C-117 
1.489 4 -114 

8 -112 
16 - 107 
30 - 97 

s-8-Dichloro-ethyl ethera 1 - 85 [a]? = 0.53C - 85 
1.208 3 - 83 

6 - 82 

Ether, ethyl (anhydrous)' 0.1  - 147 - 136 
0.714 0.25 - 139 

0.3 - 130 

Ethyl acetatea 0.5 - 106 - 107 
0.901 1 - 106 

1.5 - 107 
3 - 107 

Ethylene chlorohydrin 2 - 103 [a]% 0.35C-104 
1.203 4 - 102 

7 - 102 
10 - 100 

Ethylene dichloridc 6 - 74 [a]? = 0.44C- 77 
1.256 15 - 71 

25 - 66 

n-Propyl formate 1 - 108 - 106 
0.896 4 - 106 

5 - 106 

Toluenea 3 -210 -209 
0.866 5 -211 

6 -206 

Trichloro-ethylene 5 - 100 [a]2: = 0.77C-104 
1.469 10 - 96 

14 - 93 

Xylene 1 -213 [a12 = 4.OC-217 
0.864 2 -210 

3 -205 

a Solvents of "Chemically Pure" grade. The specific gravity of each of these was 
obtained from the "International Critical Tables," Vol. 111. All other solvents were 
less pure and their specific gravities were determined by pycnometer. 

Although the specific rotation is quoted as  [a]: it does not refer a s  accurately 
to  the wave length of "D" light as do measurements made with strictly monochromatic 
sodium light. 

This solution is apparently supersaturated. Upon addition of more rotenone and 
shaking for four hours the concentration is reduced to that  of the saturated solution. 
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An inspection of Table I shows that rotenone is levorotatory in all sol- 
vents and a t  all concentrations tested. In ten of the solvents the specific 
rotation lies between -90 and - l l O O .  In only two is it below this, while 
in the remainder i t  is appreciably higher, with benzene and its homologs 
forming a rather distinct group above -200'. The specific rotation defi- 
nitely decreases with increasing concentration in the six solvents in which 
rotenone is most soluble, and also seems to do so in two other solvents in 
which it is moderately soluble. 

The values for specific rotation do not a11 have the same degree of ac- 
curacy due to the fact that in those solvents giving only low concentrations 
it was impossible to get large readings on the instrument. This is indicated 
in Table I by the smaller size of the third digit in the cases of the alcohols, 
ether and carbon tetrachloride. In the cases of benzene and its homologs 
it was evident that the rotation dispersion was not fully compensated, but 
this caused practically no difficulty in making the readings. 

Preparation and Optical Rotation of Saturated Solutions.-In obtaining saturated 
solutions of rotenone in the various solvents, the following procedure was adopted. An 
approximately weighed amount of rotenones was introduced into ordinary test-tubes of 
about 30-cc. capacity. The solvent was added (25 cc. or less, depending on the amount 
of solid present) and the tubes tightly stoppered with cork stoppers. These tubes were 
placed in a shaking machine consisting of a vertical wooden disk (diameter, 16 inches) to 
which the tubes were held in a radial position, the disk being rotated by an  electric motor 
a t  a speed of about 25 to 30 r. p. m. The shaking was continued through a period of seven 
hours, which trial experiments had shown to be sufficient for the attainment of equi- 
librium. The tubes were then removed from the shaker and allowed to  stand upright 
overnight. In the morning the tubes were well shaken by hand and filtered directly 
into polariscope tubes of suitable length and the optical rotations of the clear solutions 
determined immediately in the saccharimeter already described. This entire operation 
was carried out in a constant-temperature room maintained at 20'. 

At least two determinations were made with each solvent; the average 
results are given in Table 11, Col. 4. The readings are given in Ventzke 
degrees, and for the sake of uniformity are calculated to  a 1-decimeter tube, 
although in some cases longer tubes were used so that the actual reading 
could be made more accurately on the instrument. 

Crystals Obtained from Solution.-In the preparation of saturated 
solutions in benzene, carbon tetrachloride and chloroform it was found that  
the solution could be supersaturated with rotenone but when an excess of 
rotenone was added an almost solid mat of needle-like crystals immediately 
separated. For this reason it was thought necessary to make a brief study 
of the crystals obtained from solutions of rotenone in some of the solvents 
used. To accomplish this, small amounts of rather concentrated solutions 
were evaporated a t  room temperature in a draft of air until crystallization 

8 The relative amounts of rotenone and solvent were adjusted so that  from 25 to  
50% rotznone in excess of that required to saturate the solutioll was present, as judged 
from trial experiments. 
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occurred. These crystals were examined under the microscope and their 
general appearance noted. The results are given in Table 11, Col. 3. 
I t  will be noted that rotenone crystallizes from the majority of these sol- 
vents in the form of hexagonal-shaped plates. In some cases, however, 
distinctly needle-shaped crystals were obtained. 

I t  has been reported by Tattersfield and Roach
g 

that the needle crystals 
obtained from benzene contain solvent of crystallization. Certain pre- 
liminary experiments made in this Laboratory substantiate this result, 
and indicate that some other solvents form similar crystalline products. 
In any such case it is, of course, the addition product which is in equilibrium 
with the saturated solution, but in the absence of more complete informa- 
tion the final results for solubility have been expressed in terms of rotenone. 

Calculation of Solubility.-In the cases of those solvents showing no 
decided variation of specific rotation with change in concentration the 
calculation is fairly simple. After the optical rotation of the saturated 
solution has been obtained the corresponding concentration (in grams of 
rotenone per 100 cc. of solution) may be calculated from a rearrangement 
of Formula 1, the appropriate specific rotation being used. 

Ventzke reading of satd. soln. X 0.3466 X 100 
Concentration = 
(g./lOO cc. soln.) Length tube (in dm.) X [a]% (2) 

In those cases in which the specific rotation was found to vary with the 
concentration, the concentrations of the saturated solutions were calculated 
froni the equations given in Table I, Col. 4, for the specific rotation-con- 
centration graph. This was done by substituting for the specific rotation 
its value in terms of the known Ventzke reading of the saturated solution 
(Table 11, Col. 4) and the unknown concentration ("C"), and solving for 
the latter. 

The values obtained from these calculations give the solubility, or con- 
centration of the saturated solution, in terms of "grams of rotenone per 100 
cc. of solution." By the use of the specific gravities of the solvent and of 
the saturated solution these values have been converted to "grams of 
rotenone per 100 g. of solutionJ' and "grams of rotenone per 100 cc. of 
solvent." The solubility of rotenone, in terms of these three units, is 
given in Table 11, Col. 5. 

Discussion of Solubility Data 

In general, it  appears that rotenone is most soluble in the chloro products, 
with the exception of carbon tetrachloride. Benzene is also a good solvent, 
but the addition of aliphatic residues, as in toluene and xylene, seems to 
lower the solvent power, while the addition of chlorine, as in chlorobenzene, 
increases the solubility. Acetone is a fair solvent, as are also acetic acid 
and the three esters tested. The alcohols and ether, contrary to state- 

Tattersfield and Roach, Ann. appl. biol., 10, No. 1, 1 (1923). 
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ments found in the literature, are rather poor solvents for rotenone. How- 
ever, a t  higher temperature their solvent powers may increase considerably. 
For example, i t  was found in trial experiments that absolute ethyl alcohol, 
a t  its boiling point, will dissolve as much as 4 g. of rotenone per 100 cc. of 
solution, and it is this large temperature gradient which makes i t  useful in 
the recrystallization of rotenone. 

An attempt was made to determine the solubility of rotenone in certain 
oils by the method outlined above, but, due to  extremely low solubility 
in some cases and to difficulties caused by high optical rotation of the sol- 
vent in other cases, the method was found to be not applicable. It may be 
stated with some degree of certainty, as the result of trial experiments, that 
the solubility of rotenone in petroleum ether, gasoline, kerosene, "Nujol" 
and rectified oil of turpentine is less than one-tenth of one per cent. a t  20'. 
Rotenone, however, appears to be appreciably soluble in Menhaden fish oil 
and in steam-distilled pine oil. 

Since this article was written an interesting reference has been brought 
to the attention of the authors. Geoffroylo in 1895 isolated from the plant 
Robix2:iz nicozl now knowo as Lo;zclzoca~pts ~zicozl (one of the species !ocal!j: 
called "cube"), a material which he named "nicouline." The properties 
of this material indicate that he was dealing with what we now know 
as rotenone. This is substantiated by the fact that Clark" has recently 
found rotenone in "cube" roots. 

Among other properties Geoffroy made a quantitative study of the 
solubility of "nicouline" in various solvents and obtained values markedly 
higher than those given in this paper, but bearing the same general re- 
lationship to each other. The temperature a t  which these measurements 
were made is not specified and if higher than 20" might account for the 
higher values. 

Summary 
The optical rotation a t  20' of rotenone in twenty-one organic solvents 

has been determined andnfound to range from - 66 to - 230°. 
The solubility a t  20° of rotenone has been determined in these same sol- 

vents and found to range from 0.2 to 33%. 
The solubility is very low in petroleum hydrocarbons, which are used 

extensively for spraying purposes. 
WASHINGTON, D. C. 

lo Geoffroy, Annales de L'Institut Colonial de Mnrs~i l le ,  2 ,  1-80 (1895) 
l1 Clark, Science, 70, 478 (1929). 
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ACTION OF TITANIUM TETRACHLORIDE ON DERIVATIVES OF 
SUGARS. 11. PREPARATION OF TETRA-ACETYL-BETA- 

NORMAL-HEXYLGLUCOSIDE AND ITS TRANSFORMATION TO 
THE ALPHA 

One of the difficulties which restricts the range of synthetical operations 
in the sugar series may be seen in the comparative inaccessibility of glyco- 
sides of the alpha configuration. No method has hitherto been described, 
that is, of general applicability in preparing such derivatives and most of 
the methods yield a product which is greatly contaminated by the isomeric 
beta form or other substances. A review of the literature shows that four 
methods have been proposed. The earliest of these was due to  Emil 
F i~che r ,~  who heated the reducing sugar with an alcohol in the presence of 
hydrogen chloride. Carried out, as this procedure was, with an acid 
medium and a t  an elevated temperature, it was obviously unsuitable for 
use with the compound reducing sugars and it also possessed the disad- 
vantage of yielding from the simple sugars (except in the case of mannose) 
an equilibrium mixture of alpha and beta glycosides. Moreover, while 
Fischer obtained satisfactory results with alcohols of low molecular weight, 
the method was not applicable when the hydroxyl group to be esterified 
was attached to a long aliphatic chain or was of a phenolic nature. An- 
other means of synthesizing alpha glycosides was discovered by the present 
a ~ t h o r , ~  who found that the mercaptals of various monosaccharides yield 
these derivatives when decomposed by mercuric chloride dissolved in the 
appropriate alcohol. Like the method of Fischer, however, this also is 
restricted to the monosaccharides in its application, because the production 
of the mercaptals depends upon the interaction of a reducing sugar and a 
thioalcohol in strongly acid solution and mercaptals of the compound sugars 
obviously cannot be prepared in this way because of hydrolysis. Bour- 
quelot and his co-workers5 studied the action of the enzyme alpha gluco- 
sidase, present in yeast, and were able to show that it is capable of synthe- 
sizing alpha glycosides from a dilute alcoholic solution of certain reducing 
sugars. Their observations do not appear to have been developed into a 
method of practical importance and the same remark may be made con- 

Publication authorized by the Director of the Bureau of Standards, U. §. Depart- 
ment of Commerce. 

2 Part I was published in Ber., 61, 1508 (1928). 
a Fischer, ibid., 26, 2400 (1893). 
4 Pacsu, ibid., 58, 509 (1925). 
6 Bourquelot and Verdon, J, pizarm. chim., 171 8, 19 (1913). 
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cerning the well-known synthesis of acetylated beta glycosides by Koenigs 
and Knorr6 as modified by Fischer and Meche17 for the preparation of the 
alpha isomerides. The latter authors in some cases used quinoline, instead 
of silver oxide or carbonate, to neutralize the hydrobromic acid liberated 
when the aceto-halogeno sugar reacted with an alcohol and under these 
conditions obtained a mixture of both forms. The difficulty of separating 
the alpha and beta isomers seems to be responsible for the fact that the 
modified method has not come into general use. 

A recent article by the present writers described some experiments which 
were made with glucose P-penta-acetate and with tetra-acetyl-b-methyl- 
glucoside. These were allowed to interact, respectively, under various 
conditions of temperature and time, with equimolecular quantities of 
stannic chloride in chloroform and it was found that this reagent was cap- 
able of slowly transforming both the 8-penta-acetate and the tetra-acetyl-/3- 
methylglucoside into the corresponding alpha forms. Part 12 of the present 
research describes the improvement that was observed when titanium 
tetrachloride was substituted for the stannic salt first used. Although 
the new reagent far excelled the old in promoting the same tra-nsformation, 
the mechanism of the reaction appeared to be essentially different in the 
two cases, for a yellow addition compound that was insoluble in chloroform 
was immediately produced when titanium tetrachloride was, added to the 
solution of the glucose derivative. This phenomenon did not occur when 
stannic chloride was employed. Tetra-acetyl-a-methylglucoside was 
readily obtained in excellent yield by the improved method but it was 
worthy of note that glucose a-penta-acetate and similar substances under- 
went a secondary change and were smoothly transformed to the corre- 
sponding a-acetochloro sugars. Indeed, the use of titanium tetrachloride 
furnished in this way a means of preparing the latter derivatives that is as 
convenient as any that were previously known. This secondary reaction 
was also brought about by stannic chloride, though with much greater 
difficulty. 

In view of the importance of acquiring a general method for preparing 
alpha glycosides of the reducing sugars, and having regard to the promising 
nature of the experiments of which a rCsumC has been given, the action of 
titanium tetrachloride upon the fully acetylated sugars and beta glycosides 
has been made the subject of further study. It seems necessary to submit 
suitable derivatives of the mono- and disaccharides to the action of the 
inorganic chloride in order to test the generality of the reaction. The 
present article forms a part of this general plan of research and describes 
the synthesis of tetra-acetyl-a-n-hexylglucoside from tetra-acetyl-p-n- 

Koenigs and Knorr, Ber., 34, 957 (1901). 
Fischer and Mechel, ibid., 49, 2814 (1916). 

* Pacsu, ibid., 61, 137 (1928). 
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hexylglucoside by means of titanium tetrachloride. As the sugar residue 
in this particular glucoside is attached to an unbranched chain of six carbon 
atoms, the glucosidic linkage is probably somewhat similar in its reactivity 
to that which occurs in many disaccharides and the investigation may be 
regarded as a preliminary step in the development of this field. 

Koenigs and Knorr's method was used to prepare tetra-acetyl-&n- 
hexylglucoside from acetobromoglucose and n-hexyl alcohol. This acety- 
lated glucoside, which is a new substance, is a crystalline solid melting a t  
51.5' and having a specific levo-rotation in chloroform of [ a ] g  - 19.9' 
when pure. Although stable to Fehling's solution, i t  is very easily hydro- 
lyzed by dilute acids and even by steam when in a neutral medium. The 
fatty character of the aglycon (i, e., non-sugar component) dominated its 
physical properties and it quickly dissolved in all the common organic sol- 
vents, including even petroleum ether. It was insoluble in water. 

In order to obtain the alpha form of tetra-acetyl-n-hexylglucoside, i t  
was sufficient to  heat the pure beta isomer with an equimolecular quantity 
of titanium tetrachloride in the presence of chloroform, as described in the 
experimental part. Control of the duration of heating was found to  be 
quite important. When seventy-five minutes had elapsed, ice water was 
used to decompose the yellow solution. Both the water and the chloroform 
immediately became colorless and tetra-acetyl-a-n-hexylglucoside was 
recovered from the latter solvent by standard processes as a crystalline 
solid of m. p. 61' and with a specific dextro-rotation of [a]: +116.5O in 
chloroform, after purification. The yield was 83% of the theoretical. 
The substance resembled the beta isomer in its solubilities and in its ready 
hydrolysis. 

Although analysis showed that the new compound possesses the expected 
composition, the possibility remained that a change in the ring structure or 
stereochemical configuration, accompanied by a wandering of the acetyl 
groups, might have occurred during its preparation from tetra-acetyl-b-n- 
hexylglucoside. This question was examined in the following way. Hud- 
son

g 
has shown that i t  is permissible to regard the molecular rotation of a 

pair of acetylated glucosides possessing the same oxide bridge linking as 
composed of two quantities A and B, where A is the rotation due to  the 
first asymmetric carbon atom of the sugar chain and B refers to  the re- 
mainder of the glucose molecule. The latter portion, B, is independent 
of the particular pair of acetylated glucosides considered and has the value 
B = f 20,350 in chlor~form.~O Writing the molecular rotation of the beta 
form of tetra-acetyl-n-hexylglucoside (mol. wt. 432) as -A + B = (- 19.9) 
(432) = -8597 and subtracting the value of B gives A = +25,947 and 
hence A + B = +49,297. The last figure is the calculated molecular 

Hudson, THIS JOURNAL, 31, 66 (1909). 
la Hudson and Dale, ibid., 37, 1264 (1915). 
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rotation of a tetra-acetyl-a-n-hexylglucoside similar in ring structure to  
the original beta form. The calculated specific rotation [or]* of the com- 
pound is accordingly 49,297/432 = + 1 1 4 O  in chloroform. The close 
agreement between this computed value and that found by experiment for 
tetra-acetyl-a-n-hexylglucoside (+116.1j0) furnishes definite proof that 
the alpha and beta forms of tetra-acetyl-n-hexylglucoside have like ring 
structures and, further, that this ring is the same as the ring of the alpha 
and beta forms of normal tetra-acetyl-methylglucoside. The last conclu- 
sion follows from the fact that the value of B used in the calculation is 
derived from the rotations of the normal tetra-acetyl-methylglucosides. 
It has recently been shown by Hudsonll that the ring here referred to is of 
the 1,5 type. 

Experimental 
Preparation of Tetra-acetyl-P-n-hexylg1ucoside.-A solution of 30 g. of aceto- 

bromoglucose and 50 g. of pure n-hexyl alcohol in 500 cc. of absolute ether was shaken 
for five hours a t  room temperature with 18 g. of freshly prepared dry silver oxide. After 
the removal of the insoluble silver salts, the ethereal solution was evaporated under re- 
duced pressure to a sirup, which was submitted to  a steam distillation. The operation 
was cut  short a t  the end of three hours, although the presence of a few oily drops in the 
distillate falling from the condenser showed that  the excess of insoluble hexyl alcohol had 
not entirely passed into the receiver. The slight instability of the glucoside urrder tbc 
experimental conditions rendered this course advisable. A yellow sirup now lay under- 
neath the water in the distilling flask. It was taken up in 250 cc. of ether and the solu- 
tion was washed with dilute aqueous potassium bicarbonate solution and then twice with 
water, after which it was dried over anhydrous calcium chloride and evaporated under 
diminished pressure. The residue quickly crystallized and yielded about 15 g. of tetra- 
acetyl-@-n-hexylglucoside, Decolorizing carbon, used a t  room temperature, withdrew 
all the coloring matter from a solution of the crude product in petroleum ether and the 
acetylated glucoside then crystallized from the colorless filtrate on standing a t  0' in 
the form of long prismatic needles of m. p. 51.5" and of specific levo-rotation 
-19.3" in chloroform. After a second recrystallization from petroleum ether the sub- 
stance showed [nI2$ -19.g0, which is accepted as  the rotation of the pure substance 
(0.4311 g. subs. in 25 cc. of CHGll solution rotated 0.685" t o  the left in a 2-dm. tube). 

I n  an acetyl estimation, made by the method of Kunz,l2 0.4840 g. was dissolved in 
50 cc. of pure acetone to which 103.8 cc. of 0.1 N potassium hydroxide was subsequently 
added. The acetylated glucoside neutralized 44.8 cc. of decinormal alkali, in excellent 
agreement with the calculated value of 44.78 cc. 

Tetra-acetyl-a-n-hexylglucoside from Tetra-acetyl-&n-hexy1glucoside.-A solu- 
tion of 1.9 g. of titanium tetrachloride in 50 cc. of absolute chloroform13 was added to 
4.3 g. of tetra-acetyl-p-n-hexylglucoside dissolved in 100 cc. of the same solvent. This 
mixture immediately became lemon-yellow in color although it  remained clear, from 
which fact i t  is inferred that  the addition product of this acetylated glucoside with 
titanium chloride is more soluble in chloroform than the compounds previously studied 

l1 Hudson, THIS JOURNAL, 52, 1680 (1930). 
l2 Kunz and Hudson, ibid., 48, 1982 (1926). 
l3 The chloroform used in this and the following experiments was pure IJ .  S. P. 

chloroform which had been twice extracted with water, dried with anhydrous calcium 
chloride and distilled from phosphorus pentoxide. 
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(see the introduction). The solution was boiled gently for seventy-five minutes on a 
water-bath in a flask closed by a reflux condenser provided with a calcium chloride dry- 
ing tube. No noticeable color change occurred during this operation and when i t  was 
over the liquiq was poured into a separatory funnel containing ice water. After shaking, 
both the chloroform and water layers became colorless. The chloroform solution was 
washed with a dilute potassium bicarbonate solution and then thrice with water, after 
which it was dried with calcium chloride. Tetra-acetyl-a-n-hexylglucoside remained in 
the organic solvent and was isolated by concentrating the solution under reduced pres- 
sure to a sirup, which was dissolved in cold petroleum ether and purified with carbon 
a t  room temperature. The colorless solutiou was then concentrated under reduced 
pressure to a sirup, which soon crystallized when kept in the ice box and yielded after 
one day 3.6 g .  of the fairly pure glucoside acetate. The recrystallization from about 
100 cc. of petroleum ether in the ice box occupied several days and yielded 3.2 g. of long 
prismatic needles, melting sharply a t  61 " and having a specific dextrorotation in chloro- 
form of [a12 +116.6° (0.7345 g.  in 25 cc. of CHC4 solution rotated 6.85" to the right 
in a 2-dm. tube). A second recrystallization from petroleum ether caused no significant 
change in this value of the specific rotation, which is accordingly accepted as correct for 
tetra-acetyl-a-n-hexylglucoside in chloroform solution. 

An acetyl estimation was carried out by the method pxeviously indicated, allowing 
three hours for the reaction; 0.4762 g. of the substance required 44.3 cc. of 0.1 A' po- 
tassium hydroxide whereas the value calculated for tetra-acetyl-n-hexylglucoside is 
44.1 cc. 

The author expresses his thanks to the International Education Board, 
whose support has made this investigation possible, and also wishes to  
thank Dr. C. S. Hudson for his helpful suggestions. 

Summary 
Tetra-acetyl-P-n-hexylglucoside, which has not been described before, 

was found to be a crystalline substance melting a t  51.5' and having a spe- 
cific levo-rotation in chloroform of [a]g  - 19.9'. Under the influence of 
titanium tetrachloride in chloroform solution the substance was readily 
isomerized to the alpha form, which was isolated in 83% yield as a crystal- 
line solid, m. p. 61' and [a]: +116.6' in chloroform. 

It follows that the action of titanium chloride in promoting the trans- 
formation of acetylated beta glycosides to their alpha isomers is not in- 
hibited by the presence of a straight chain of six carbon atoms in the non- 
glucosidic portion of the molecule. Indeed, the hexylglucoside acetate is 
rearranged even more rapidly than the methylglucoside acetate. The sum 
of the rotations of the alpha and beta forms of tetra-acetyl-n-hexylglucoside 
conforms with Hudson's second isorotation rule and the rotation of either 
form may be calculated fairly accurately from that of the other, in con- 
junction with the rotations of the alpha and beta forms of tetra-acetyl- 
methylglucoside. The rotations of the two new substances thus show that  
they possess the same oxidic ring and that this ring is the ring of the known 
tetra-acetyl-methylglucosides, which has been found recently by Hudson 
to be of the 1,5 type. 

WASHINGTON, D. C. 
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[CONTRIBUTION FROM THE POLARIMETRY SECTION, BUREAU OF STANDARDS, UNITED 

STATES DEPARTMENT OF COMMERCE] 

ACTION OF TITANIUM TETRACHLORIDE ON DERIVATIVES OF 
SUGARS. 111. TRANSFORMATION OF TETRA-ACETPL-BETA- 

CYCLOHEXYLGLUCOSIDE TO THE ALPHA FORM AND THE 
PREPARATION OF ALPHA-CYCLOHEXYLGLUCOSIDE',2 

I n  the preceding article the employment of titanium tetrachloride for 
the synthesis of acetylated alpha glycosides was extended from the case of 
a-methylglucoside tetra-acetate, previously s t ~ d i e d , ~  to  that of tetra- 
acetyl-a-n-hexylglucoside. Cyclohexylglucoside may be regarded as very 
similar to the same derivative of n-hexyl alcohol, indeed, as having been 
formed from it  by the removal of one hydrogen atom from each end of the 
carbon chain and closure of the ring by the valences so set free. On the 
other hand, cyclohexanol is the simplest member of the hydro-aromatic 
alcohols, the beta glycosides of many of which are known, while only one 
representative of the corresponding alpha forms (a-1-menthyl-d-glucoside)* 
has yet been prepared. The present paper describes the rearrangement of 
tetra-acetyl-0-cyclohexylglucoside to  tetra-acetyl-a-cyclohexylglucoside 
by means of titanium tetrachloride in chloroform, the isolation of the pure 
substance and its conversion to the alpha glucoside by de-acetylation. 

Having prepared the acetylated beta glucoside by the directions of 
Fischer and Helferich5 but on a somewhat larger scale, the pure compound 
was found to melt at 120-121° and to have a specific rotation of [a]: 

-23.S0 in chloroform; the values found by the former workers are m. p. 
120-121' and [a]g -29.74' in alcohol. As was expected, titanium 
chloride readily rearranged the compound to tetra-acetyl-a-cyclohexyl- 
glucoside, but trial experiments showed that it was very necessary to 
restrict the action of the reagent closely to  seventy-five minutes under the 
conditions employed. Unless this was done, the golden yellow color of 
the chloroform solution quickly changed to deep red and the product de- 
composed. Pure crystalline tetra-acetyl-a-cyclohexylglucoside has a low 
melting point, 40-41°, a specific rotation of [a]$ f 121.7' in chloroform and 
is easily distinguished from the beta isomer by its ready solubility in pe- 
troleum ether, in which solvent the beta form is nearly insoluble. 

As has been mentioned, relatively few alpha glucosides are available for 

Publication authorized by the Director of the Bureau of Standards, U. S. Depart- 
ment of Commerce. 

Part I1 was published in THIS JOURNAL, 52, 2563 (1930). 
Pacsu, Ber., 61, 1508 (1928). 
Fischer and Bergmann, ibid.,  50, 711 (1917). 
Fischer and Helferich, Ann., 383, 68 (191 1). 
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study and the opportunity was therefore taken to de-acetylate tetra-acetyl- 
a-cyclohexyIglucoside and so add another member to the series. The new 
compound, a-cyclohexylglucoside, crystallized from acetone, melted a t  126O 
and had a specific dextro-rotation in aqueous solution of [a]% $-133.2O 
after careful purification. It was very bitter in taste. 

In order to show that the action of titanium chloride on tetra-acetyl-p- 
cyclohexylglucoside was restricted to the terminal asymmetric carbon atom 
of the glucosidic chain, the specific rotations of a-cyclohexylglucoside and 
its tetra-acetate were calculated from those of the corresponding beta 
isomers by the second isorotation rule of Hudson as described in detail in 
Part I1 for a similar case. The data for the comparisons are recorded in the 
following table, those for p-cyclohexylglucoside being quoted from Fischer 
and Helferich. Let i t  be assumed that the ring of 8-cyclohexylglucoside is 
1,5, as in the methylglucosides, and that the second rule of isorotation 
holds for the new glucosides. The value of B is obtained from Riiber's6 
recent measurements of the rotations of the methylglucosides ([MID = 
30,830 and -6630) as (30,830 - 6600)/2 = 12,100, and the value of A 
is then obtained from the rotation of P-cyclohexylglucoside as 12,100 + 
10,850 = 22,950. The rotation of the a-cyclohexylglucoside is then 
calculated to be [a]= = (12,100 4- 22,950)/262 = 134, in excellent agree- 
ment with the observed value (133.2). Similarly, in the case of the tetra- 
acetates of these glucosides, B' = 20,350' and A '  = 20,350 + 10,230 = 

30,580; the rotation of tetra-acetyl-a-cyclohexylglucoside is then calcu- 
lated to be [a]D = (20,350 + 30,580)/430 = 118, which is quite near 
the observed value (121.7). These two agreements between theory and 
observation prove that the cyclohexylglucosides and their tetra-acetates 
possess the same ring as the methylglucosides, namely, 1,5, as allocated 
recently by Hudsoa8 

TABLE I 
ROTATIONS OB THE PURE ALPHA AND BETA CYCLOHEXYLGLUCOSIDES (MoL. WT. 262) 

AND THEIR TETRA-ACETATES (MoL. WT. 430) 
Compounds M P., OC.  ID [MID Solvent 

a-Cyclohexyl-d-glucoside 126 133.2 +34,900 = +A + B Hz0 
P-Cyclohexyl-d-glucoside 133-137 -41.4 -10,850 = - A  + B Hz0 

Tetra-acetates of 
a-Cyclohexyl-d-glucoside 4 0 4 1  121.7 +52,330 = +A' + B' CHCh 
P-Cyclohexyl-d-glucoside 120-121 -23.8 - 10,230 = -A' + B' CHC13 

Experimental 
Tetra-acetyl-&cyclohexylglucoside.Sixty grams of acetobromoglucose, 800 cc. of 

absolute ether, 200 g. of pure cyclohexanol and 30 g. of dry freshly prepared silver 
oxide were allowed to react as described by Fischer and Helferich.5 The crude producr 

6 Riiber, Ber., 57, 1797 (1924). 
Hudson and Dale, THIS JOURNAL, 37, 1264 (1915). 
Hudson, ibid., 52, 1680 (1930). 
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weighed 42 g. and was twice recrystallized from hot alcohol before its rotation became 
constant a t  the value [a]? -23.8' in chloroform (1.326 g, in 25 cc. of solution gave a 
reading of 2.53' to the left in a 2-dm. tube). This determination, together with the 
melting point of 120-121 O, was accepted as referring to the pure compound. 

Transformation of Tetra-acetyl-&cyclohexylglucoside to the New Isomeric Alpha 
Form.-A solution of 13.5 g. of titanium tetrachloride in absolute chloroform9 was 
added to a solution of 30 g. of tetra-acetyl-6-cyclohexylglucoside in 350 cc. of the same 
solvent a t  room temperature, whereupon the mixture assumed a golden yellow color 
and became perceptibly warm. The reaction was hastened by boiling the solution 
gently under a reflux condenser in the absence of atmospheric moisture, and experience 
showed that the transformation was practically complete after seventy-five minutes. 
Ice water removed the inorganic constituents from the cooled liquid and also caused its 
deep yellow color instantly to disappear, leaving a colorless chloroform solution which 
was washed with aqueous potassium bicarbonate and thrice with water and then dried 
over anhydrous calcium chloride and evaporated under reduced pressure. The residual 
sirup (29 g.) soon crystallized and the crude acetylated glucoside which was extracted 
from i t  by cold petroleum ether was allowed to crystallize in the ice box from the ex- 
tract after the latter had been filtered through carbon. Four days later the long needles 
or star-like clusters of stout prisms were isolated, preferably in a cool room on account 
of their low melting point, and were stored in an evacuated desiccator. The yield of the 
once recrystallized substance was 80% of the theoretical (24 g.). Its specific rotation 
was [a]? f121.7" in pure chloroform (0.6561 g. in 25 cc. of solution rotated 6.39' 
to the right in a 2-dm. tube) and a second recrystallization did not change this value. 
The pure substance melts a t  40-41 ". It is stable to Fehling's solution and is soluble in 
most organic solvents, including petroleum ether, but is insoluble in water. 

I n  an acetyl estimation, carried out by Kunz's method,lO 0.528 g. was equivalent 
to 23.8 cc. of 0.2 N potassium hydroxide solution, the reaction time being two hours, 
in comparison with 24.5 cc. calculated for tetra-acetyl-cyclohexylglucoside. 

~Cyclohexylglucoside.-The method of Zemplthll was used to de-acetylate tetra- 
acetyl-a-cyclohexylglucoside. One hundred cc. of absolute methyl alcohol in which 1.5 
g. of metallic sodium had been dissolved was added to a solution of 18 g. of the acetylated 
glucoside in 250 cc. of absolute chloroform. Both solutions were well cooled in an ice 
and salt bath prior to their mixing and the temperature of the mixture did not rise 
much above 0"  for the first half hour. Water (15 cc.) was then added and the liquid 
was allowed to stand for another half hour before the addition of a considerable quantity 
of water. The chloroform layer, which proved to be without optical rotation, was re- 
jected but the aqueous portion which contained the product was made slightly acid with 
acetic acid and evaporated under reduced pressure to a sirup, which was extracted re- 
peatedly with acetone. The substance was isolated in crystalline form and with a 90% 
yield by concentrating the acetone solution after decolorizing i t  with carbon. After 
two recrystallizations from acetone, the specific rotation of the glucoside was [a]? 
f131.7" in water. After the third, [a]: was +133.2" (0.3622 g. in 25 cc. rotated 
3.86" to the right in a 2-dm. tube) while the second fraction which separated from the 
solution had [a]? f 132.9". A specific rotation of [a]? +133.2' was accordingly 
accepted as correct for an aqueous solution of a-cyclohexylglucoside. The same speci- 
men was carefully dried in a vacuum before analysis. 

Anal. Subs., 0.1486: COI, 0.2987; HzO, 0.1138. Calcd. for C12H2206 (cycle- 
hexylglucoside): C, 54.92; H, 8.45. Found: C, 54.82; H, 8.56. 

For preparation of the chloroform, see note 13 to Part 11. 
lo Kunz and Hudson, THIS JOURNAL, 48, 1982 (1926). 
l1 ZemplCn, Ber., 59, 1254 (1926). 
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The new glucoside, which crystallized as small, stout prisms or as Thick prismatic 
needles, had a melting point of 125126" and was very soluble in cold water, acetone or 
alcohol, rather less so in hot ethyl acetate and benzene, but was iilsoluble in chloroform, 
ether and petroleum ether. I t  failed to rednee Fehling's solution. It is very bitter 
in taste. 

The author expresses his thanks to the International Education Board, 
whose support has made this investigation possible, and also wishes to 
thank Dr. C. S. Hudson for his helpful suggestions. 

Summary 
Tetra-acetyl-0-cyclohexylglucoside was readily rearranged by titanium 

tetrachloride to the isomeric alpha form and the use of this inorganic chlo- 
ride in promoting such a transformation has therefore been extended to the 
acetylated glucoside of a hydro-aromatic alcohol. a-Cyclohexylglucoside 
was prepared from the acetate by de-acetylation. The observed rotations 
of the new a-glucoside and its acetate agree well with values calculated by 
Hudson's second isorotation rule and the agreement shows that the oxidic 
ring in the cyclohexylglucosides and their acetates is the same as the ring of 
the normal methylglucosides, namely, 1,5, as recently allocated by Hudson. 

WASHINGTON, D. C. 

[CONTR~BUTION PROM THE POLARIMETRY SECTION, BURF~AU OF STANDARDS, UNITED 

STATES DGPARTMENT OP COMMERCE] 

ACTION OF TITANIUM TETRACHLORIDE ON DERIVATIVES OF 
SUGARS. IV. TRANSFORMATION OF HEPTA-ACETYL-BETA- 

METHYLCELLOBIOSIDE TO THE ALPHA FORM AND THE 
PREPARATION OF ALPHA-METHYLCELLOBIOSIDE1 

BY EUGEN PACSU 

RECEIVED MARCH 31, 1930 PUBLISHED JUNE 6, 1930 

I t  has been shown in the previous articles that the preparation of alpha 
glucosides from the respective beta compounds by the action of titanium 
tetrachloride can be accomplished with various types of beta glucosides. 
Transformations were obtained where the aglycon (i. e. ,  non-sugar com- 
ponent) of the glucoside was a single methyl group, an unbranched chain of 
six carbon atoms or a hydrogenated benzene ring. The mechanism of the 
reaction appears to consist in the formation of a halochromic double com- 
pound of titanium tetrachloride with the fully acetylated beta glucoside in 
absolute chloroform solution and the rapid isomerization of this compound 
on heating the solution, with the resulting production of acetylated alpha 
glucosides. All the transformations have been made so far with derivatives 
of only one sugar, d-glucose, a representative of the monosaccharides; the 

1 Publication authorized by the Director of the Bureau of Standards. Part I11 
was published in THIS JOURNAL, 52, 2568 (1930). 
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extension of the method to the production of alpha glycosides of the reduc- 
ing disaccharides from their beta forms, which are easily accessible through 
the Koenigs-Knorr synthesis, was next undertaken and the results in the 
case of methylcellobioside, where the alpha form has now been synthesized, 
are reported in this article. 

Beta-hepta-acetyl-methylcellobioside, first described by Hudson and 
S a ~ r e , ~  was prepared from cellobiose octa-acetate through the acetobromo 
derivative. Certain modifications of their directions gave an increased 
yield, as will be described in the experimental part. Titanium chloride 
caused beta-hepta-acetyl-methylcellobioside to  rearrange in chloroform 
solution in the course of six hours' heating and the main product was the 
alpha form of this substance, of m. p. 185O and [a]% +55.7O in chloroform, 
when pure. Consideration of the rotatory powers, as will presently be 
discussed, shows that this substance has the same ring structure as the 
original beta form. There was also isolated from the reaction mixture a 
small quantity of a second crystalline substance, showing a sharp melting 
point of 174' and [a]g +23.8O in chloroform. Its hydrolysis by acids 
yielded d-glucose as the sole sugar component and i t  thus appears to  be a 
derivative either of cellobiose or some other di-glucose disaccharide. The 
de-acet~dation of alpha-hepta-acetjrl-methy1~e~l0bi0side gave a good yield 
of crystalline alpha-methylcellobioside, of m. p. 144-145 and [a]% -I-96.8" 
in water, when pure. 

The rotations of the alpha and beta forms of methylcellobioside and their 
hepta-acetates may be compared through Hudson's isorotation rule in the 
way that has been indicated in the two preceding articles. 

ROTATIONS OF THE ALPHA AND BSTA FORMS OP METHYLCELLOBIOSIDE (MoL. WT. 
356) AND THEIR HEPTA-ACETATSS (MoL. WT. 650) 

Substance M. p., OC. [ a ] ~  [MID Solvent 

a-Methyl cellobioside 144-145 +96.8 +34,460 = + A

f  

+ B' Hz0 
p-Methyl cellobioside 193 - 18.9 - 6 , 7 3 0 ~ - A ' + B f  HzO 

Hepta-acetates of 
a-Methyl cellobioside 185 +55.7 +36,200 = +A + B CHCI, 
@-Methyl cellobioside 187 - 2 5 4  - 1 3 , 2 6 0 = - A + B  CHCls 

Hudson and Johnson3 have shown that the value of B, which is obtained 
from the rotation of the alpha and beta forms of cellobiose octa-acetate, 
is +8,800 and from this value i t  was predicted by Hudson and Sayre2 
fifteen years ago that the specific rotations of the alpha and beta forms of 
hepta-acetyl-methylcellobioside in chloroform would be +56 and -28, 
respectively. They synthesized the beta form and its rotation (-25.4) 
agreed satisfactorily with the calculated value. The alpha form could not 

Hudson and Sayre, THIS JOURNAL, 38, 1867 (1916). 
Hudson and Johnson, ibid., 37, 1278 (1915). 
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be made at  that time because of the lack of a suitable method. The sub- 
stance has now been synthesized and its rotation (f55.7) agrees closely 
with their calculation. The agreement proves that the primary ring 
structure of the methylcellobioside hepta-acetate is the same as that  of 
alpha and beta forms of cellobiose octa-acetate, since the value of B that 
is used in the calculations was obtained from the rotations of the latter 
substances. The value of A from these acetylated methylcellobiosides is 
(36,200 + 13,260)/2 = 24,730, which is in good agreement with previous 
measurements of this value by Hudson and Dale4 from the rotations of the 
acetylated methylglucosides, galactosides and xylosides. The value of A' 
from the methylcellobiosides is (34,460 + 6730)/2 = 20,595, in comparison 
with the average value of about 18,500 that was found by Hudson5 from 
the rotations of the methylglucosides, galactosides, xylosides and arabino- 
sides. The difference corresponds to about 6' in the specific rotation of the 
methylcellobiosides. The value of B' is (34,460 - 6730)/2 = 13,865; 
this is the first measurement of the rotation of the cellobioside chain. If 
one now combines it with the rotation of beta-cellobiose (B' - ao, = 
5470) there results a o ~  = 8395, in good agreement with the value of aow 
from the glucose series (8440). I t  is evident from these agreements that  
all these substances of the cellobiose series possess the same kind of primary 
ring, which has been shown by Hudson6 to be of the 1,5 type. 

Experimental 
Preparation of Alpha-Acetobromocellobiose and Beta-Methylcellobioside Hepta- 

acetate.-Forty grams of cellobiose octa-acetate was digested with 100 cc. of glacial 
acetic acid for a few minutes on the water-bath and the mixture was then cooled to 20 
and 20 g. of acetic anhydride was added, followed by 130 g. of a solution of hydrobromic 
acid in glacial acetic acid, prepared by saturation with hydrogen bromide gas a t  0". 
The octa-acetate slowly dissolved during one and one-half hours at  room temperature 
and the mixture was then kept overnight in the ice box. In the morning the crystalline 
mass was shaken with 2 liters of water and ice and some chloroform. The chloroform 
layer was washed with ice-cold dilute potassium bicarbonate solution, then several times 
with cold water and dried with calcium chloride. I t  was decolorized with activated 
carbon and concentrated to 100 cc. under reduced pressure. On the addition of 200 
cc. of ether, 39.2 g. of alpha-acetobromocellobiose crystallized immediately; yield, 
95% of the theoretical. 

A solution of the acetobromocellobiose in 500 cc. of methyl alcohol was shaken for 
a few minutes with 25 g. of freshly prepared silver carbonate and then gently refluxed on 
the steam-bath, with frequent shaking, during one hour. The hot solution was filtered 
by suction through a layer of decolorizing carbon, which was then washed with hot 
methyl alcohol. The filtrate crystallized quickly on cooling and the crystals were 
washed with methyl alcohol followed by ether. A second crop was obtained from the 
mother liquor and the total yield was 34.7 g. (95% of the theoretical) of beta-methyl- 
cellobioside hepta-acetate. The product was recrystallized once from 40% methyl 

Hudson and Dale, THIS JOURNAL, 40, 997 (1918). 
Hudson, ib id . ,  47, 268 (1925). 
Hudson, ibid., 52, 1707 (1930). 
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alcohol; yield, 32.4 g. of substance of [alo -24.0 in chloroform. The value found by 
Hudson and Sayre is -25.4. 

Transformation of Beta-Methylcellobioside Hepta-acetate to the Isomeric Alpha 
Form.-On mixing a solution of 6 g. of titanium tetrachloride in 50 cc. of absolute7 
chloroform with one of 20 g. of beta-methylcellobioside hepta-acetate in 300 cc. of the 
same solvent, a lemon yellow amorphous halochromic compound immediately separated 
but  rapidly redissolved on shaking. The solution was gently refluxed for six hours 
with exclusion of moisture by a calcium chloride tube; the color slowly changed to 
grayish brown. After the usual treatment with ice water, potassium bicarbonate solu- 
tion, etc., the dextrorotation of the slightly colored chloroform solution corresponded to 
about [aIn 50 for the solute. Concentration of the solution under reduced pressure 
yielded a thick sirup which soon crystallized; the mass was dissolved in 250 cc. of hot 
95% alcohol and on cooling there separated globular masses of crystals (10.5 g.) showing 

45.8 in chloroform. The material is a mixture and by successive recrystallizations 
from absolute alcohol a small quantity of a substance was obtained of sharp melting 
point a t  174" and [a]? 23.8 (0.4537 g. in 25 cc. of chloroform solution rotated 0.865 to  
the right in a 2-dm. tube), which did not change on further recrystallization. This 
appears to  be a by-product of the reaction, as  its rotation indicates that it  is not the 
expected alpha isomer; since its hydrolysis by  acids yields glucose as the sole sugar, 
i t  seems t o  be a derivative of cellobiose or of some similar di-glucose disaccharide which 
has been produced from cellobiose. It will be investigated further. The mother 
liquor from which the 10.5 g. of crystals, previously mentioned, had separated was kept 
for one day in the ice box and 5 g. of long flexible needles separated, showing [a12 54.4 
2nd zfter one rew~sta!!iza~or, 55.7 (0.303 g. in 25 ec. of chioruform solution rotate6 
1.35 t o  the right in a 2-dm. tube), a value which was not changed by two further re- 
crystallizations. The rotation of this substance, its analysis and de-acetylation t o  give 
what is evidently alpha-methylcellobioside (as shown by the rotation and analysis of 
the  latter) show that it  is the expected alpha-methylcellobioside hepta-acetate, and it  
was obtained in about 25% yield from its beta isomer. I t s  melting point is 185' and 
in its solubility in organic solvents it closely resembles the beta isomer except tha t  i t  is 
more soluble in absolute alcohol. 

An acetyl estimation by the method of Kunz8 corresponded with the composition 
of a hepta-acetate of methylcellobioside; 0.5126 g. of substance in acetone solution a t  
0" neutralized 55.4 cc. of 0.1 N potassium hydroxide in comparison with the calculated 
value, 55.17 cc. 

Preparation of Alpha-Methylcellobioside by the De-acetylation of its Hepta- 
acetate.-The acetate was de-acetylated by Zempl6n'sg method, with slight modifica- 
tions. Forty cubic centimeters of a 0.5 N solution of sodium methylate in absolute 
methyl alcohol was slowly added from a buret t o  a n  ice cold solution of 8.3 g. of pure 
alpha-methylcellobioside hepta-acetate in 60 cc. of absolute chloroform and the mixture 
was kept for one hour in an ice and salt bath. The sodium methylate addition product 
separated as a gelatinous mass. Ten cubic centimeters of water were then added and 
after fifteen minutes a t  room temperature 200 cc. of 0.1 N sulfuric acid was added t o  
convert the sodium acetate to  sulfate. The water layer was then concentrated under re- 
duced pressure to a thin sirup which was taken up in absolute alcohol and the sodium 
sulfate filtered off. The filtrate was concentrated similarly t o  dryness, the residue was 
extracted with hot absolute alcohol and the solution was decolorized with carbon. After 
one day i t  yielded 4.15 g. of microscopic needles (92% of the theoretical) showing 

Prepared as described in Footnote 13, Part  IT. 
Kunz and Hudson, THIS JOURNAL. 48, 1892 (1926). 
ZemplCn, Ber., 59, 1254 (1926). 
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[(r]y 96.6 in water (0.244 g. of substance in 25 cc. of chloroform solution rotated 1.73 
to the right in a 2-dm. tube). Successive recrystallizations gave the values 97.1, 96.8 
and 96.7 and the value 96.8 is accepted for pure alpha-methylcellobioside. The pure 
substance melts a t  144-145", tastes faintly sweet and does not reduce Fehling's solution. 
The crystals which had been dried in a desiccator a t  room temperature did not lose 
weight appreciably when kept a t  110 O in vacuo for four hours. 

Anal. Subs, 0.155: C02. 0 249; HzO, 0 096. Calcd. for Ct~H240tt: C,. 43.79; 
H,6.79. Found: C,43.5: H.693. 

The author expresses his thanks to the International Education Board 
for the grant of a fellowship which enabled him to carry out this investiga- 
tion. He also thanks Dr. C. S. Hudson for helpful suggestions. 

Summary 

Alpha-methylcellobioside has been synthesized through the transforma- 
tion of the known beta-methylcellobioside hepta-acetate to  its new alpha 
isomer by the action of titanium tetrachloride, followed by de-acetylation. 
The rotations of the various substances agree in first approximation with 
the values predicted by Hudson's rules of isorotation and the results indi- 
cate that the primary ring in all of them is of the 1,5 type. The titanium 
tetrachloride transformation yielded along with alpha-methylcellobioside 
hepta-acetate a second crystalline substance which showed in a pure con- 
dition 23.8 in chloroform and rn. p. 174; it is being studied further. 

WASHINGTON, 9. C. 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OP THB UNIVERSITY OF ILLINOIS] 

A SYNTHESIS OF METHIONINE 

BY WALLACE WINDUS AND C. S. MARVEL 

RECEIVED APRIL 23, 1930 ' PUBLISHED JUNE 6, 1930 

Several years ago Muellerl isolated from the hydrolytic products of 
casein a new amino acid which contained sulfur. He determined its com- 
position and prepared some derivatives. More recently Barger and Coyne2 

have demonstrated that this amino acid was y-methylthiol-cr-amino-n- 
butyric acid and succeeded in synthesizing the racemic compound from 
methylthiolpropionaldehyde by use of the Zelinsky-Stadnikoff modifica- 
tion of the Strecker method. The yields were not very satisfactory and the  
starting materials are not readily available. 

A new synthesis of this interesting amino acid has been accomplished 
which seems to be more satisfactory as a method of preparation than the  
original method of Barger and Coyne. The reactions involved are repre- 
sented by the following outline 

1 Mueller, J. Biol. Ckem., 56, 167 (1923). 
Barger and Coyne, Biochem. J., 22, 1417 (1928). 
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NaOCzH6 KOH 
CHjS--CH2CHtCl - CH~--S-CHZCH~-CH(COZCZH~)~ -----+ 

CHz(C0zCzHe)z then acid 

-- 

VI VII 
H 

CH~S-CHZCHZC-(COZH)~ -+ CH3S-CH2CH2C-C02H 
NHz NHz 

VIII I X  

The preparation of methylthiolethyl chloride (IV) has recently been de- 
scribed by K i r ~ ~ e r . ~  It was found more convenient to work with absolute 
alcohol solutions of sodium methyl mercaptide than to use the ether sus- 
pension which Kirner recommended, even though the yields of methyl- 
thiolethyl alcohol (111) were somewhat lower when alcohol was used as the 
solvent. The malonic ester reaction gave a 45% yield. The saponification 
of the ester and isolation of the dibasic acid ran smoothly and the yields 
were about 72-73% of the theoretical amount. The dibasic acid was 
brominated in dry ether and immediately treated with ammonia to reduce 
to a minimum the chance for addition of the bromo compound to the sulfur 
atom of the same or another molecule to give complex sulfonium salts. 
No intermediate products were isolated between the methylthiolethyl- 
malonic acid (VI) and the final methionine (IX). The yield of methionine 
based on this malonic acid derivative was about 24%. 

The product which was obtained agreed in its properties with those re- 
ported by Barger and Coyne2 for their synthetic product. 

Experimental Part 
Methylthiolethyl Chloride.-Methyl isothiourea sulfate was prepared in 90-9570 

yield by the method of Arndt.4 This was hydrolyzed by aqueous alkali4 and the methyl 
mercaptan was absorbed in alcoholic sodium ethylate solution. The methyl mercaptan 
obtained by the hydrolysis of 1120 g. of methyl isothiourea sulfate was absorbed in a 
solution of 138 g. of sodium in 3 liters of absolute alcohol. The solution was heated to 
boiling and 524 g. of ethylene chlorohydrin was added from a separatory funnel a t  such 
a rate that the solution continued to reflux gently. The mixture was boiled overnight 
after the ethylene chlorohydrin had been added. Most of the alcohol was distilled 
and the concentrated solution was centrifuged to remove the sodium chloride. The 
salt was washed with alcohol and the washings were combined. The alcohol was 
removed and the methylthiolethyl alcohol was distilled under reduced pressure. The 
yield was about 221 g. (40% of the theoretical amount) of a product which boiled a t  
58-68' a t  15 mm. 

a Kirner, THIS JOURNAL, 50,2446 (1928). 
Arndt, Ber., 54, 2236 (1921). 
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The alcohol was converted to the chloride by the method described by Kirner3 
in yields of about 60% of the theoretical amount. 

Diethyl P-Methylthiolethylmalonate (V).-In a 2-liter three-necked flask fitted 
with a separatory funnel, a reflux condenser and a mechanical stirrer was placed 600 
cc. of absolute alcohol (dried over magnesium methylate) and 30 g. of sodium was added 
in portions. To the slightly cooled solution of sodium ethylate was added 185 g. of 
diethyl malonate. Then 145 g. of methylthiolethyl chloride was added from the sepa- 
ratory funnel over a period of three hours. The mixture was boiled under a reflux 
condenser overnight to complete the reaction. The reaction mixture was then worked 
up in the usual manner and the malonic ester derivative was distilled under reduced 
pressure. The yield was 136 g. (457, of the theoretical amount) of a product which 
boiled a t  166-167' a t  30 mm. At atmospheric pressure (745 mm.) the product boiled 
a t  275-280'; d:' 1.051; n: 1.4675; M,, calcd., 59.67; found, 60 57. 

Anal. Subs., 0.2012, 0.1656, 0.2028: BaS04, 0.2064, 0.1680, 0.2003. Calcd. for 
CloHlsOS: S, 13.67. Found: S, 14.08, 13.98, 13.97. 

P-Methylthiolethylmalonic Acid (VI).-Twenty grams of the above ester were added 
dropwise to a boiling solution of 20 g. of potassium hydroxide in 80 cc. of 907' alcohol. 
The mixture was boiled under a reflux condenser for three hours. Then 100 cc. of water 
was added and the alcohol was distilled as completely as possible. The solution was 
cooled to O 0  and made acid to Congo paper by the careful addition of hydrochloric acid. 
The water solution was extracted with ether several times. The ether layers were 
evaporated under reduced pressure and the residue dried in a desiccator over phosphorus 
pentoxide. The dried product was then purified by dissolving it in hot chloroform and 
adding sufficient petroleum ether to make the solution slightly turbid. On cooling the 
malonic acid crystallized. It was filtered and dried. There was thus obtained 11 g. 
(73% of the theoretical amount) of a product which melted at 92-93". The product 
began to lose carbon dioxide a t  about 128'. Titration gave a neutral equivalent of 87 
instead of the theoretical 89. 

Methionine (IX).-In a three-necked 300-cc. flask fitted with a reflux condenser, a 
separatory funnel and a mechanical stirrer, was placed a solution of 10 g. of P-methylthiol- 
ethylmalonic acid in 100 cc. of anhydrous ether. The stirrer was started and a solution 
of 9 g. of bromine in 50 cc. of anhydrous ether was added dropwise. The bromination 
started immediately and proceeded rapidly so that the color of free bromine had dis- 
appeared within a few minutes after the last of the solution had been added. 

As soon as the bromine color had disappeared, the solution was poured into ten 
times the theoretical amount of aqueous ammonia in a glass-stoppered bottle. The 
mixture became warm and was cooled in ice. The mixture was shaken thoroughly to 
extract all of the bromo acid from the ether layer and was then allowed to stand a t  ordi- 
nary temperature overnight. Longer standing did not improve the yields. The ether 
layer was separated and discarded as it contained no valuable product. The aqueous 
solution was evaporated on a steam cone under reduced pressure to a volume of about 
50 cc. in order to remove most of the ammonia. The residue was neutralized with a 
very slight excess of hydrobromic acid and evaporated to dryness. Excess hydrobromic 
acid had to be avoided as it seemed to destroy the methionine. When no hydrobromic 
acid was added a very poor yield was obtained. 

The residue, which consisted of ammonium bromide and the hydrobromide of the 
aminomalonic acid derivative, was heated in an oil-bath held a t  140" for about three 
hours. The residue was taker1 up in water and filtered to remove a little insoluble 
material. To the solution was added 5 cc. of pyridiue and three volumes of hot alcohol. 
On cooling the methionine separated as white crystals. I t  was recrystallized by dis- 
solving in water and precipitating with alcohol. By working over the mother liquors 
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there was obtained a total of 2 g. (24% of the theoretical amount) of the desired amino 
acid. The product melted a t  272' (uncorr.) and the picrolonate darkened a t  176- 
179" and melted at 179-180'. Barger and Coyne report the two melting points as 281 " 
and 178 ", respectively. 

Anal. Subs., 0.1584, 0.1080: BaS04, 0.2521, 0.1692. Calcd. for C~HUOZNS 
S, 21.5. Found: S,21.84,21.51. 

Summary 

A new synthesis of methionine, y-methylthiol-a-amino-n-butyric acid, 
has been described. 

THE SPECTROSCOPIC DETERMINATION OF THE DECOMPOSITION 
PRODUCTS OF ORGANIC COMPOUNDS. BENZENE IN THE 

ELECTRODELESS DISCKARGE 
Sir: 

An interesting and beautiful phenomenon is observed if benzene vapor a t  
about 0.1-mm. pressure is subjected to  the electrodeless discharge. At 
first a greenish glow appears near the walls of the flask adjacent to the wires. 
Almost immediately this spreads through the entire flask, turns red, and is 
extinguished by the resultant decomposition and recombination to form a 
solid hydrocarbon. This stops the discharge by lowering the pressure. 
After 40 discharges of this type the walls of the flask are found to be 
covered by a thin, transparent, amber-colored deposit. 

However, if benzene vapor is admitted a t  just the rate to keep the pres- 
sure a t  a value suitable for the discharge, the glow persists and the ac- 
companying decomposition and synthesis proceed continuously for an 
hour or more. Thus several thousand liters of the vapor are completely 
decomposed and quantitatively converted into a reddish-brown flaky pow- 
der. This has the same composition as benzene, according to the analysis 
of Dr. I. E. Muskat, but a much higher molecular weight. The formula is 
thus (CH),. 

The spectrum, (Pig. 1) indicates that the benzene molecules rapidly de- 
compose into molecules of C2 and CH, and atoms of Cf and H. Thus the 5 
groups of Swan bands, and a considerable number of the other Cz bands, 
as discovered by Deslandres and DJAzambuja, were found, as well as the 
X4300 and X3900 bands of CH. In  addition the first four lines of the 
Balmer series of hydrogen, and the line spectrum of C+ appeared. 

The C2, CH, Cf and H seem to combine completely to form the reddish- 
brown hydrocarbon, as evidenced by the fact that several thousand liters 
of benzene vapor decompose without giving enough gaseous residue to 
raise the pressure sufficiently to extinguish the discharge. 

The spectra were photographed by Hilger quartz spectrographs, and a 
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Steinheil glass spectrograph of high dispersion. The apparatus (Fig. 2) 
consisted of a liter flask with a quartz window, connected with a gage and 
vacuum pump, and surrounded by 6 coils of wire from a 25,000-volt trans- 
former and a condenser of 0.02 microfarads capacity. This stores about 
1 calorie of energy at  25,000 volts. The benzene is dried with great care 
before it is put into the apparatus, and its vapor passes through a tube (D) 
of phosphorus pentoxide just before it enters the flask. 

The frequency of the dis- 
charge was 1000 kilocycles per 
second. The pressure at  which 
the discharge acts rises with in- 
creasing distance between the 
terminals of the spark gap. 
Thus with a 1.5-mm. spark gap 
the maximum pressure is 0.05 
mm., while with a gap of 6 mm. 
the maximum pressure is 0.25 
mm. 

In so far as the spectra found 
are excited by electronic col- 
lisions, the velocities of the elec- 

Fig. 2.-Apparatus for the decomposition of 
trons range between 1.9 and 3.6 

organic vapors. volts or between 0.85 X lo8 and 
1.14 X lo8 cm. per second. The 

limits probably extend farther in each direction. The intermediate prod- 
ucts in the decomposition of other organic compounds, such as methane, 
acetylene, phenol, etc., will be determined, since the spectroscopic method 
is one of great convenience and usefulness. 

THE HEAT OF FORMATION OF MOLECULAR OXYGEN 

Sir: 
The reported values for the heat of formation of molecular oxygen range 

from 162,000 to 110,000 calories. These values have all been determined 
by indirect methods. A direct determination of the heat of formation of 
molecular oxygen has now been obtained using an apparatus essentially 
the same as that of Bichowsky and the author1 for hydrogen. This appa- 
ratus employs the method of Weide and Bichowsky2 for determining the 

Bichowsky and Copeland, THIS JOURNAL, 50, 1315 (1928). 
Weide and Bichowsky, ibid., 48, 2529 (1928). 
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percentage dissociation of a diatomic gas. Atomic oxygen was produced 
by means of the electrodeless discharge. The recombination took place 
on the surface of a calorimeter coated with palladium black. It has been 
shown that water vapor is necessary for the production or a t  least for the 
maintenance of the atomic gas. 

In the preliminary experiments reported at  this time 16 to 25% dissocia- 
tion was realized at  a distance of 10 cm. from the discharge bulb at pres- 
sures of 0.1 to 0.2 mm. of mercury. The validity of the application of 
Knudsen's formula for the measurement of the percentage dissociation a t  
these pressures has been established experimentally by measuring the rate 
of flow of oxygen through the orifices at  the two limiting pressures and also 
the rate of flow of hydrogen a t  one pressure lying between these limits. 
The heat of formation of molecular oxygen as given by these experiments is 
7.2 (+ 0.2) volts or 165,000 (*5000) calories per gram molecular weight. 
I t  is to be noted that although this value is in good agreement with some of 
the older values, it is considerably higher than those reported within the 
last year. As it is quite possible that the presence of metastable atoms is 
giving too high a value, further experiments are now in progress using 
different pressures and different lengths of path, under which conditions 
the average life of a metastable atom should be changed. It is hoped in 
this manner either to prove the absence of metastable states or a t  least to 
be able to correct for their excess energy should they be present. 

ELECTRO-DEPOSITION OF METALLIC BERYLLIUM 
Sir: 

We wish to announce that as a result of work carried on for a number of 
years we have been able to obtain metallic beryllium by the electrolysis of 
solutions of beryllium salts in various organic and inorganic non-aqueous 
solvents. Although the solutions of beryllium salts in substituted am- 
monia~ give deposits of metal, the most satisfactory solvent is liquid am- 
monia itself either alone or with the addition of salts or other compounds 
which lower the vapor tension of the solution and increase the solubility of 
beryllium salts. Thus the metal has been prepared from solutions which 
may be electrolyzed at  room temperature. The metal obtained by these 
electrolyses is so pure that it is insoluble in even the strongest acids unless 
the metal is in contact with a more electro-negative metal such as platinum. 
Under the microscope the metal is seen to be crystalline. 

Hitherto all attempts to dehydrate beryllium salts have yielded basic 
National Research Fellow in Chemistry. 
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salts, due to  partial hydrolysis. We have discovered that beryllium salts 
may be dehydrated by heating in fused ammonium salts. Beryllium salts 
so dehydrated may be electrolyzed in liquid ammonia solution without re- 
moving the excess ammonium salts and yield metallic beryllium. 

THE STRUCTURE OF "GUM LEVAN" 
Sir: 

"Gum Levan," formed by the action of Bacillus mesentericus on cane 
sugar, has been definitely identified by hydrolysis, acetylation and methyla- 
tion experiments conducted in this Laboratory as a polymerized anhydro- 
fructofuranose, the linkages being a t  positions 2 and 6 of the fructose sugar 
chain, as compared with the 1,2-linkage in the case of inulin. I t  can be 
prepared in a pure state, free from nitrogen and ash, by the action of the 
enzyme isolated from the organism. 

CHzOH 
I 

HOCH I 
I 

HCOH 
I 

1 
I 

"Gum Levan" 

CHZ- 
I 

HCOH 
I 

Inulin 

When submitted to the action of Bacillus xylinunz it yields a new product, 
apparently more highly polymerized, which is a t  present under investigation. 

Methylation of "levan" yields a trimethyl derivative which on hy- 
drolysis gives a new crystalline 1,3,4-trimethylfructofuranose, m. p. 63', 
the first crystalline y-sugar to be isolated. I ts  constitution is confirmed 
by its inability to form an osazone, transformation to tetramethyl-y- 
fructose, and oxidation by nitric acid to  yield a dibasic dimethyl lactol 
acid. The diethyl ester of the latter on methylation and treatment with 
dry ammonia gives a crystalline diamide, m. p. 138'. 

The bearing of these facts on the nature of plant synthesis is to be dis- 
cussed in a forthcoming article. 

Further researches in connection with the action of Leuconostoc mesen- 
teroides and other bacteria (as well as their corresponding enzymes) on 
carbohydrates are in progress. 
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PHENYL URETHAN ANESTHETICS 

Sir: 
In  a recent paper1 the writer described several phenyl urethan deriva- 

tives of dialkyl amino alcohols, and called attention to their great local 
anesthetic activity. While other compounds of these amino alcohols have 
not been reported, the activity of the phenyl urethans immediately sug- 
gested a study of similar compounds derived from the amino alcohols which 
are the bases of the popular local anesthetics b u t 9  and novocaine. These 
compounds were accordingly prepared by the action of phenyl isocyanate 
on the proper amino alcohol in ether solution. The hydrochlorides were 
precipitated with gaseous hydrogen chloride and recrystallized from a 
mixture of acetone and ethyl acetate. The y-di-n-butylaminopropanol 
phenyl urethan hydrochloride (I) melts a t  123-124' (Calcd. for C18H31- 
OzNzCl: Cl, 10.4. Found: C1, 10.1, 10.5), and the 8-diethylamino- 
ethanol phenyl urethan hydrochloride (11) nielts a t  138-139° (Calcd. for 
C13Hz102NtC1: C1, 13.0. Found: Cl, 12.9). One per cent. aqueous solu- 
tions of butyn and novocaine and the corresponding molecular concen- 
trations of the two homologous phenyl urethan hydrochlorides were applied 
to the cornea of the rabbit for one minute and the durations of the resulting 
anesthesias were timed. The results are as follows. 

Percentage Duration of anesthesia 
Compound concentration of rabbit's cornea, minutes 

Butyn 1 25 
I 0.96 36 
Novocaine 1 Incomplete 
I1 1 9 

Thus both phenyl urethan derivatives produce anesthesias of decidedly 
longer duration than similar molecular concentrations of their pamino- 
benzoate homologs. This material although not yet complete demon- 
strates most convincingly the value of a study of phenyl carbamic acid 
esters as local anesthetics. A further study is being made of other proper- 
ties of these compounds and of the general field of phenyl urethan local 
anesthetics. 

LABORATORY OF PHARMACOLOGY AND TOXICOLOGY 
YALE UNIVERSITY SCHOOL OF MEDICINE 

NEW HAVEN, CONNECTICUT 
RECEIVED MAY 17, 1930 
PUBI.ISH&D JUNE 6,  1930 

1 Rider, THIS JOURNAL, 52, 2115 (1930). 



2584 COMMUNICATIONS TO THE EDITOR Vol. 52 

T H E  PHOTOCHEMICAL DECOMPOSITION OF NO2 

Sir: 
The band spectrum1 of NO2 shows regions of diffuse absorption below 

3700 A. and 2448 A. These have been interpreted by R. Mecke2 and V. 
Henri3 as predissociation spectra. At 3700 A. the NO2 should decompose 
into NO and a normal 0 atom, whereas a t  2448 A. the oxygen atom should 
be in a ('D) state. If these statements are correct, then i t  should be pos- 
sible to  prove chemically the presence of oxygen atoms. Therefore mix- 
tures of NOz with HZ, HZ + 0 2  and CO + 0 2  have been exposed to light of 
various wave lengths. 

With light of wave length below 3700 A., Hz0 and COZ were formed. 
From the ratio of the quanta of light absorbed to the amount of water 
formed it was calculated that the reaction 

O+Hz-- - ,OH+H 

proceeds at least lo4 times as slowly as the reaction 
0 + N O z + N O  4 - 0 2  

when the oxygen atom is not excited. With shorter wave lengths (from 
Cd, A1 and Zn sparks) the efficiency of water formation was greater. 

From this it may be concluded that in the regions of predissociation oxy- 
gen atoms are actually produced. Furthermore, the results obtained con- 
firm the observations of Ki~tiakowsky,~ that the probability of a reaction 
of an 0 atom with Hz forming OH + H is small. The experiments with 
added hydrogen and with added hydrogen and oxygen showed that a t  room 
temperature for each hydrogen atom less than two molecules of water are 
formed. 

The details will be given in a paper soon to appear. 

T H E  ADSORPTION OF COMPLEX AMMONIUM IONS BY SILICA GEL 

Sir: 
In preparing metallized silica gels by the method of Latshaw and Reyer- 

son,l i t  was early found that complex ammonium salts of platinum and 
palladium were most easily reduced to the metallic condition by adsorbed 
hydrogen. On the other hand, the ions of nickel and copper do not reduce 

1 I,. Harris, Proc. Nut. Acad. Sci., 14, 690 (1928). 
2 R. Mecke, Die Naturw., December 20 (1929); Z,  physik. Chem., 7B ,  108 (1930). 

V. Henri, Nature, 125, 202 (1930). 
G. B. Kistiakowsky, THIS JOURNAL, 52, 1868 (1930). 

6 International Research Fellow in Chemistry. 

1 Latshaw and Reyerson, THIS JOURNAL, 47, 010 (1925). 
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satisfactorily by the above method. It was, therefore, decided to attempt 
the reduction of complex salts of copper and nickel by passing hydrogen 
over silica gel containing these salts. When solutions containing complex 
cupric ammonium ions were poured on silica gel a surprising result occurred. 
The complex ammonium ions were found to be very strongly adsorbed by 
the silica gel. The first liquid which came through the silica gel was almost 
completely decolorized by the silica gel. The same result was found when 
complex ammonium ions of nickel were used. When these adsorbed ions 
are reduced by passing hydrogen over the dried gel an excellent metallic 
deposit results. The deposit resembles the palladium deposit of the pre- 
vious method very much. We are continuing the investigation with regard 
to the specific adsorption of complex ions as well as the use of the metallized 
gels thus produced. 
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Experimental Physical Chemistry. By FARRINGTON DANIELS, J. HOWARD MATHEWS 

and JOHN WARREN WILLIAMS. McGraw-Hill Book Company, Inc., New York, 
1929. xvi + 475 pp. 132 figs. 14.5 X 21 cm. Price, $3.50. 

The authors state in their preface that the purposes of this book are 
"to illustrate the principles of physical chemistry, to train in careful experi- 
mentation, to develop familiarity with apparatus, to encourage ability 
in research." These purposes have led them to divide the material into 
three sections: Laboratory Experiments (Part I ,  285 pp.), Apparatus 
(Part 11, 145 pp.), Miscellaneous Operations (Part 111, 29 pp.). 

Part I provides a laboratory manual of physical chemistry which is 
unique both in the number and variety of exercises listed and in the 
treatment of the individual experiment. One might hope to cover about 
a third of the 78 experiments in the usual one-year laboratory course. 
Harassed instructors who want their laboratory outlines ready-'made will 
get little comfort from this book, but others will find its wide scope a con- 
venience where equipment is limited, and a powerful stimulus t o  the am- 
bitious student. If necessary or desirable, a course of 25 or more exercises 
may be selected, involving only the conventional types of experiments 
and simple forms of apparatus. On the other hand, the material is 
sufficiently extensive to meet the needs of an advanced course such as 
electrochemistry, or a course introductory to research. Some of the topics 
covered which are seldom if ever included elsewhere are: viscosity of 
gases, specific heats of liquids, partial molal volumes, conductance in 
mixed solvents, decomposition potentials and overvoltage, the manganese 
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hydroxide electrode, activity and salt effect, application of the electron 
tube to electrometric titration, adequate experiments in colloid chemistry, 
excellent experiments in reaction velocity, including the decomposition of 
nitrogen pentoxide in carbon tetrachloride solution, electrochemistry of 
gases, phase-rule study of a 3-component system, photochemistry, radio- 
activity, including radioactive indicators, and a particularly detailed treat- 
ment of dielectric phenomena. In view of this profusion of material, 
some may regret the absence of experiments on gas-solid equilibria, oil 
films and the thermal conductivity of gases. 

Each experiment is treated under the headings: Theory, Apparatus, 
Procedure, Calculations, Practical Applications, Suggestions for Further 
Wo~k ,  References. "The imperative is not used. Procedures are de- 
scribed but orders are not given. The student must study the experi- 
ment first and then set his own pace-a method which develops both his 
power and his interest." In the majority of cases the theoretical treat- 
ment is adequate, even for experiments which must occasionally be per- 
formed before the material has been studied in class. The procedures 
as described will keep the instructor busy, but the able student is given a 
chance to show his mettle. 

Part I1 briefly describes the apparatus which has been found most 
suitable for advanced work or research on the topics covered by Part I. 
While not intended as a substitute for Ostwald-Luther, this section will 
impress the reader with its concise and critical description of satisfactory 
technique and apparatus, and with its numerous and well-selected refer- 
ences to the original literature. 

Part I11 consists of short chapters on Calibration, Thermostats, Ther- 
mometers, Glass Blowing and the Purification of Materials. An appen- 
dix gives tables for corrections 'to barometer readings, vapor pressure 
and density of water, and four-place logarithms. A useful subject index 
is included. 

Only a negligible number of errors or loose expressions have been de- 
tected. Por example, exception may be taken to "the D line of hydrogen" 
(p. 38), td the occasional loose use of "concentration" (p. 67), to the state- 
ment that "from a knowledge of the degree of ionization and concen- 
tration of the solute, it is possible to predict the electrical conductance" 
(p. 143), to the statement that the principle of the ordinary flowmeter is 
"that of the Pitot tube" (p. 293), etc. On the whole, however, the text 
gives evidence of unusually careful preparation. 

In the reviewer's opinion this book deserves the serious consideration 
of every teacher of physical chemistry. It is a volume from which the 
capable student may obtain enough, but not too much, guidance and real 
inspiration, both during his course and afterward. 

ARTHUR F. BENTON 
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Confkrences d1Actualit6s Scientifiques et Industrielles, 1929. (Lectures on Scientific 
and Industrial Actualities.) Preface by J. LEMOINE, Hermann et Cie., Paris, 
1930. viii + 270 pp. 126 figs. Price, paper cover, 35 francs. 

This collection is a series of popular lectures delivered during the spring 
of 1929 under the auspices of the Conservatoire National des Arts e t  
Metiers. The subjects and authors are: The Recent Crisis in Undulatory 
Optics, I,, de Broglie; The Magnetic Properties of Mesomorphic Sub- 
stances, G. Foex; Atoms of Light and Quanta, E. Bloch; The Photo-Elec- 
tric Cell and Its Applications, I,. Dunoyer; Radiation from Incandescent 
Objects, G. Ribaud; Electrical Production of Sound, Jullien; Structure of 
Spectra and of Atoms, I,. Bloch; High Pressure Vapors (applied to  heat 
engines), V. Kammerer ; Directed (radio) Waves and Their Applications, 
R. Mesny. In all cases the treatments are non-mathematical. Naturally, 
therefore, the laboratory and technical applications are treated in greater 
detail than the theoretical issues involved. For the most part the dis- ' 

cussions are such as to be easily grasped by one unfamiliar with the methods 
of advanced physics. As such they form an interesting r6sum6 of recent 
developments in the respective fields. 

HUGH M. SMALLWOOD 

L'Atomistica Moderna e la Chimica. (Modern Atomistics and Chemistry.) BY DR. 
M. HAISSINSKY, with a preface by NICOLA PARRAVANO. Ulrico Hoepli, Milan, 
1930. xii + 315 pp. 45 figs., 16 X 23.5 cm. Price, 35 lire. 

This book, written by a young Russian chemist who studied in Rome, is 
intended to show how much the newer development of atomic physics can 
do for the chemist in explaining his results. 

The first two chapters give a general and from necessity a rather sketchy 
review of the atomic constitution of matter, the kinetic theory of gases, the 
elementary charge, X-rays, radioactivity and the periodic system, the laws 
of thermodynamics and Nernst's theorem, with the necessity of introducing 
quanta. 

The third chapter explains the Bohr theory of the atom and its conse- 
quences for radiation and the periodic table. 

The next five chapters deal with the nature of the chemical forces from 
Bohr's standpoint and the connection between structure and properties, 
mainly for polar compounds. The author starts with Kossel's theory, the 
formation of complexes, dissociation, then describes the theories of Lewis 
and Langmuir-which are taken up again later-and then goes over t o  the 
case in which the purely electrostatic treatment has been most successful, 
namely, Bohr's theory of salt crystals. Chapter VII is devoted to  the re- 
searches, due to a large extent to Grimm, which systematize the physico- 
chemical properties of inorganic compounds and connect them with the 
electron structure of their parts. 
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The eighth chapter, on the deformation of electron orbits, forms a 
transition to homeopolar compounds. It starts with the polarizability 
of atoms, proceeds then to the influence of this property on the forces of 
attraction in solids and solutions, on crystal structure and color and ends up 
with a discussion of metals and pseudo-atoms (Goldschmidt and Grimm). 

The next three chapters treat reaction velocities, namely, in turn, 
photochemistry and its connection with absorption spectra, including 
the dissociation of molecules by light, then the role played by radiation in 
general in supplying the heat of activation, finally the connection between 
adsorption and catalysis. In this chapter the theory of intermediate com- 
pounds and the theory of active surface patches are explained. 

The last chapter (XII) introduces the new quantum mechanics, giving 
first the general ideas. Then the author shows in detail, that this theory 
gives the real clue to the nature of the homeopolar valence bqnd and that 
the results agree very well with the older theory of Lewis and Langmuir. 
The new theory of metallic conduction concludes the book. 

The author shows a real enthusiasm about his subject, is very clear in the 
presentation and shows excellent judgment in the difficult question how 
much deduction should be given in such a book. The first chapters con- 
tain a few errors (e. g., that in Bohr's atom the kinetic energy is higher far- 
ther out (p. 49)), but on the whole the book is very good. A few misprints 
occur ( e .  g., Figs. 14 and 15 should be interchanged). 

KARL F. H E R Z ~ L D  

Atoms, Molecules and Quanta. BY ARTHUR EDWARD RUARK, Ph.D., Physicist, 
Mellon Institute of Industrial Research, Lecturer in Physics at  the University of 

. Pittsburgh, and HAROLD CLAYTON UREY, Associate Professor of Chemistry a t  
Columbia University. McGraw-Hill Book Co., Inc., 370 Seventh Avenue, New 
York, 1930. xvii + 790 pp. 230 figs. Price, $7.00. 

The enormous volume of work which has appeared in the last few years 
on atomic physics has made the writing of text and reference books par- 
ticularly laborious and thankless. On the other hand it has increased 
the necessity for such summaries. The present volume will go a long way 
toward filling this very real need in that it presents a coherent and detailed 
account of both the experimental and theoretical sides of the subject. 

The authors state that their book was written to fulfil the requirements 
of both the newcomer to the subject and the experienced worker in the 
field. Regarded as a textbook the work possesses a number of advantages 
over its predecessors. In the first place, it is, of course, more up-to-date 
than the previous works. Aside from this, the authors are to be com- 
mended for having written in a style readily comprehensible to the reader 
who has not been trained in advanced physics. Too many of the previous 
books on atomic structure have been written exclusively for the physicist, 
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leaving the chemist, among others, to puzzle over an unfamiliar vocabu- 
Iary and mode of presentation. This fault has been obviated in the earlier 
parts of the book and minimized in the more advanced portions. 

The approach to  the subject is made bq. a detailed description of the 
classical experiments which led to the formulation of the older quantum 
theories. The authors then give a concise review of theoretical mechanics. 
This chapter will be of particular value to the student. The treatment is 
amplified by a number of illustrative examples worked out in detail, but i t  
is regrettable that the authors have not seen fit to include a number of 
workable problems. The development continues with a complete account 
of atomic and molecular spectra and the allied topics. Detailed discus- 
sions of the periodic system and of collision processes are also included in 
the review of the experimental work. Throughout this part of the book 
the Bohr model of the atom is to  a large extent retained. This is a proced- 
ure which may be open to criticism, but on the whole the authors have 
made their point to the effect that this retention of the older picture, in 
opposition to the trend of recent work toward elimination of too concrete 
models, is justifiable in a textbook in view of the greater clarity attained. 
Wherever the conclusions of the older theory have been altered by the new, 
the fact is pointed out and reference to the later treatment is given. 
The last two hundred pages of the book are devoted to  a description of 
the quantum mechanics of Schrodinger, Heisenberg and others. The 
treatment is clear and the material well arranged, but it is with this sec- 
tion that the student will probably experience the greatest difficulty, due 
for the most part to  the slowness of becoming conversant with the math- 
ematical vernacular. 

Taken as a textbook the work should be a valuable addition to  the stu- 
dent's library, from which he may expect to obtain the ability to  read 
current papers on the subject with intelligence and to apply the material 
both to his immediate work and to the formulation of new problems. 

Regarded as a reference, the volume cannot be expected to  be as valuable 
as i t  may be as a textbook. This is due to the fact that the large number 
of topics considered has necessitated a brevity of treatment which seems 
inconsistent with the function of a work of reference. Sven so, a book of 
this size cannot be justly criticized for the omission or compression of 
particular topics. One wonders, however, why the subject of radioac- 
tivity has been condensed to a scant four pages and why no mention is made 
of the recent theoretical treatment of this topic. 

On the whole, however, the authors are to be congratulated on having 
made a distinctive addition to  the literature of the new physics; an addi- 
tion which, it may confidently be hoped, will be a source of inspiration t o  all 
those who approach this latest field of conquest. 

HUGH M. SMALLWOOD 
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Kristallzeichnen. (Crystal Drawing.) By DR. ROBERT I,. PARKER, Lecturer at the 
Technical High School of Zurich. Gebriider Borntraeger, W 35 Schoneberger 
Ufer 12 a, Berlin, Germany, 1929. vi + 112 pp. 35 figs. 24 X 23.5 cm. Price, 
M. 30. 

Chemists have shown increasing interest in the problems of crystallogra- 
phy and crystal structure. This is one of the few books devoted entirely 
to the subject of crystal drawing and should prove very useful to those 
interested in the subject. I t  does not claim to be an exhaustive treatise. 

The book is divided into two parts. The first part deals with the theory 
and practice of crystal drawing methods. Pormulas are derived and 
methods of drawing are presented by figures. After a discussion of ortho- 
graphic and clinographic projections, the methods of intersection of edges 
on an axial cross, of coordinates of direction points of intersections on an 
axial cross, of stereographic projection and of gnomonic projection, are 
described. 

The author presents in detail a new method using the directions of inter- 
section edges. The directions of these edges are calculated in terms of 
azimuth angles from [001] taken as 0'. 

Tables, used to determine azimuth angles of various intersection edges 
for isometric crysiais and twenty common, non-isometric minerais, are 
given in the second part of the book. A moderate supply of drawing sheets 
accompanies the book for use with the tables in drawing. 

This book should be in every chemical library where crystal problems 
are being studied. 

J. P SCHAIRER 

Jahrbuch der organischen Chemie. (Yearbook of Organic Chemistry.) By Professor 
Dr. JULIUS SCHMIDT, Stuttgart. Franz Deuticke, Leipzig, Germany, and Vienna, 
Austria, 1930. xvi + 249 pp. 17.5 X 25.5 cm. Price, unbound, M. 24; bound, 
M. 27. 

In fulfilment of the promise made in the preceding number, the four- 
teenth volume of the Jahrbuch, dealing with the investigations completed 
in 1927, has appeared within half a year. The general plan and scope are 
the same as heretofore. The contents reflect the increasing interest of 
organic chemists in natural products but the author also devotes consider- 
able space to papers that deal with subjects of more general interest-the 
stereochemistry of nitrogen compounds and of bicyclic ring systems, the 
metallic derivatives of the aliphatic hydrocarbons, polynuclear hydro- 
carbons with condensed ring systems, and the like. 

E. P. KOHL~R 
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A Brief Introduction to the Use of Beilstein's "Handbuch der organischen Chemie." 
By ERNEST HAMLIN HUNTRESS, Ph.D., Assistant Professor of Organic Chemistry, 
Massachusetts Institute of Technology. John Wiley and Sons, Inc., 440 Fourth 
Avenue, New York, 1930. viii 35 pp. 15 X 23 em. Price, $1.00. 

Beilstein, the "organic chemists' Bible," is too widely known to  warrant 
description. There are, however, exceptional cases. One such was a 
foreign student who after having our beginners' course a t  Iowa State 
College went to Michigan to complete his undergraduate work. Inci- 
dental to some orienting questions, Professor Gomberg asked him if he knew 
"Beilstein." The reply was "No, he does not teach a t  Amcs." 

Refreshing as such ignorance may be, i t  is as nothing compared with a 
beginner's facile use of the fourth edition of Beilstein now appearing as 
occasional volumes. In  November, 1926, Dr. Stelzner informed us that  
there were then approximately 240,000 organic compounds, and the annual 
growth was about 6000. There will be then in June, 1930, about 261,000 
organic compounds. This is, of course, a rough approximation, but i t  gives 
one a fair idea of the increasing importance of the correct use of the system 
of classification to be followed in the continuous flow of new Beilsteins. 
Particularly is this the case when one reflects that "complete indexes" 
will only be available a t  about 10-year intervals. 

"The magnitude of the classification is such that some explanation of 
the main plan is desirable before the significance of its details can be ap- 
preciated. The main purpose of the pamphlet is to  present the funda- 
mentals of the scheme of classification in such a form that its students can 
obtain a sort of aerial view of the plan before proceeding with its details. 
For this reason, many interesting and intrinsically important phases have 
necessarily been omitted or restricted in scope of treatment." Dr. Hunt- 
ress' pamphlet admirably achieves its objective. There are many who will 
want to read i t  before turning to the guide for the use of Beilstein which 
was published last year by The German Chemical Society. Some may 
despair a t  the thought that the system is such that we now have, in a man- 
ner of speaking, an elementary guide to the use of a complete guide for the 
ready use of Beilstein. Whether we like it or not, and we may rejoice in i t  
in time, there is a system for all compounds to come and the mastery of 
this system is essential for the proper use of Beilstein. 

HENRY GILMAN 

Die Methoden der organischen Chemie. Ein Handbuch fiir die Arbeiten im Labora- 
torium. Vol. 111. (Methods of Organic Chemistry. A Handbook for Labora- 
tory Work.) Third, fully revised and enlarged edition. Edited by Professor Dr. 
J. HOUBEN, Berlin. Verlag Georg Thieme, Antonstrasse 15/19, Leipzig C 1, Ger- 
many, 1930. xxxviii + 1451 pp. 41 figs. Price, unbound, M 166; bound, M. 176. 

Few new editions can be so certain of a cordial reception from organic 
chemists as Houben's "Methods of Organic Chemistry." Refinements of 
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technique, new applications of physico-chemical methods to problems in 
organic chemistry, and new methods of detection, analysis and synthesis 
are usually dispersed in such a mass of current literature that only the most 
patient search discloses the best method available for preparing a substance 
or attacking a problem. Here "the Houben" brings relief because each 
succeeding edition has invariably reviewed the literature almost to the date 
of issue. The present edition of the third volume is no exception. 

For those who have used the second edition it will be sufficient to know 
that nearly the whole of this volume was prepared by the same competent 
men who were responsible for the second edition. The ground covered is 
likewise nearly the same-the only change being the inclusion of a chapter 
on anthocyanins in place of the section on polymerization which has already 
appeared in the third edition of the second volume. The great increase in 
size, therefore, is due to the incorporation of the new material which has 
accumulated in the decade between the two editions. 

For those who are unfamiliar with the earlier edition it may be useful to 
point out that the title of this text very inadequately describes its contents. 
This is in reality a very extensive treatise on organic chemistry written not 
merely-or even primarily-for those who need to know something about 
organic compounds, but for all those who have occasioc to work with them, 
and the separate sections have been prepared by collaborators who have 
worked with distinction in the subjects which they present. It comes 
from, and i t  is intended for the workshop, but its authors have not been 
content with merely providing directions for mechanical experimentation. 
A summary of a chapter taken at  random from one of the shorter sections 
will serve to illustrate the treatment. 

The chapter on oxido compounds was prepared by Meerwein, who is 
familiar with the field because he has made a systematic investigation of 
the action of benzo peracid on unsaturated hydrocarbons. It begins with 
a brief discussion of the classification and nomenclature of oxido com- 
pounds, then proceeds to a description of seven methods of preparation 
including the most recent methods for obtaining oxido ketones and glycidic 
esters. The description is accompanied by a discussion which gives a 
knowledge of the facts necessary for an intelligent choice, the reactions in- 
volved, numerous illustrations and an excellent bibliography. The meth- 
ods of preparation are followed by a section dealing with the detection, 
properties and transformations of oxido compounds. This includes intra- 
molecular rearrangements as well as the numerous addition reactions and 
like the section on preparation is accompanied by discussion, illustration 
and bibliography. No systematic text on organic chemistry contains such 
an adequate account of the chemistry of oxido compounds, and here as well 
as in many other sections it is a distinct advantage to have open-chained 
and cyclic representatives treated in the same place. 
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The volume contains an excellent author and subject index and its 
typography and arrangement are admirable. Evidently such a treatise 
should not only be accessible in chemical libraries, but should also be on 
the tables of organic investigators to whom it is indispensable. The re- 
viewer regrets, therefore, that with increase in size, its price has mounted 
until it is almost beyond the reach of the individual. 

E. P. KOHLER 

The Chemistry of the Colloidal State. A Textbook for an Introductory Course. BY 

JOHN C. WARE, Sc.M., Ph.D., Associate Professor of Chemistry, New York Uni- 
versity (Washington Square College Division). John Wiley and Sons, Inc., 440 
Fourth Avenue, New York, 1930. xiv + 313 pp. 96 figs. 15.5 X 23.5 cm. 
Price, 83.75. 

This book containing fourteen chapters has been written for the be- 
ginner in colloid chemistry. The author has treated the subject in a non- 
mathematical style. The text appears to be written for students having 
a meager training in physical chemistry. 

There is lacking in the text the continuity which the reviewer had 
hoped for. The chapter on Interfacial Phenomena (non-electrical) is 
followed not by a chapter on Interfacial Phenomena (electrical) but by one 
on Turbidity in Colloidal Suspensions. A whole chapter is devoted to  
Turbidity, Nephelometry and Colorimetry. Another chapter is devoted 
to Silica Gel and its Use in Adsorption. The three hundred pages are 
rounded out with a concluding chapter on Catalysis by Contact Agents. 

The reviewer is disappointed not so much with the treatment of the 
subject matter which is presented as with the selection and arrangement 
of that included. The beginner in the field of colloid chemistry will find 
much of interest in this text. The numerous references to the literature 
will stimulate his desire for further reading. 

A. I,. ELDER 

Ultraviolet Light and Vitamin D in Nutrition. By KATHARINE BLUNT, President 
of Connecticut College, and RUTH COWAN, Instructor in Home Economics, The 
University of Chicago. The University of Chicago Press, Chicago, Illinois, 1930. 
xiii + 229 pp. 39 figs. 14.5 X 21.5 cm. Price, $2.50. 

This interesting book of 229 pages is a very well written summary of the 
work of the last few years in the study of the effects of ultraviolet light and 
vitamin D. Inasmuch as the discovery of vitamin D is really less than ten 
years old, it is remarkable how much work has been accomplished by these 
studies. In fact, it  has been extremely difficult to keep up with the litera- 
ture in this field. Miss Blunt and Miss Cowan have summarized the 
enormous amount of work and done it in an extremely interesting way. 
They have recorded the literature in sufficient detail and then, a t  the end of 
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each chapter, have summarized the results. The book, therefore, is very 
interesting reading as well as an excellent source of information. T o  any- 
one who is interested in the field this book is an excellent beginning for 
further studies. It has summarized in a very fair way all the literature up 
to 1929. 

JOSEPH C. AUB 
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[FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF NEBRASKA] 

THE MANGANOUS-MANGANESE DIOXIDE AND THE 
MANGANOUS-PERMANGANATE ELECTRODES 

The following investigation was undertaken in order to secure a more 
accurate "normal potential" for the manganous-manganese dioxide elec- 
trode. I t  constitutes the final step necessary for the calculation of the 
oxidation potential of the manganous-permanganate electrode. 

I. The Manganous-Manganese Dioxide Electrode.-The data in the 
literature for this electrode are very discordant. The value for the normal 
potential usually given is based on the consistent results of Tower.' Smith2 

in an attempt to use this electrode for the determination of the concen- 
tration of the hydrogen ion, failed to duplicate the observations made by 
Tower. In both cases the manganese dioxide was deposited electrolyti- 
cally. Brown and Tefft3 failed to prepare pure manganese dioxide, or 
manganese dioxide hydrated, or with water only as a contamination, by 
electrolysis. 

Preliminary observations made in this Laboratory indicated that the 
more consistent results obtained by Tower were due to a very exact dupli- 
cation of conditions in the depositions of the manganese dioxide. The 
determinations proved that the manganese dioxide deposited electro- 
lytically was apparently in a more active state than that prepared by the 
method used by Brown and Tefft.3 The electrodes prepared by depositing 
manganese dioxide electrolytically were in a more active form and as a result 
the data of Tower could not be used to calculate the true equilibrium values. 

The electromotive force of the cell Hz/HC104(ml), Mn(CIOJz(mz)/MnOz, 
in which m indicates the molality, was studied at 25'. The equation to  
represent the reaction of the cell is 1\1nOz + 2HClOa + HZ -+ Mn- 
(C104)2 + 2H20 and to represent the manganous-manganese dioxide elec- 
trode (as observed), MnOz + 4Hf + 2e --+ Mn++ + 2H20. 

The "normal potential," Eo, of the manganous-manganese dioxide 
Tower, 2. physik. Chem., 18, 17 (1895). 
Smith, ibid., 21, 93 (1896). 
Brown and TefFt, THIS JOURNAL, 48,1128 (1926). 
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electrode can be calculated from the electromotive force, E,, which is the 
observed value corrected to 76 cm. for hydrogen, and the activities, a, 
of the hydrogen ion and manganous ion a t  the given concentrations, by 
using the equation EO = E, - 0.05915/2 log U ~ + ~ / U ~ ~ + + .  

This equation requires the activity coefficients for manganous salts and 
of perchloric acid when they are in solution with each other. To eliminate 
the use of these doubtful values, an attempt was made to make all ob- 
servations on solutions in which the manganous perchlorate and the per- 
chloric acid were of equal molality (Table I). The value E' may be cal- 
culated from the equation 

E' = E, - 0.05915/2 log ml"/mz = E, - 0.05915/2 log m 

and Eo may be determined by extrapolating the values for E' to zero molality 
if observations can be made a t  high dilution. It was discovered that a t  
greater dilutions than 0.05 molal a dark deposit appeared on the hydrogen 
electrode and caused fluctuations in the observed values large enough t o  
introduce considerable error in the plotting of the curve. However, the 
mean of these inaccurate values was near the curve extrapolated to 1.235 
volts. 

In  order to meet the difficulty a second series (Table 11) of measurements 
was made in which the perchloric acid was kept a t  tenth molal while the 
concentration of the manganous perchlorate was varied. The standard 
potential Eo was calculated on the assumption that the activity coefficient 
for the manganous perchlorate followed the values given by Lewis and 
Randall4 for similar salts and that the Mn(ClO& in the experimental 
electrode could be considered as 2HClo4 for the purpose of determining a,  
the activity. Of course, for the more dilute solution this correction be- 
comes practically zero and is a very small correction for the two more 
concentrated solutions. 

Experimental Part 
Manganese dioxide was prepared by slowly decomposing a t  150°, 

the best manganous nitrate obtainable, treating the residue a t  that temper- 
ature four times with nitric acid, pulverizing, washing several times with 
conductivity water and finally heating a t  250-300' for four hours. Analy- 
sis of the dioxide thus prepared showed i t  to be a t  least 99.9% pure. Water 
was the only detectable impurity. 

The wash water from the manganese dioxide was tested for manganese; 
since none was found we assumed all to be changed to dioxide. There was 
a slight reduction of a dilute permanganate solution due to oxides of nitro- 
gen. The washed dioxide was heated to 250-300° and tested as given 
above; the results were negative. By analysis this final product contained 
100 + 0.1% of manganese dioxide. To determine the possible presence of 

Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw-Hill Book CG., Inc., New York, 1923, p. 362. 
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oxides of nitrogen, we heated a considerable portion to a high temperature; 
a slight deposit of moisture was all that was observed. Our observations 
indicate that the manganese dioxide has a great adsorptive capacity for 
water and oxides of nitrogen. Heating directly to 250-300' did not re- 
move the latter. 

Mangallous perchlorate was prepared by the action of perchloric acid 
on the best grade of manganous carbonate. The strength of this solution 
was determined by decomposing a weighed sample by the method given 
above and weighing the manganese dioxide. 

In all cases efforts were made to have chemicals specially purified. Con- 
ductivity water was used to prepare all solutions. 

The powdered manganese dioxide and the electrode solution were ro- 
tated a t  25O for three hours before they were placed in the electrode vessel. 

The half cell consisted simply of a test-tube with a sealed on side arm to  
serve as a liquid connection to the hydrogen electrode, and a one-holed 
stopper through which was inserted a glass tube with a platinum foil 
sealed in i t  at the lower end and filled with mercury to make contact. 
The platinum foil is always completely immersed in the solution. 

Since the same solution appears throughout the cell, the hydrogen elec- 
trode was separated from the manganese dioxide electrode only by a stop- 
cock to prevent possible diffusion of hydrogen. This was opened only 
while measuring. 

The potentials were measured at 25' with a Leeds and Northrup Type K 
potentiometer, an I, and N Type 2500 galvanomeier, and a new standard 
cell calibrated by the Bureau of Standards was employed to check the 
reference cell. 

The cells prepared as described above show no radical fluctuations; 
some of them were observed for a month and no change greater than two 
millivolts was observed. The cells were usually measured over a period of 
a few days before the final reading was taken. If the solution was not 
rotated with the manganese dioxide, a steady change of the electromotive 
force took place for a period of days. The initial value was low by about 
0.1 volt, rose to a maximum usually several millivolts above the final 
equilibrium values, and then decreased to constant value. 

EXPERIMENTAL RESULTS 
m HClOa and 
m Mn(C1On)z Ec, mv. E 

0.3  I 2402 * 0 8 1.2557 
.2 1 2336 + 0 3 1.2543 
. I  1 2202 + 0 5 1.2498 
.05 1.2054 * 0 . 3  1.2439 

By extrapolating the curve for E, the value 1.235 is obtained. 
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EXPERIMENTAL RESULTS 
m He101 m Mn(C104)2 Ee, mv. Eo 

0.0940 0.050 1.2360 * 0 .1  1.238 
,0992 .010 1.2525 * 0.6 1.238 
.0978 ,005 1.2580 * 0.4 1.237 
.0983 .002 1.2663 =I= 0 .4  1.236 
.0983 .001 1.2726 * 0 . 4  1 ,234 - 

Average 1.237 

Based on these results the value + 1.236 for the normal potential of the 
electrode MnOz + 4H+ + 2e Mn++ + 2H20 is probably correct within 
2 mv. 

11. The Manganous-Permanganate Electrode.-Using the value 
+ 1.586 determined by Brown and Tefft3 for the potential of the manganese 
dioxide-permanganate electrode and the value as determined above, the 
calculated value for the manganous-permanganate electrode in the pres- 
ence of an acid at  unit activity is + 1.446 volts. 

Summary 

A value of +1.236 volts was obtained for the oxidation potential of the 
reaction MnOz + 4H+ + 2e Mn++ 3- 2H20 in perchloric acid solution. 

For the oxidation potential of the reaction Mn04- + 8H+ + 5e 
Mnf f + 4H20, the value + 1.446 volts was calculated. 

LINCOLN, NEBRASKA 

[CONTRIBUTION FROM THE LABORATORY OF GENERAL CHEMISTRY, UNIVERSITY OF 

WISCONSIN] 

CHLORIDE-FREE FERRIC OXIDE HYDROSOLS AND THE 
BURTON-BISHOP RULE 
BY R. C. JUDD AND C. H. SORUM 

RECEIVED Aucosr 12, 1929 PUBLISHED JULY 3, 1930 

Introduction 
Although the general validity of the Burton-Bishop rule1 relative to 

the effect of concentration of colloid on the flocculation values of electro- 
lytes seems to be quite well established in the case of the widely studied 
arsenic trisulfide sols, it is quite as definitely discredited by the behavior 
of ferric oxide hydrosols. Kruyt and van der Spek2 have shown that 
for colloidal hydrous ferric oxide the precipitation values of all electro- 
lytes, monovalent as well as di- and trivalent, decrease with dilution of 

Burton and Bishop, J. Phys. Chem., 24, 701 (1920). 
Kruyt and van der Spek, Z. Kolloidchemie, 25, 3 (1919). 
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the sol. These results have been further verified by Weiser and Nicholas3 

and Boutaric and Perrean.4 
Inasmuch as the ferric oxide hydrosols prepared in this LaboratoryS 

seem to be different from ferric oxide sols previously investigated, i t  was 
deemed important to study the influence of change of concentration of sol 
upon the flocculation values of electrolytes with this particular colloid. 

Preparation and Purification of Sol.-The chloride-free sol was pre- 
pared and purified in accordance with the method already de~cr ibed .~  
In its final purified state it contained 3.042 g. of iron per liter. 

0 20 40 60 80 100 

Percentage sol concentration. 
A, NaCI; C, KCI; D, KBr08; 

E, K4Fe(CN)6; I?, NaCI. 
Fig. 1.-Variation of flocculation 

values of monovalent ions with sol 
concentration. 

0 20 40 60 80 100 
Percentage sol concentration. 

A, NaN03; B, AgNO3; C, Al(NOI)8; 
D, ThC14; E, KCl; F, NaCI. 
Fig. 2.-Variation of flocculation 

values of monovalent anions ac- 
companied by cations of different 
valences. 

Coagulation Studies.-The classical method of adding electrolyte 
directly to the sol and noting the concentration required to cause complete 
coagulation after a given length of time, being the method upon which the 
previously mentioned conclusions were based, was employed. The de- 
tails of this method were as follows. Exact volumes of sol placed l"n pyrex 
test-tubes were diluted to ten cubic centimeters with solutions of electro- 

3 Weiser and Nicholas, J. Phys. Chem., 25, 742 (1921). 
Boutaric and Perrean, J. chim. phys., 24, 496 (1927). 
Sorum, THIS JOURNAL, 50, 1263 (1928), 
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lyte of varying concentrations. The minimum final electrolyte con- 
centration required to cause complete clearing after two hours was taken as 
the flocculation value. The flocculation value is recorded as millimoles of 
electrolyte per liter of final solution. The original undiluted sol, containing 
3.042 g. of iron per liter, was taken as the 100% sol. The different per- 
centage dilutions were calculated on the basis of the final volume of the 
flocculation mixture. 

The results of the flocculation studies are summarized graphically in 
Figs. 1, 2 and 3. They emphasize 
the fact that the ferric oxide sol 
studied followed the rule of Burton 
and Bishop. 

- 
0.08 Reference to Fig. 2 will show that 

$ the concentration of monovalent 
cj anion required to cause complete 

flocculation depends to a marked de- 
0 gree upon the valence of the cation 

with which it is associated; the higher 
the valence of the cation the greater 
the flocculation value of the given 
anion. This is in agreement with 
Weiser's con~lusions.~ 

0.02 A comparison of these flocculation 
values with those reported by other 
investigators working with the same 
electrolytes and similar ferric oxide 

0 20 40 60 80 100 sols7 will show that the latter are uni- 
Percentage sol concentration. formly higher. 

A, KzS04; B, KzC20a; C, NazSOr; D, The behavior of potassium ferro- 
KzCr207; E, AgzSOa; F, KIF~(CN)G; G, cyanide as shown in Curves 3IJ and 
KaFe(CN)e; H, NaKC4H406. 

1E is typically irregular. In 3F the 
Fig. 3.-Variation of flocculation values 

of polyvalent anions accompanied by sol is positive and shows flocculation 

monovalent cations. values consistent with its behavior 
toward a high-valence negative ion. 

Higher concentrations of ferrocyanide have reversed it to a negative sol in 
18,  where its behavior is typical of that of a negative sol toward a mono- 
valent positive ion. 

The Influence of Ferric Chloride on Flocculation Values of Sodium 
Chloride.-In reviewing the results of the study up to this point, it  is 
to  be noted that the sol under observation has three features which seem 
t o  distinguish it from other ferric oxide sols. First, it contains no detect- 

6 Weiser, "Colloid Symposium Monograph," 1926, Vol. IV, p. 354. 
Kruyt and van der Spek, Kolloid-2.. 25, 1 (1919). 
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able chloride ion; second, i t  requires uniformly lower concentrations of 
electrolyte to cause coagulation; third, it follows the Burton-Bishop rule. 
The immediate inference would be that the first feature, that is, freedom 
from chloride, is responsible for the second and third. To test this in- 
ference, ferric chloride was added in varying amounts to  the pure sol and 
the flocculation values for sodium chloride obtained as before. The results 
are summarized in Fig. 4. 

They indicate very definitely that floc- 
culation values and flocculation behavior 
are a function of the purity of the sol. 
They suggest that the failure of ferric oxide 
sols to follow the Burton-Bishop rule is due 
to lack of purity of the sol. They seem to 2 
justify the claim that the ferric oxide sols 2 

/- Go 

a /  

prepared in this Laboratory are more pure, g 
more nearly free from electrolyte, than the 2 ** 
ferric oxide sols that have been studied 3 
elsewhere. These pure sols obey the i;; 
Burton-Bishop rule; also, they give lower 
fiocct~lation values. On being treated with 
ferric chloride they cease to obey the above 
rule, and the flocculation values immed- 
iately become higher. Apparently, they 

flocculation values because the aniount of 
obey the Burton-Bishop rule and have low 0 

0 20 40 60 80 100 
Percentage sol concentration. 

impurity present is quite low. 
Millimoles of FeC13 added per liter: 

As previously the contained A, Kruytts values; B, 0.16; C,  0.12; 
3.042 g. of iron per liter. This corresponds D, 0.10; E, 0.09; F, 0.06; G, 0.03; 
to 4.34 g., or 27.125 millimoles of iron oxide H, 0.00. 
per liter. By consulting Curve B, Fig. 4, Fig. 4.-Influence of FeCll on 
it will be noted that when 0.16 millimole variation of f l~~culation vah.le.S of 

of ferric chloride per liter was added, both sodium chloride. 

the actual flocculation value for sodium chloride and the relation of floccu- 
lation value and sol concentration come very close t o  the values given by 
Kruyt,' (Curve A, Fig. 4). The ratio of the number of millimoles of ferric 
oxide to millimoles of ferric chloride added is 169.5. This ratio comes 
reasonably close to the values claimed by investigators who have made a 
study of the chloride content of carefully purified ~ 0 1 s . ~  

Summary 

1. A chloride-free ferric oxide hydrosol was prepared by high-tempera- 
ture hydrolysis and dialysis of ferric chloride. 

Pauli and Rogan, Kolloid-Z., 35, 131, 1924. 
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2. Flocculation values for a number of electrolytes were determined by 
the classical method. 

3. The chloride-free ferric oxide sol prepared was found to differ from 
fei-ric oxide sols prepared and studied by other investigators in that i t  
followed the Burton-Bishop coagulation rule. Furthermore, i t  gave uni- 
formly lower flocculation values than did these sols. By adding chloride 
to this chloride-free sol its behavior could be made to conform to that dis- 
played by similar sols prepared by other investigators. The conclusion was 
drawn that  the striking behavior of this sol was due to the absence of 
detectable chloride. This behavior serves to emphasize the fact that the 
variation of the flocculation value of anions with dilution of the sol is a 
function of the purity of the sol; that is, the validity or invalidity of the 
Burton-Bishop rule is apparently determined by the purity of the sol. 

MADISON, WISCONSIN 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY, CASE SCHOOL OE" APPLIED SCIENCE] 

THE SOLUBILITY, SPECIFIC GRAVITY AND INDEX OF 
REFRACTION OF AQUEOUS SOLUTIONS OF FUMARIC, MALEIC 

AND i-MALIC ACIDS 

The stereoisomerism of these acids makes any data on them of theoretical 
interest. The physical properties are scattered throughout the literature, 
mostly as isolated observations; the latest and most comprehensive list 
of values are those reported by Weiss and Downs.' The present investiga- 
tion was undertaken with a view of obtaining a more complete series of 
values-the solubility in water a t  rather close intervals of temperature, 
the density of aqueous solutions and the refractive index of aqueous solu- 
tions. The values for the so1ubility"are in good agreement with those 
reported by Weiss and Downs with the exception of the solubility of maleic 
acid a t  60° ; the value at this temperature as reported by them was found 
to  be very close to the solubility a t  50'. 

The acids used in these determinations were the commercial grades which 
were subjected to a further purification. After two crystallizations from 
water i t  was found that the melting points of maleic and fumaric acids re- 
mained constant. Malic acid, which is very soluble in water, was purified 
by a crystallization from water, filtering, digesting the crystals with hot 
acetone, cooling to room temperature, filtering and air drying a t  room tem- 
perature. The three acids were then dried in vacuo at room temperature; 
the melting points of maleic, fumaric and malic acids thus obtained were 
found t o  be 130, 284 and 128.5', respectively. Weighed samples when dis- 

J. M. Weiss and C. R. Downs, THIS JOURNAL, 45, 1003 (1923). 
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solved in water and titrated against standard 0.1 N sodium hydroxide solu- 
tion (standardized against pure succinic acid) showed a purity of +99.8%. 
All of the data obtained in this work are based upon weights in air. 

Solubility in Water.-'The solubility determinations were made by 
suspending an excess of the acid in water contained in 100-cc. Soxhlet 
flasks which were then almost completely immersed in a water-bath which 
was maintained a t  the desired temperature within * 0 . 2 O .  The tempera- 
ture was determined by means of thermometers which had recently been 
calibrated by the U. S. Bureau of Standards. The contents of the flask was 
kept agitated by means of a glass stirrer. Samples of the solution were 
taken from the flask by means of a small pipet of about 5-6-cc. capacity 
(the low solubility of fumaric acid necessitated using larger pipets) which 
had previously been brought to the temperature of the solution under in- 
vestigation. After removal of the cotton filter from the tip of the pipet, 
the weight of the sample in the pipet was determined, the sample trans- 
ferred to a beaker for titration or to a volumetric flask for titration against 
standard 0.1 N sodium hydroxide solution with phenolphthalein indicator. 
The solubility equilibrium was approached from both temperature direc- 
tions. Several successive samples were taken a t  each temperature to de- 
termine when equilibrium was attained and it was found that 12 to  14 
hours of agitation was sufficient. Determinations were made a t  approxi- 
mately 5' intervals of temperature and from these results a curve was 
plotted. The following equations express the solubility (C) of the acids 
in water a t  temperatures ( t )  between 5 and 80" in terms of grams of acid 
per 100 g. of solution. The solubility for maleic acid is nearly a straight 
line and the two equations for this acid as given below give values within 
the limits of experimental error. 

Fumaric acid log C = 0.016721 - 0.6362 
i-Malic acid C = 0.43% + 47.04 
Maleic acid C = 0.6455 + 28.2 (for temperatures from 5 to 40')' and 

C = 0.492t + 34.5 (for temperatures above 40') 

Specific Gravity of Aqueous Solutions.-The densities of the solutions 
a t  20/4' were determined by dissolving the acid in water, filtering, dilut- 
ing to different extents and determining the specific gravity of the various 
dilutions by means of a pycnometer; the concentration of acid in each of 
the various dilutions was determined by titration of weighed samples of 
solution against standard 0.1 N sodium hydroxide with phenolphthalein 
indicator. From these results a curve was plotted. The curves were ex- 
ceedingly regular and that in the case of maleic acid was a straight line; 
the curve for i-malic acid is nearly a straight line, for which the following 
two equations of straight lines give values within the limits of experimental 
error. No values for the specific gravity of fumaric acid solutions are 
given because of the low solubility of this acid a t  20°. The following equa- 
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tions express the concentration (C) of acid in grams per 100 g. of aqueous 
solution corresponding to the specific gravity (d) a t  20' referred to water at 
4". 

Maleic acid C = 276.78(d - 0.9982), for values of d up to 1.071 
i-Malic acid C = 244.55 (d - 0.9982), for values of d less than 1.108, and 

C = 216.17(d - 0.9839) for values of d from 1.108 to 1.169 

Index of Refraction.--The index of refraction was determined a t  20' 
on aqueous solutions prepared as described under specific gravity and the 
readings were made with a Zeiss immersion refractometer using the prism 
which gives a reading of 14.5 with distilled water a t  20' (14.5 = n~ = 

1.33301). The following equations express the concentration of acid in 
grams per 100 g. of aqueous solution corresponding to the immersion refrac- 
tometer reading (r) . 
Fumaric acid g./100 g. of solution = 0.2537 - 3.814 (for values of r from 14.5 to 16.3) 
Maleic acid g /I00 g. of solution = 0 2727 - 3.922 (for values of r from 14 5 to 95) 
Malic acid g./100 g. of solution = 0.323 - 4.68 (for values of r from 14.5 to 45.5), and 

g./100 g. of solution = 0.289r - 3.132 (for values of r from 45 5 to 95) 

Summary 
The solubility, speclfic gravity and index of refraction of aqueous solu- 

tions of fumaric, maleic and i-malic acids have been determined; equations 
representing these values are given. 

CLEVELAND, OHIO 

THE VELOCITY OF SAPONIFICATION OF ETHYL FORMATE BY 
AMMONIUM HYDROXIDE IN THE PRESENCE OF 

AMMONIUM SALTS 
BY EDWARD NOEL ROBERTS AND ETHEL M. TERRY 

RECEIVED NOVEMBER 4, 1929 PUBLISHED JULY 3, 1930 

In  early work by Drs. Julius Stieglitz and Edith E. Barnardl of this 
Laboratory, it was found that although ethyl and methyl formates are 
hydrolyzed a t  immense speed in dilute solutions of strong bases,2 the veloc- 
ity of these reactions may be measured in suitable mixtures of ammonium 
hydroxide and ammonium salts. The present paper3 represents a con- 
tinuation of this work in the case of ethyl formate. 

The work referred to had been completed before 1911. 
Bibliography of published reports on the alkaline hydrolysis of methyl and ethyl 

forniates: (a) Trautz and Volkmann, Z. physik. Clzem., 64, 53 (1908); (b) Nernst, BET., 
42, 3178 (1909); (c) Handa, zbid., 42, 3179 (1909); (d) Eucken, 2. plzyszk. Chem., 71, 
550 (1910) ; (e) Skrabal and Sperk, Monatsh., 38, 191 (1917). Only the last reference 
contains data bearing on the present problem. Reference will be made to this later. 

The experimental work of this paper was completed in 1918 by Dr. Roberts in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy a t  this 
University. See also Terry and Stieglitz, THIS JOURNAL, 49, 2216 (1927). 
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The solutions were always near to 0.08 normal (formula weight per liter 
of solution) with respect to ester and near to 0.1 normal with respect to  
ammonium hydroxide. The normality of the salt present a t  the start of 
the reaction varied from 0.04 to 0.4. The salts used were ammonium 
chloride, ammonium nitrate and ammonium formate. The reactions 
were carried out a t  2 5 O .  

Experimental Detail 
Mixtures of aqueous  solution^ of ammonium salt, ammonium hydroxide and ethyl 

formate were made in the container of a special apparatus, described elsewhere,' 
which was designed to permit the rapid removal of accurately measured samples of the 
mixture for analysis. These samples, which were of volumes close to 99 cc., were dis- 
charged a t  noted times into measured quantities of standard hydrochloric acid which 
had been kept a t  0 ". The mixture was then partly frozen and in the course of an hour 
the excess of acid was determined by titration, care being taken to see that the last of 
the ice had melted before the titration was completed. The apparatus in which the 
main reaction occurred was contained in a de Khotinsky thermostat the temperature 
of which was constant to +0.01 O .  The temperature of the reaction mixture was always 
within 0.15" of that of the bath throughout the major portion of the time during which 
samples were taken.5 I t  was found by experiment that under these conditions the tem- 
perature of the reaction mixture could be read by means of a Beckrnann thermometer 
mounted with its bulb in that solution. 

As mercury was employed in the special apparatus for displacement of samples of 
the reaction mixture, i t  was necessary to be sure that mercury had no effect on the 
basicity of the mixture. Therefore, solutions containing mixtures of ammonium hy- 
droxide, ammonium chloride and sodium formate were exposed to the action of mercury 
under conditions t o  be used in the measurements. No losses of basic strength were 
found. 

The discharge of samples into hydrochloric acid at  0 stopped the reaction provided 
the quantity of acid used was only slightly in excess of that required to  neutralize the 
ammonium hydroxide present. I t  will be remembered that ManningG has found 
that the coefficient of autocatalysis of ethyl formate is 4.8 moles per minute per unit 
concentration of hydrogen ion a t  25'. From this it will be appreciated that i t  Was neces- 
sary to keep the hydrogen-ion concentration small during the time the neutralized 
samples were stored. Under the conditions used, samples could be kept for two hours. 
It was our practice to complete the titrations within an hour of the time the samples 
were withdrawn. 

The titrations were completed using ammonium hydroxide as base and azolitmin as 
indicator. In  order to find the correct color for the end-point, sample solutions of am- 
monium formate were made from standardized ammonium hydroxide and formic acid 
solutions and to these sufficient ammonium chloride or nitrate was added to duplicate 
the composition of samples to be taken from the reaction mixtures. I t  developed that 
the same color could be used in all casesi provided the titration were carried out a t  0 O. 

Gooch and Terry, THIS JOURNAL, 51,1959 (1929). 
Owing to an oversight this condition of experiment was not mentioned in the 

earlier papers, see Refs. 3, 4 and 8. I t  has been faithfully maintained in all our work. 
[E. M. T.] 

Manning, J. Chem. Soc., 119,2079 (1921). 
Kolthoff, Rec. trav. chim., 41, 54 (1922), has demonstrated that the color of azolit- 

min in solutions of PH equal to 7.0-7.1 in a phosphate buffered solution represents a 
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A 0.15y0 azolitmin solution was used in the proportion of 0.055 cc. for every 10 cc. 
of volume of sample a t  the completion of the titration. 

The same precautions were taken t o  prevent the solutions from taking up carbon 
dioxide that  had been employed in earlier work.8 

Three or more samples of the reaction mixture were used for the determination of 
the concentration of ammonia, free and combined, in the solutions. Each sample was 
first neutralized with hydrochloric acid, and then transferred t o  a suitable apparatus; 
concentrated sodium hydroxide was then run in and the freed ammonia distilled into a 
known quantity of hydrochloric acid in the well-known manner. These analyses were 
made on mixtures of known composition with and without the additional presence of 
formates in them but no difference in result was found. Therefore the method was con- 
sidered satisfactory. The initial concentration of ammonium hydroxide in a given 
reaction was calculated from the dilution of the stock solution and the concentration of 
ammonium salt present was calculated from the difference in concentration of total 
ammonia, free and combined, and the concentration of the free base. As will be shown 
later these last terms serve only to  show the preparation of the reaction mixture. They 
are not used in the calculation of the coefficient of the reaction. 

The ammonium hydroxide was made by allowing gas from a tank to be absorbed in 
water of high purity, as shown by its conductivity. Ammonium nitrate and chloride 
were of c. P. grade dissolved in water and the soliltion filtered in contact with air free 
from carbon dioxide. 

Freshly distilled ester was used for all solutions. Most of the material was from 
Kahlbaum but some was made in this Laboratory from the reaction of ethyl alcohol 
and formic acid catalyzed by hydrogen chloride. No difference in rate of reaction was 
shown by the two products. 

Calculation of Results 
It seemed probable that for intervals of the reaction for which the 

activity coefficient of the ammonium salt present might be considered 
constant, the activity coefficient of ionized ammonium hydroxide might 
likewise be constant and that under these conditions the rate of the re- 
action would be equal to a coefficient times the product of the respective 
molalities (formula weight per 1000 g. of water) of ammonium hydroxide 
and of ester divided by the molality of the ammonium salts present a t  the 
moment in question. Therefore, as a preliminary step, a series of reaction 
coefficients was calculated as shown below for the intervals in which the 
activity coefficient of the ammonium salt might be considered constant to 
0.5y0. It was assumed that the activity coefficient of the ammonium salts 
would be the same as that characteristic of potassium chloride a t  like 
molality, and Scatchard's values were used.s 

Let B, E and S be the initial molalities of ammonium hydroxide, ester and 
PH of 6.6 in a 0.5 normal potassium chloride solution likewise buffered. It is doubtless 
this salt effect that accounts for the fact that  the same color could be used for all end- 
points in spite of the fact that with increasing ammonium salt content of the solution 
the apparent basicity of ammonium hydroxide decreased so that the PH of the correct 
end-point decreased. However, the validity of our use of the indicator does not rest 
on Kolthoff's observation but on experimental tests. 

a 8 Wilson and Terry, THIS JOURNAL, 50, 1250 (1928). 
Scatchard, ibid., 47, 654 (1925). 
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salt, respectively; let X be the molality of'ester or base which Iias been 
transformed by the reaction up to the time t; let K1 be the reaction co- 
efficient ; then a t  thk moment t 

dX/dt = K l ( B  - X ) ( E  - X ) / ( S  + X )  (1) 
The integrated form of this expression for the interval tz - tl is 
K,(t2 - t l )  = [2.303/(B - E ) ] [ ( E  + S )  log (E - X I ) / ( E  - Xz) - ( B  + S )  

log ( B  - X I ) / ( B  - X z ) ]  (2)  

Certain short cuts were used in the application of this equation. In 
place of (E + S ) ,  (B + S) and (B - Ej, the same data in terms of nor- 
mality were used since the factor for conversion of normality to molality 
would have canceled. The ratio (B - X1)/(B - X2) was calculated as 
(b - x~)/(b - xz), the ratio of the number of cc. of standard acid required 
to neutralize unit volume of the reaction mixture in the respective samples. 
The number of cc. of standard acid equivalent to the ester present in the 
sample was found from the difference (b - x) - (b - e )  = ( e  - x), the 
term (b - e) being the number of cc. of standard acid used to neutralize 
the base in a sample taken a t  the end of the reaction. The ratio (e - xl)/ 
(e - x2) gave the value of (E - X1) / (E  - Xz). 

In Table I will be found details of three representative experiments. 
Column headings will be understood from the above. In place of (b - x) 
and (e - x ) ,  values one hundred times greater are given to avoid printing 
decimals. 

In Table I1 will be found a summary of all experiments. 
An average temperature per minutelo was calculated for each experiment 

and the value of the coefficient corrected by 0.66% for each tenth degree 
difference in temperature from 25.00'. This correction is the same as that 
found for the hydrolysis of ethyl acetate.ll In Bxpt. I of Table I the cor- 
rection has been applied to each value of K1, since the temperature correc- 
tion was sufficiently large to make difficult the observation of the constancy 
of the uncorrected coefficient. In other experiments the correction was 
applied to the average of the coefficients, since the temperature change 
was relatively small. 

Although the total error of volume measurements was not over 0.10 cc. 
per sample and the error in reading the end-point of a titration ranged 

lo Since temperature readings were taken a t  noted times and a t  frequent intervals, 
the average temperature of each small interval could be considered as the mean of the 
two readings, taken a t  the beginning and a t  the end. The average temperature for the 
time ( tz  - tl) was taken as equal to the sum of the products of the average temperature 
of each small interval by the duration of the interval, divided by ( t 2 - t l ) .  This 
manner of finding the average temperature was satisfactory since the temperature read- 
ings were taken a t  such intervals that the change of reading was a matter of three or four 
hundredths a t  most. All the temperature readings taken are not shown in the experi- 
ments of Table I. 

11 Skrabal and Sperk, Ref. 2e, have shown that the temperature coefficient of alkaline 
hydrolysis of methyl and ethyl formates is close to 2, as is the case for ethyl acetate. 
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from 0.03 to 0.06 cc. according to the molality of salt present, the effect on 
the value of the coefficient was large because the calculation, as appears in 
Equation 2, depends on the difference of two values' which are not far 
apart. The difference is larger and the effect of the error smaller the 
greater the value of (B - E ) a n d  the nearer the experiment is to comple- 
tion. Errors from timing are insignificant except where short time intervals 
were used, as for example in Bxpt. 1 of Table I. The net effect of all errors 
was never greater than 3.5% of the value of the average coefficient of each 
experiment. 

DETAILS OF THREE REPRESENTATIVE MGASUREMENTS OF THE RATE OF HYDROLYSIS 

OF ETHYL FORMATE BY AMMONIUM HYDROXIDE IN AQUEOUS SALT SOLUTION 

Part 1. Composition of the solution a t  the start of the reaction in terms of nor- 
mality: ester, 0.1142; NHdOH, 0.1358; salt, zero. Normality of acid used in titration, 
0.1003; volume of each sample 98.05 cc.; temperature of thermostat, 25.50°. 

Data KI  
used X- 

(b-x) ( e- x )  Molal- ~n Y ~ ~ 4 ~ ~  K I  100 
Temp., Time, X X ity of calcn. at X at 

No. OC. minutes 100 100 salt (Col. I) 11 and tz  100 25.00' 

0.807-0.790 4 .84  4.68 
.795- .787 5.03 4 .90  
.790- .785 4.96 4.77 
.787- .782 4 .89  4.70 
.785- .780 4 .94  4 .74  
.782- .778 4 .90  4.70 
,780- .776 5.01 4.81 
,778- .775 5.11 4 .90  - 

Average 4.78 

Part 11. Composition of the solution a t  the start of the reaction in terms of 
normality: ester, 0.0751; NHaOH, 0.1119; NHICI, 0.1241. Normality of acid used in 
titration, 0.09765; volume of each sample, 98.86 cc.; temperature of thermostat, 
25 00'. 

Data 
used 

( b  -x) (e-x) Molal- tn Y ~ ~ d ~ l  
T y p . ,  Time, X X i tyof  calcn. at 

No. C. minutes 100 100 salt (Col. I) tl and 12 KI 

0.740-0.735 0.0571 
.740- .735 .0569 
.735- .730 .0583 
.735- ,730 .0586 
.730- .725 ,0586 
,730- .725 .0584 
.725- ,721 .0593 
.725- .721 .0593 

Average .0583 
Value a t  25.00' .0579 
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TABLE I (Concluded) 
Part 111. Composition of the solution at the start of the reaction in terms of nor- 

mality: ester, 0.0787; NE-I,OH, 0.1038; NH4C1, 0.3902. Normality of acid used in 
titration, 0.09765; volume of each sample, 98.83 cc.; temperature of thermostat, 25.00°. 

Data 
~ s e d  

Molality in Y~~~~~ 
Temp., Time, of calcn. at 

No. OC. minutes ( b  -z) ( e - x )  salt (Col I) tl and ti Kt 

1 25.02 2 33 9365 6824 0 41 
2 25.04 3.85 9186 6642 .41 
3 25 07 11.98 8338 5797 '42 1,3 0 667-0.665 0.0789 
4 25.09 14 35 8134 5593 .42 2,4 .667- .665 .0779 
5 25.10 22 00 7538 4997 .43 3,5 .665- ,664 .0788 
6 25.09 23 23 7445 4904 .43 4,6 .665- ,664 .ON7 
7 25.07 49.03 6105 3564 .44 5,7 .664- .662 .0800 
8 25.06 50.40 6053 3512 .44 6,8 .664- .662 .0796 
9 25.05 90.73 4920 2379 .46 7,9 .662- .660 .0790 

10 25.04 92.13 4889 2348 .46 8,lO .662- .660 .W94 

Average .0793 
Average temperature per minute, 25.08. K, at 25.00 0.789 

TABLE 11 
SUMMXRY OF EXPERIMENTS ON THE HYDROLYSIS OP ETHYL FORMATE BY AQUEOUS 

AMMONIUM HYDROXIDE 
Normality at zero time Average Average KI 

(a) of (b) (c) salt molality Average temp., at 
No. ester NHlOH (NHaCI) of salt KI  OC. 25.00° 

Part I 
1 0.0784 0.1038 0.3912 0.430 0.0818 25.12 0.0812 
2 ,0787 ,1038 ,2902 .435 ,0793 25.08 .0789 
3 ,0859 .I038 ,3912 435 .OX03 25.07 .0799 
4 ,0769 ,1038 ,3960 ,435 ,0825 25.29 .0809 
5 .0751 ,1119 ,1241 16 .0583 25.10 .0579 
6 .0796 ,1119 .I214 .16 .0563 25.10 .0559 
7 .0792 .I123 ,0390 ,075 .0524 25.05 .0522 
8 ,0758 .I123 .0838 ,109 .0524 25.03 .0523 

Part I1 
(NHnNOa) 

1 0 0717 0.1312 0.1085 0 16 0.0559 25.07 0.0555 
2 ,0766 ,1125 ,456 50 .0825 25.06 .0823 

Part I11 
1 0.1075 01320 0.0 0060 0.0460 24.81 0.0466 
2 ,1123 ,1322 .O .064 .0468 25.10 ,0465 
3 ,1142 .I358 0 ,069 ,0497 25.56 .0479 

Values of K1 given in Table I1 will be seen to vary greafly with the 
molality of the salt present. Thus for 0.109 molal salt solution K1 equals 
0.054 and for 0.43 molal salt K1 is 0.0818, an increase of 56%. 

Significance of the Results 

In searching for an explanation of the variations of K1 it is obviously 
necessary to consider the possibility not only of catalysis by ionized am- 
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monium hydroxide, but also of two other parallel reactions, the one, the 
decomposition of the ester brought about by water, and the other, an 
ammonia catalyzed change.12a 

The second of these reactions may be eliminated since Manning6 found 
no evidence of it in his study of the autocatalyzed hydrolysis of ethyl 
formate a t  25' and the reactions reported on were much slower than those 
here considered. 

For the evaluation of factors of the remaining reaction, the activity co- 
efficients of ammonium hydroxide in ammonium salt solution are needed 
and these have not yet been determined. Therefore a final analysis of the 
significance of the results of the present work may not now be made. Since 
some time must elapse before either of the authors can continue work in 
this field, it has seemed best to put the present data on record without 
waiting for the missing data. 

It will occur to the reader that since the solutions are dilute it is probable 
that for our experiments the corresponding thermodynamic data for 
ammonium hydroxide, 0.5 molal, in potassium chloride solutions a t  25O, 
reported by Harned and Robinson13 may be used as approximate activity 
coefficients of ammonium hydroxide in the present instance. ~ h e - ~ o i n t  
nf cncertainty is, of course, the possibility that ammonium ion has some 
specific effect on the activity of ammonia (and vice versa). 

It may, therefore, be of interest that if equations are set up to represent 
the rate of the reactions as dependent on two reactions, one an hydrolysis of 
ester by ionized ammonium hydroxide and the other an ammonia catalyzed 
change, and the data of Harned and Robinson above referred to are used in 
evaluating the molality of ionized base and of ammonia (the ionization 
constant of ammonia being taken as 1.81 X it will be found that the 
coefficient of the first reaction may be taken as 1350 and that of the second 
reaction as 0.78 gram molecular weights per 1000 g. of water per minute. 

Skrabal and Sperk2' estimate the coefficient of hydrolysis of ethyl for- 
mate by hydroxide ion to be 1400 gram molecular weights per liter of water 
per minute. Although no great weight may be attached to the close agree- 
ment of their value with the one obtained as described above, since the ioniza- 
tion constant of water appears as a factor in the Skrabal and Sperk calcula- 
tion, i t  is worthy of note that the two values are of the same magnitude. 

l2 (a) Early in his work on the substituted ammonia compounds, Professor Stieglitz 
(see Refs. 1 and 2) foresaw the possibility that ammonia might function as a basic cata- 
lyst. Although Professor Stieglitz has published no account of his views, it seems proper 
to mention them here since we had the benefit of them a t  the time the experiments were 
made. More recently Professor Briinsted, Ref. 12b, has developed the same idea inde- 
pendently and has been the first to publish a quantitative statement of the theory. 
(b) Bronsted and Guggenheim, THIS JOURNAL, 49, 2554 (1927). (c) Brdnsted, Rec, 
trav. ckim., 42,718 (1923); J .  Pkys .  Chem., 30,777 (1926). 

l3 Harped and Robinson, THIS JOURNAL, 50) 3157 (1928). 
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The ratio of 1350/0.78 or 173011 is within 11% of the ratio of the corre- 
sponding coefficients for the mutarotation of glucose as calculated by 
Briinsted and ~ u ~ ~ e n h e i m . ' ~ ~  (These coefficients are 6200 and 3.2 
formula weights of glucose per liter per minute.) According to the Bron- 
sted theory a fairly close agreement is to be expected, with some exceptions, 
between the ratio of the coefficients of catalysis by hydroxide ion and by 
ammonia. 

Thus the results gained by using the Harned and Robinson coefficients 
are in harmony with expectations based on independent evidence. Since 
the details of the calculations follow conventional limes and since no proof 
can be given that the Harned and Robinson data must apply exactly, the 
above material is given in abstract simply as an answer to an obvious 
question. 

Whether the assumptions made in writing Equation 1 are valid need 
not be argued a t  the present time since the coefficients calculated by means 
of this equation and presented in Tables I and I1 represent a convenient 
epitome of our results and that is the first purpose of this paper. 

. 1  

Summary 

Measurements are described of the rate of the reaction of ethyl formate 
a t  25' at  molalities near 0.08 with aqueous ammonium hydroxide a t  mo!al- 
ities near 0.10 in various solutions containing either ammonium chloride, 
nitrate or formate. Coefficients of the rate of the reaction are reported 
for intervals of the reaction in which the activity coefficient of the am- 
monium salt may be considered constant. These coefficients have been 
calculated on the assumption that the rate of the reaction a t  any moment 
of time is directly proportional to the coefficient times the product of the 
respective molalities of base and ester and is inversely portional to the 
molality of salt present. The data are presented primarily to record new 
experiments on the reaction of an ester in ammonium hydroxide-ammo- 
nium salt solutions. Owing to the lack of thermodynamic data no final 
interpretation is possible at  present. A tentative interpretation is given 
in abstract. 

CHICAGO, ILLINOIS 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF CAWFORNIA] 

THE X-RAY PHOTOCHEMICAL REACTION BETWEEN 
POTASSIUM OXALATE AND MERCURIC CHLORIDE 

Many investigators have studied the photochemical reaction between 
mercuric chloride and oxalates as represented by the equation 

2HgClz + CzOa= = HgiClz + 2C1- + 2C02 

The results, however, have not been satisfactory due to three uncertainties, 
namely, the catalysis of very small traces of iron salts, the inhibition by oxy- 
gen and the formation of a white precipitate which reflects the light, mak- 
ing the amount of light absorbed by the solution uncertain. In the present 
investigation these uncertainties were eliminated. 

Experimental 
Apparatus.-The cylindrical reaction chamber A shown in Fig. I was made by 

fusing together the bottoms of two 250-cc. Pyrex beakers. This was surrounded by a 
glass watcr jacket through which water from the thermostat was pumped. The front 
side was covered with a layer of cotton which provided thermal insulation yet only 

slightly absorbed x-rays. The length of the 
n chamber was 6.8 cm. and the diameter 6.5 cm. 

The chamber was connected t o  the mercury 
manometer by a small glass capillary and a 
15-cm. length of capillary rubber tubing B. 
The height of the mercury in the manometer 
was measured with the aid of a cathetometer 
to one-tenth of a millimeter. All measurements 
were made a t  constant volume with the mer- 
cury a t  the point C so that the volume of the 
tubing connected to the reaction chamber was 

X R ~ Y ,  relatively so small that a change of 10" in the - 
temperature of the room would not change the 
pressure 0.0570. The reaction chamber was 
supported by a shaking mechanism which gave 
it  short and sharp jerks, thereby shaking the 
solution vigorously. 

The x-rays were generated by a Coolidge 
x-ray tube operated directly on 60-cycle alter- 

Fig. 1. nating current with a peak voltage of 120,000. 
The power input was kept constant by means 

of ballast tubes. The tungsten target was 50 cm. from the reaction vessel and the 
latter was entirely exposed to the rays when the shutter E was open. 

The energy of the x-rays entering the reaction chamber was determined by the 
calorimeter shown in Fig. 2. The center part F is a lead disk 2.50 cm. in diameter and 
0.85 mm. thick which is supported in the center of a heavy iron ring G by the forty 
wires of the chromel-x-cope1 thermopile. The flattened junctions of the thermopile 
were attached to the disk by means of a thin layer of sealing wax which provided both 
thermal contact and electrical insulation. A spiral coil made from 15 cm. of No. 40 
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silk-covered manganin wire was imbedded in a thin layer of sealing wax on thr  face of 
the lead disk. Two No. 36 copper wires led out from the coil making thermal hut not 
electrical contact with the heavy iron ring before passing out of the case. The re- 
sistance of the manganin coil was 20.57 ohms. The iron ring was suspended by means 
of silk thread in a glass case with a thin aluminum window in front of the lead disk. 
This case was packed in cotton to prevent air currents and radiation in the room from 
affecting the thermopile. A lead screen H shielded the iron ring from the x-rays. 

The mercuric chloride, potassium oxalate and potassium chloride were all twice re- 
crystallized from the c .  p. quality materials. The ferric chloride used was Baker's c. p. 

The carbon dioxide was obtained from a cylinder and passed over fresh copper turnings 
a t  400" to  remove oxygen. 

Experimental Procedure.-In all cases 50 cc. of solution was measured into the 
reaction chamber with a pipet. The rubber capillary tube was then siippcd over the 
neck, fastened with wire and then coated with 
paraffin t o  prevent any leaks. In  order to  re- 
move the oxygen, which inhibits the reaction, 
the apparatus was evacuated to within 5 mm. 
of the vapor pressure of water and then oxygen- 
free carbon dioxide admitted to  atmospheric 
pressure. The chamber was shaken vigorously 
for two minutes to  saturate the solution with 
the carbon dioxide and to shake out the oxygen 
into the carbon dioxide above the solution. 
This same process of evacuating and admitting 
carbon dioxide was repeated nine times. The 
carbon dioxide would boil vigorously out of the Fig. 2. 
solution for about two minutes under the re- 
duced pressure, carrying the oxygen out with it. Before measuring the rate, the vacuum 
stopcock D was closed and the apparatus shaken until the pressure no longer chznged 
The manometer was read and then the lcad x-ray shutter E was opened for a definite 
length of time. The chamber was again shaken until the pressure became constant and 
then the manometer was read. 

The energy of the x-rays was determined by placing the calorimeter in the exact 
position in which the center of the reaction chamber had been in all the experiments. 
The reaction chamber was broken in half and the front end placed in front of thc calorim- 
eter so that the latter would directly measure the power entering the reaction chamber i n  
all experiments for the area of the lead disk. When the x-rays were turned on, the gal- 
vanometer connected to  the thermopile gave a deflection of about 20 cm. The x-rays 
were shut off and a current was started through the manganin coil. This current was 
adjusted until the galvanometer gave the same deflection as with the x-rays. Then the 
power of the absorbed x-rays would be equal to 12R where R is the resistance of th- 
manganin coil and I the currcnt passed through it. This current was repeatedly found 
t o  be 1.55 milliamperes. 

Experimental Results 

Effect of Mercuric Chloride Concentration.-The order of the reaction 
with respect to mercuric chloride was determined using a solution in which 
the amount of potassium oxalate was equivalent to more than ten times the 
quantity of mercuric chloride present. Under these conditions the total 
observed order of the reaction would be that of the mercuric chloride. The 
results are given in Tables I and 11, respectively, with and without the ad- 
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TABLE I 
25", H G C ~  0.1164 M, KzCz04 0.620 M, OXYGEN FREE 

Pressure ( a - x )  K 
Minutes ('20% -!- HzO) mole/liter -Log ( a - x )  (1st power) 

0 2.74 0.1164 0.9342 . . . 
1 8.49 ,1005 0.9977 0.0635 
2 13.22 ,0865 1.0632 .0655 
4 20.79 .0649 1.1879 .0624 
6 26.02 .0450 1.3014 .0568 

11 33.69 .0281 1.551 .050 
25 41.09 .0070 2.126 ,043 
40 43.20 ,0038 2.418 .018 
0 3.04 .1164 0.9342 
1.5 11.60 ,0919 1.0365 .0682 
2 14.12 .0848 1.0718 .0706 
3 18.37 .0726 1.1389 ,0671 

TABLE 11 

25O, HGCL~ 0.1164 M, KzCzOa 0.620 M, KCI, 0.2327 M 
( a  - x )  K 

Minutes Pressure, cm. mole/liter -Log ( a - x )  (1st Power) 

0 2.65 0.1164 0.9342 . . . 
1 4.64 .I107 0.9558 0.0216 
3 8.49 ,0998 1.0011 ,0225 
7 14.85 ,0816 1 ,0883 ,0218 

11 19.52 .0683 1.1658 .0194 
16 23.84 ,0559 1 ,2522 .Ol73 
25 29.16 .0408 1 ,3897 .0153 
45 35.76 ,0219 1.6588 .0135 

dition of potassium chloride. The rate approximates a first-order law until 
the reaction is near completion and then the rate rapidly falls off. Such a 
decrease is to be expected due to the retarding effect of the chloride ion 
formed by the reaction. Also, as the reaction proceeds, a larger proportion 
of the energy will be absorbed by the mercurous chloride precipitate and 
this should cause a decrease in the observed reaction rate. In order to 
avoid these effects, the rate was measured using a solution similar to those 
of Table I except that the mercuric chloride concentration was made ex- 
actly one-half as large. The rate constant in Table 111, is in good agree- 

TABLE 111 
SAME AS TABLE 1 EXCEPT HGCLZ 0.0582 M 

K 
Minutes Pressure ( a - x )  -Log ( a  - x )  (1st Power) 

0 2.56 0.0582 1.2352 . . .  
1.5 6.74 .0463 1.3348 0.0664 
3.5 11.11 ,0338 1.4713 .0687 

ment with that in Table I, and therefore it is evident that the rate of the 
reaction varies as the first power of the mercuric chloride concentration. 
It will also be noted that in all cases the rate constant increased during 



the first part of the reaction, thus showing an induction period which is 
characteristic of many other chain reactions. 

Effect of Oxalate Concentration.-The order of the reaction was de- 
termined for a solution containing equivalent amounts of oxalate and 
mercuric chloride. The results given in Table IV, show that the rate obeys 

Minutes 

0 
0.5 
1 
2.5 
4 
7 

11 
16 
24 

Pressure 

2.56 
4.06 
5.45 
9.08 

12.15 
17.31 
22.23 
26.06 
29.63 

.'C 
(2nd Order) 

a second-order law. Since the reaction is first order with respect to  the 
mercuric chloride i t  seems evident, under these conditions, that the rate 
varies as the first power of the oxalate concentration. However, this is 
not true where the equivalent concentration of the oxalate is greater than 
the concentration of the mercuric chloride. The effect of the oxalate a t  
various concentrations was determined using solutions similar in every way 
except having different oxalate concentrations and measuring the rate dur- 
ing a short interval of time durlng which there would only be a negligible 
change in the composition of the solution. These results are summarized 
in Table V. In  the first two solutions, doubling the concentration of the 

TABLE V 
25", HGCI,~ 0.1164 M 

K~C~O4concn . . . . . . . . . . . . . . . . . .  0.0291 0.0582 0.155 0.310 0.620 
Rate (meas.). . . . . . . . . . . . . . . . . . .  .0151 .0316 ,0574 .0615 ,066 
Rate (calcd.) . . . . . . . . . . . . . . . . . .  ,0151 ,0290 ,0568 .0638 .066 
(HgClzCz04-). . . . . . . . . . . . . . . . . .  .0262 .0505 .0988 ,111 .I14 

oxalate almost exactly doubles the rate, but as the latter concentration is 
increased the effect of doubling i t  grows very small. Such a change in the 
effect of the oxalate suggests that the reaction is the decomposition of a 
moderately stable complex between mercuric chloride and the oxalate. 
The calculated values of the rate given in the table were obtained by assum- 
ing the rate equation dx/dt = O.575(HgClzCzO4=) and the equilibrium: 
(HgClz)(GO4=) = 0.01 (HgClzC204-). The agreement between the cal- 
culated and measured values of the rate, over a twenty-fold range of con- 
centration, is strong evidence that the reaction is the decomposition of the 
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complex HgC12C204=. Bekhterevl has shown that mercuric chloride forms 
a complex with potassium oxalate. 

Effect of Chloride Ion.-Chloride ion retards the reaction a t  all con- 
centrations, but the extent varies with the concentration. This effect was 
investigated by measuring the rates of reaction of solutions differing only 
in the chloride-ion concentration. The rates were measured during short 
intervals of time so that there would only be a negligible change in the con- 
centrations. The results are given in Table VI. At higher concentrations 

TABLE VI 
25", HGCL~ 0.1164 M, KzCzOa 0.620 M 

. . . . . . . . . . . . . .  KC1 mole/liter.. 1.5616 0.9308 0.2327 0.1164 0.0000 
Rate.. . . . . . . . . . . . . . . . . . . . . . . .  0.00028 .00122 .0218 .0378 .066 

of chloride ion, doubling the concentration makes the rate one-quarter as 
large, so that the rate varies as the inverse second power of the chloride- 
ion concentration. At lower concentrations, however, the effect becomes 
less. This is what one would expect from the equilibria (HgC12) (Cl-) = 

k(HgC1,-j and (HgCi,) (Cl-) = k'  (iIgCl=). When the chloride-ion 
concentration is large, the mercury will nearly all be present as HgC14" 
and then the concentration of the HgClz would be inversely proportional to 
the second power of the chloride-ion concentration. Therefore, the rate 
must be proportional to the concentration of the HgC12 molecules. 

The Effect of Oxygen.-Oxygen was found to  inhibit the reaction a t  
all observed pressures from 0.019 to 8.0 cm., a four hundred-fold range. 
The solutions were freed of oxygen and the given pressure of oxygen ad- 
mitted, except for pressures below 0.4 cm., which were obtained by admit- 
ting known volumes of carbon dioxide containing 5% of oxygen. The rates 
were measured during short intervals of time during which the concentra- 
tion did not change more than 2%. The results are given in Table VII. 
The calculated values of the rate given in the third column were obtained 
from the empirical equation 

At the higher oxygen concentrations the rate is inversely proportional to 
the oxygen concentration, but at lower concentrations the effect of oxygen 
becomes less. 

The Effect of Ferric Chloride.-The inhibition by ferric chloride was 
investigated in the same manner as the inhibition by oxygen. It was found 
impossible to obtain reproducible rate measurements with ferric chloride 
concentrations between 7 X and 2 X lO-'M. There is more un- 
certainty with the smallest iron salt concentration since under these con- 
ditions a trace of oxygen would induce an appreciable dark reaction a t  

1 Bekhterev, J .  Russ. Phys.-Chem. SOG., 57, 161 (1925). 
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TABLE EII 
25", HGCLZ 0.0972 M, KzC204 0.898 M 

Oxygen press,, Rate, 
cm. %/min. 

Rate 
(calcd.) 

6.8 
5.5 
4 .6  
3.56 
2.43 
1 53 
1.16 
0.89 

.59 
.284 
.I36 
.069 

TABLE VIII 
25 ", HGCLZ 0.0972 M, KzC201 

0.898 M, OXYGEN FREE 
FeC13, Rate, Rate 

m X l o g  %/min. (calcd.) 

6.8 
None 6.8 6.8 

6.9 
3.77 

0.0078 3.82 3.95 
3.94 

.016 2.43 2.74 

.062 1.08 1.01 

.25 0.333 .29 
.336 

.50 .I96 .14 
1.00 .091 .073 

.095 

room temperature. Some of the results given in Table VIII are given 
in duplicate or triplicate to  show their reproducibility. The values given 
in the third column of Table VIII were calculated from the empirical 
equation 

This equation differs from that for oxygen only in that the ( 0 2 )  of the former 
is replaced by 7630 (FeCh). 

- 1 - .5 0 0.05 
Log rate. 

Fig. 3. 

In Fig. 3 the logarithms of the rates are plotted against the logarithms 
of the oxygen pressures and also against the logarithms of 7630 times the 
ferric chloride concentrations. The curve represents both empirical equa- 
tions, while the circles are the measured values with ferric chloride and the 
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dot-centered circles are the measured values with oxygen. This graph 
shows that the empirical equations are in agreement with the experimental 
measurements. 

There is no measurable dark reaction a t  room temperature unless both 
iron salts and oxygen are present a t  the same time, and this was not the 
case in any of the above experiments. 

Temperature Coefficient.-The same solution was used for measuring 
the rate a t  both temperatures. Two thermostats, one a t  25 and the other 
a t  35O were arranged so that water from either could be circulated through 
the water jacket of the reaction chamber. The rate was measured a t  25, 
then a t  35 and then again a t  25O. The manometer was always read with 
the solution at 25' to avoid any effect of the change of solubility of carbon 
dioxide with temperature. Five minutes were allowed for the temperature 
of the solution to come to that of the thermostat, both before reading the 
manometer and before turning on the x-rays. The solutions used were 
0.1164 &I HgC12, 0.290 N KzC204, 0.2327 M KC1, all free from oxygen. 
Two separate measurements gave the temperature coefficient as 1.54 and 
1.51 for ten degrees. 

Energy Efficiency and Chain Length.-The power absorbed by the 
calorimeter was 12R or 0.001552 X 20.6. This is 4.94 X lov5 watt or 
0.00071 cal./min. Since the reaction vessel containing 50 cc. of solution 
was 6.8 cm. long, the cross section of the solution would be 7.35 sq. cm. 
The area of the lead disk was 4.91 ~ m . ~  and therefore the cross section of 
the solution was 1.50 times the area of the lead disk, so that the power 
entering the solution was 0.00106 cal./min. In Table I, the amount re- 
acting during the first minute was 0.0008 mole. This gives the energy 
efficiency as 1.32 cal./mole or in other units 0.91 X 10-l6 ergs per mole- 
cule. Since it takes 35 volts or 56 X 10-l2 ergs on the average to  produce 
an ion pair, there were 6 X lo5 molecules reacting per ion pair. I t  is as- 
sumed that the total energy absorbed goes into ionization. 

Summary and Conclusions 
The rate of the reaction under all conditions studied is given by the 

following equation 
dx - = k (HgC12C20~) 
dt 0.0823 f (02) + 7630(FeC13) 

where HgClzC20*= = 0.01 (HgClz)(Cz04=). This is for constant energy 
input. The oxygen concentration is in centimeters pressure, while the 
other concentrations are in moles per liter. In all cases studied the incident 
radiation was constant and totally absorbed. This equation expresses 
the rate only when oxygen and ferric chloride are not both present a t  the 
same time. In that case, there is also an induced dark reaction2 which 
must be added to this. 

' W. E. Roseveare and A. R. Olson, THIB JOURNAL, 51, 1717 (1929). 



The great energy efficiency indicates that it is a chain reaction. The 
denominators of the above equations are similar to those found by Back- 
strom3 to express the negative catalysis of alcohols in the oxidation of so- 
dium sulfite which is a chain reaction. The effect of oxygen and ferric 
chloride can best be explained by Backstrijm's theory that the effect of the 
negative catalyst is to break the chains. 

It seems probable that the primary step is the decomposition of the com- 
plex according to this equation 

HgC12C204- + energy = HgCl + C1- + Cz04- 

The half-oxidized oxalate, C204-, would then reduce the HgC14 in another 
HgC12C204- and the energy of reaction may cause the oxalate ion in the 
complex to decompose, giving products which may react in the same way 
as the half-oxidized oxalate. These chains would end if the intermediate 
products were oxidized by either oxygen or ferric chloride. Such a mechan- 
ism is in agreement with the above experimental equation for the rate 
of reaction. 

The observed temperature coefficient will be the sum of the temperature 
coefficients for the reaction and for the dissociation of the complex ions. 

UNIVERSITY OP. WISCONSIN 

MADISON, WISCONSIN 
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Introduction 
The decomposition of nitrogen pentoxide has been much studied during 

the past few years in connection with the subject of reaction rates as i t  is 
one of the few, and of these the oldest of, unimolecular reactions. I n  
papers dealing with the kinetics of the nitrogen pentoxide reaction, i t  has 
ordinarily been assumed to  have a molecular diameter of 10W7 cm. Recent 
calculations by Tolman, Yost and Dickinsonl and by Lewis2 show that in 
order for i t  to be activated sufficiently rapidly i t  should have the extraor- 
dinarily large diameter of 6.07 X cm. In this case one of the molecules 
is activated, which may greatly modify its effective diameter. It seems 
of interest, however, to determine this value by viscosity measurements. 

3 H .  N .  Alvea and H .  l,. J .  Backstrom, THIS JOURNAL, 51,90 (1929). 
1 Tolman, Yost and Dickinson, Proc. Nut. Acad. Sci., 13, 188 (1927). 
2 Bernard Lewis, Science, 66, 331 (1927). 
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Experimental 
A diagram of the apparatus is shown in Fig. 1. I t  was made entirely of pyrex 

glass without stopcocks. The nitrogen pentoxide a t  a pressure of 51 mm., in A, passed 
through the capillary D and was condensed by liquid air in the U-tube E. Nitrogen 
pentoxide was introduced into A, before beginning the measurements, by vacuum dis- 
tillation from a mixture of white fuming nitric acid and phosphorus pentoxide, contained 
in a glass vessel sealed to B. The nitrogen pentoxide in some experiments was con- 
densed in A by liquid air, in others by a mixture of ice and brine. During the distilla- 
tion a low pressure was maintained by pumps a t  both J and H. After sufficient nitrogen 
pentoxide had accumulated in A, the arm B was sealed off, the cooling bath removed 

from A and evacuation a t  J continued 
until the nitrogen pentoxide crystals 
were colorless. The cooling bath was 
then applied to A and the arm J 
sealed off. The cooling bath a t  A 
was now replaced by a large Dewar 
containing clean ice, which main- 
tained a temperature of 0" to  within 
0 1 " throughout the remainder of the 
experiment. A water pump circu- 
lated water from a refrigerator 
through the cooling jacket C. A 
thermometer showed this tempera- 
ture to  be constant a t  4' t o  within 
less than 0.5" during all experiments. 
The cooling jacket was wrapped with 
asbestos. The low temperature pre- 
vented decomposition of the nitrogen 
pentoxide while passing through the 

J capillary. 
After the nitrogen pentoxide had 

been passing through the capillary 
and into the soda lime a t  G for from 

Fig. 1.-Apparatus for measuring the viscosity two to three hours, liquid air was aP- 
of a corrosive gas. plied to  the U-tube a t  E and the time 

accurately noted. The high vacuum 
pump a t  H maintained a vacuum better than 0.1 mm. a t  all times, as shown by th-  
mercury gage I. After nitrogen pentoxide had been condensing in E for two hours the 
two arms of the U-tube were sealed off a t  E. The exact time the left arm was sealed 
off was noted. 

The sealed U-tube containing the nitrogen pentoxide was broken beneath the sur- 
face of standardized sodium hydroxide by pushing the two arms together. The sodium 
hydroxide filled the two evacuated arms, reacting with the nitrogen peritoxide without 
loss. The two arms were then carefully washed and the sodium hydroxide back-ti- 
trated with hydrochloric acid. 

The variation of 0.1 " in the ice-bath A results in a change in the vapor pressure of 
0.5 mm. in a total pressure of 51 mm.' The amount of nitrogen pentoxide collected in 
unit time did not vary with a many-fold change in the surface of nitrogen pentoxide, 
proving that  the pressure of nitrogen pentoxide in A did not lag appreciably behind the 
equilibrium pressure during the experiments. 

Daniels and Bright, THIS JOURNAL, 42, 1131 (1920). 
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The capillary was standardized by passing definite volumes of nitrogen and oxygen 
through the apparatus under a small constant pressure. The pressure was maintained 
by a short column of mercury with gas on both ends held together by surface tension. 
The method is described by  A. 0. Rankir~e.~ The modification used is here described. 
To the U-tube A a three-way stopcock was connected. One of the arms of the stopcock 
connected with a flask containing the purified gas. The remaining arm connected n i:h 
a 6-mm. glass tube of the same length as the capillary and parallel to  it. This tube 
was cooled by a cold water jacket in series with the cooling jacket C. Inside this tube 
was a column of mercury about 2 cm. long which descended in the tube a s  the gas 
cscaped through the capillary D. This maintained a constant pressure on the escaping 
gas, depending only on the length of the column since the tube was open to the at- 
mosphere above the column and also a t  the tube H. The mercury columu moved be- 
tween two lines on the tube, thus always expelling a known volume of gas, and the 
corresponding time was noted. It could be forced back up the tube for another ex- 
pcriment by turning the three-way stopcock to connect the tube with the flask and then 
carefully manipulating the adjustable manometer. The cross sectional area of the 
tube containing the mercury column was determined by measuring its length and then 
weighing it. The tube was of very uniform borebetween the marks, which were a meter 
apart. The volume between the marks was found to be 7.63 cc. After each series of 
experiments the column was forced up into a short auxiliary tube which could then be re- 
moved and weighed. 

Results 

In  the calibration experiments the pressures un the-hry -a= 740 
mm. plus the pressure of the mercury column on one end and 740 mm. on 
the other. The gases used were air and oxygen and in each experiment the 
time tl taken for the mercury column to move through one meter, expelling 
7.63 cc. a t  4O, was noted. From the data one can calculate what volume of 
air and oxygen, respectively, would be expelled in the time tl if the pressure 
on one end of the capillary were 51 mm. and on the other approximately 
zero, as in the nitrogen pentoxide experiment. Poiseuille's equation may 
be written 

where t is the time, r is the radius of the capillary, 7 is the viscosity and V 
is the volume of gas which passes a t  the point where the rate of change of 
pressure with distance is dpldx. Using the gas law we have V = nRT/p = 
KIP; making this substitution for V in (1) and integrating, we obtain p2 = 
1 6 r k x / ~ r 4 t ,  providing we suppose P to be zero when x = 0. 

Thus if a capillary of uniform bore is considered in which the pressure a t  
one end is zero and a t  the other 740 + a,  the ratio of the lengths of the seg- 
ments L1 in which the pressure drops from 740 + a to 740 mm. to  the seg- 
ment Lz in which it drops from 51 to zero is 

A. 0. Rankine, Proc. Roy. Soc. (London), 83, 516 (1910). 
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?'he same number of molecules would stream through these two segments 
in equal time. For two segments of the same length with the respective 
pressure drops 740 + a to 740 mm. and a second of 51 to zero mm., the 
number of molecules Nl and Nz emitted in equal times will be in the ratio 

and 

where Vl and V2 are the volumes passing through in the time tl = &. 
Here the volumes are measured a t  the high pressure ends of the capillary. 
I n  every case, Vl was 7.63 CC. If Vs is the volume of nitrogen pentoxide 
which streams through the same capillary in time t3 when the pressure on 
one end is 51 mm. and zero on the other, we write 

where 7% is the viscosity of nitrogen pentoxide and 71 is the viscosity of air or 
oxygen. 

Any two molecular diameters a1 and a3 are in the ratio u3/c1 = 

7:/2/~~/4731/', where MI and 21.18 are the corresponding molecular weights. 
Thus 

The following table gives the data for the calibration runs. 

Gas 

Air 
Air 
Air 
0 3  

0 1  

0 2  

01 

TABLE I 
EXPERIMENTAL CALCULATION 

VI tl a 

7.63 379.8 17.63 
7.63 337.4 19.88 
7.63 343.2 19.65 
7.63 340.9 22.25 
7.63 198.3 37.78 
7.63 339.3 22.50 
7.63 211.5 33.90 

Average 

In the table, VI is in cc., tl in seconds and a in mm. and b = 

01 4- and c = m, b. For oxygen o, is taken equal to 

2.96 X lo4 and for air 3.10 X 10-8. The other quantities have been 
defined. 

Nitrogen pentoxide was permitted to run for 7200 seconds in five experi- 
ments, giving volumes V3 of nitrogen pentoxide calculated to 51 mm. and 
4' shown in Table 11. 
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TABLE I1 
. RESULTS OF EXPERIMENTS 

Gas Va qmG 
Nitrogen pentoxide 805 0.334 
Nitrogen pentoxide 793 .332 
Nitrogen pentoxide 905 .354 
Nitrogen pentoxide 916 ,356 
Nitrogen pentoxide 804 336 

Average 

Thus the average value for the molecular diameter of nitrogen pentoxide 
is 8.53 X 

Discussion of Possible Errors 

When a column of mercury descends in a tube it encounters a viscous 
resistance which might appreciably reduce the pressure on the gas escaping 
through the capillary. A simple calculation shows that this was not the 
case in the above calibration. In a typical experiment the length of the 
mercury column was 1.79 cm. and its radius was 0.1537 cm. The volume 
swept out was 7.63 cc., the time 379.8 sec.; the viscosity of mercury a t  20° 
is 0.01589. Substitution of these values in Poiseuille's equation gives a 
viscous resisting pressure due to the descent of the mercury column itself 
of 24.8 dynes. This is to be deducted from the pressure due to the mercury 
column, which is 23,800 dynes. The viscous resistance is thus negligible. 

In the experiment with nitrogen pentoxide the pressure a t  the end of the 
capillary next to the liquid air was low. The kinetic theory for viscosity 
applies only for pressures such that the mean free path is small compared 
with the diameter of the capillary. From the rate with which air flowed 
through the capillary its mean diameter was found to be 0.0294 cm. The 
niolecular diameter is found to be 8.53 X cm., so that the nitrogen 
pentoxide molecules will have a mean free path of 0.029 cm. at  a pressure of 
0.04 mm. &en if the resistance to flow should drop to zero for the last 
0.04 mm. of the 51-mm. pressure drop or rise to ten times the value from 
the kinetic theory, this error should be small. Actually, a pressure of nitro- 
gen pentoxide as low as 0.04 mm. was never reached since the space @ was 
evacuated only by a Hyvac pump and the pressure of permanent gas as 
shown by the manometer I was only kept less than 0.1 mm. This small 
residual pressure also lessened any chance of distillation of nitrogen pen- 
toxide from E to G. Actually, all the nitrogen pentoxide was observed to 
condense on the first centimeter or two submerged in liquid air, leaving a 
path about ten time as long through the cooled tube on which there was 
no visible condensate. 

The gas emerges from the capillary with an axial velocity. Thus a part 
of the pressure drop is not used in overcoming viscous resistance. In the 
calibration experiments, since the increase in volume, and therefore veloc- 
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ity, is less than in the nitrogen pentoxide experiments, i t  will be sufficient 
to show that for nitrogen pentoxide the energy used in communicating 
velocity is only a small fraction of that used in overcoming viscous resist- 
ance. If the pressure at the low pressure end be taken as 0.1 mm., the 
velocity will be such as to use up less than 0.3% of the 51-mm. pressure 
drop. This figure is an upper limit to this error. 

Conclusions 
An experimental arrangement for measuring viscosities of corrosive gases 

is described. 
The molecular diameter of nitrogen pentoxide is found to  be 8.53 X 

cm. 

[CONTRIBUTION FROM THE ANALYTICAL LABORATORY OF T H E  STATE UNIVERSITY OF 

IOWA] 

OXIDATION-REDUCTION POTENTIALS. 11. THE MANGANESE 
DIOXIDE ELECTRODES 

The standard oxidation-reduction potential of the permanganate-hy- 
drogen-manganous ion electrode is of considerable importance both from 
the point of view of reliable electromotive force constants and from its 
use in making suitable predictions. Since it is not possible to  measure 
directly the foregoing potential, one must resort to calculations involving 
electromotive force measurements of the cells 

Pt ( Hz, H+ \ H+ + MnOa- + MnOz ( Pt, and (A) 
Pt 1 Hz, H +  I H+ + Mn++ + MnOz I Pt (B) 

If EA and EB represent the standard oxidation-reduction potentials of 
Cells A and B, respectively, then the standard oxidation-reduction potential 
(Ec) of the cell 

Pt I HP, H +  / H+ + Mnf+ + Mn04- I Pt (c) 
can be calculated from the equation (3EA f 2EB)/5 = Ec. This calcu- 
lation was made using the value of EA obtained by Brown and Tefft,' 
and the value of EB obtained by T ~ w e r . ~  It was noted, however, that 
Brown and Tefft employed chemically prepared manganese dioxide which 
analyzed over 99%, while Tower employed electrolytically prepared 
manganese dioxide whose analysis was not given. It was further ob- 
served that the potentials with electrolytic manganese dioxide varied ac- 
cording to the current density employed in its preparation and that the 
values in the literature for the potential of the manganese dioxide-per- 
manganate electrode differed by more than 0.1 volt. 

1 Brown and T e f f t ,  THIS JOURNAL, 48, 1128 (1926). 
Tower, 2. physik. Chem., 32, 566 (1900). 



It was therefore deemed necessary to determine the potentials of the 
cells A and B employing the same kind of manganese dioxide and making a 
critical analysis of all the constituents entering into the reactions. As a 
result of this study one is led to conclude that cells involving the use of 
chemically pure manganese dioxide render themselves incapable of record- 
ing accurate electromotive forces because manganese dioxide reduces the 
permanganate ions, and the electrodes are irreversible in the presence of 
manganous and hydrogen ions. The foregoing conclusion becomes almost 
inevitable when one considers that the materials employed were purified 
using "atomic weight" technique and that two entirely different methods of 
analysis were resorted to  in the analysis of the important constituents. 

Experimental 

A. Preparation of Materials 

1. Potassium permanganate was twice recrystallized from thc best quality salt 
and a solution of the salt was made in redistilled water. After standing for several 
weeks the clear solution was siphoned off and kept in a bottle painted with black auto 
enamel. 

2. Water employed in this investigation was redistilled from alkaline perman- 
ganate solution. 

3. Manganese Dioxide.-Two kinds of manganese dioxide were prepared. One 
is called chemical, the other electrolytic, for the sake of differentiation. 

a. Chemical.-Brown and Tefft' prepared manganese dioxide by heating man- 
ganese nitrate a t  160". They state that their product was over 99% pure but they give 
no explanation as to the composition of the remaining one per cent. Several attempts 
to make pure manganese dioxide were made before arriving at the following procedure. 
Manganous nitrate was prepared by a method similar to that used by Baxter and Hines3 

to prepare manganous bromide for use in the atomic weight of manganese. The man- 
ganous nitrate solution was evaporated until a considerable amount of a pasty mass of 
manganese dioxide had separated out, then poured into a large volume of cold water. 
The product thus obtained was very finely divided. After suitable washing, the man- 
ganese dioxide was dried, ground and then heated about a dozen times with concen- 
trated nitric acid, each treatment being followed by heating to 160". The product 
was also ground several times together with dilute nitric acid and the resulting solution 
decanted. The final product was heated for twenty-four hours a t  160'. Analysis 
gave 99.62% of manganese dioxide and 0.41% of water. 

b. Electrolytic.-Most of the literature on the electrolytic deposition of manga- 
nese dioxide deals with attempts to deposit manganese quantitatively from solution; 
no attempts have been made to deposit pure manganese dioxide. The adhering de- 
posit was usually ignited to Mn80c and weighed as such; all investigators found that the 
product deposited does not have the formula MnOs In this investigation a platinum 
dish (100 CC.) and disk (5 cm. in diameter) served as the cathode and anode, respectively. 
The current density, temperature and the concentration of nitric acid were varied. The 
highest percentage of manganese dioxide found by the electrolytic method was about 
92%, the rest being water and lower oxide of manganese. The analysis was made after 
the product of electrolysis was washed, dried at 160°, ground and again heated to 160' 
for one hour. 

Baxter and Hines, THIS JOURNAL, 28, 1560 (1906). 
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4. Perchloric Acid.-G. Frederick Smith's 72% perchloric acid was redistilled 
under reduced pressure in an all-glass distillation apparatus, rejecting the first and the 
last quarter portion. FI-om the redistilled portions the dilute acids were prepared. 

5. Manganous perchlorate was prepared by a method similar to  that used in the 
preparation of manganous nitrate. 

B. Apparatus 

The electrode vessels, the potentiometric equipment, etc., employed were those 
used in a n  earlier investigation by Popoff and K ~ n z . ~  About 2 g. of manganese dioxide 
was placed in chamber A. This was sufficient partly to  cover the platinum foil. 

C. Analytical Methods 

1. The potassium permanganate solutions were standardized against Bureau of 
Standards sodium oxalate using McBride's6 conditions but employing weight burets 
and electrometric methods of obtaining the end-points. 

2. Perchloric acid was standardized against a sodium hydroxide solution (free 
from carbonates) which had been in turn standardized against constant-boiling hydro- 
chloric acid and benzoic acid. The maximum deviations were never more than 0.05%',. 
The total acidity of the permanganate solutions as well as that of the standard acids 
was checked employing the electrometric method described by Popoff and M ~ H e n r y . ~  

3. The water content of the manganese dioxide was determined by heating the 
products in a fused silica combustion tube to  900' in a current of dry oxygen and ab- 
sorbing the water in a suitable bottle containing dehydrite. 

4. The manganese dioxide was analyzed by the following methods. 
a. The ferrous sulfate method consisted in adding an excess of the acidified re- 

agent to  the manganese dioxide, heating until all of the manganese dioxide had dissolved 
and then titrating the excess with standard permanganate solution. This method was 
found convenient for determining the oxidizing power of the electrolytic but not of the 
chemically prepared manganese dioxide. The latter required heating from thirty to  
forty-five minutes near the boiling point in order to  accomplish the complete reduction. 
Duplicates failed to  agree either among themselves or against the sodium oxalate 
method when employing the chemical manganese dioxide. Good agreements, however, 
were found when employing the electrolytic manganese dioxide. 

b. The sodium oxalate method consisted in adding an excess of sodium oxalate 
t o  50 cc. of 9 N sulfuric acid containing about 0.1 g. of manganese dioxide. then keeping 
the solution at  about 90" (for about five minutes) until reduction was complete. Fi- 
nally, after diluting to 250 cc., the excess sodium oxalate was titrated with standard 
perpanganate solution. In the actual analysis i t  was deemed necessary to  employ 
about 0.5 g. of manganese dioxide and after suitable dilution to titrate an aliquot por- 
tion. A sample of Bureau of Standards pyrolusite containing an oxidizing equivalent 
of 87.53% in terms of MnOt was found by the foregoing method to be 87.74%. Con- 
sidering that the sample contained iron, copper and about 5% of insoluble matter, which 
were not removed, the sodium oxalate method gave good results. 

c. The Pyrophosphate Method.-The dioxide was dissolved in hydrochloric 
acid, the solution was heated to  the boiling point, then about 2 g. of monoammonium phos- 
phate were added, followed by freshly distilled ammonia until the solution smelled of am- 
monia. The solution was continually stirred until the precipitate had been converted to  
the silky form. This was followed by digestion for about two hours. After cooling, the 

Popoff and Kunz, THIS JOURNAL, 51,382 (1929). 
McBride, ibid., 34, 393 (1912). 
Popoff and McHenry, Ind. Eng. Chem., 20, 534 (1928). 
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precipitate was filtered, washed with water and finally heated a t  about 800" t o  constant 
weight. The filtrate was evaporated to a small volume and the manganese was de- 
termined calorimetrically after oxidation to permanganate by potassium periodate, follow- 
ing the usual procedure. By this latter procedure a correction was made for the solubility 
of the manganese ammonium phosphate-thus rendering the method precise and 
accurate. 

The effect of varying the current density and the concentration of nitric 
acid in the electrolytic method of preparing manganese dioxide is seen 
from the results given in Table I. 

TABLE I 

ANALYSIS OF ELECTROLYTIC MANGANESE DIOXIDE 
HNO3 Lower 

added, cc. MnOz, % HeO, % oxides, % CDloo Method of analysis 

2 91.49 91.34 5.29 3.30 0.05 ferrous iron 
2 90.85 90.87 5.07 4.08 .03 Ferrous iron 
2 90.57 90.79 5.03 4.29 .10 Ferrous iron 
5 91.57 91.67 5.00 3.38 .05 Sodium oxalate 

10 90.00 89.98 4.72 5.28 .05 Sodium oxalate 

The effect of increased temperature, different acids added, such as 
formic, perchloric, gave manganese dioxide differing in oxidizing power 
but slightly from the foregoing. Table I1 gives the comparison as well as 
the results of analyses of the different kinds of manganese dioxide by two 
entirely different methods. 

TABLE I1 
ANALYSES OF MANGANES DIOXIDE BY DIPPERENT METHODS 

Total 
Kind of MnOz from MnOz from From From 
MnOa oxalate, % MnzPe07, % HzO, % oxal. MnzPaO? 

Commercial 89.55 95.60 . . . ~. . . . 
89.73 95.80 

Electrolytic 91.57 97.18 5.00 96.57 102.18 
91.67 97.49 5.00 96.67 102.49 

Chemical 99.62 99.59 0.41 100.03 100.00 

It is believed that there are no lower oxides of manganese present in our 
chemically prepared manganese dioxide, as the percentages of manganese 
dioxide found by two entirely different methods are in excellent agreement. 

5.  The manganous perchlorate solutions were analyzed by the pyro- 
phosphate method given under manganese dioxide. The mean error was 
of the order of 0.03%. 

D. The Instability of Potassium Permanganate Solutions 
The instability of potassium permanganate in perchloric acid solutions 

in the presence and absence of manganese dioxide is a very significant and 
important factor in this investigation. It is very evident from Table I11 
that permanganate solutions are decomposed by comparatively dilute per- 
chloric acid solutions either in the presence or absence of pure manganese 
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dioxide. In the presence of the electrolytic manganese dioxide, a 0.00237 
M potassium permanganate solution in 0.025 M perchloric acid became 
practically colorless in about three days. It is significant to  note that a 
solution (No. 4) identical with the one employed by Brown and Tefft was 
found to  have undergone considerable decomposition, although it gave 
almost an identical value for the electromotive force of the cell. A solution 
(No. 5) identical with No. 4 was prepared, sealed in a glass vessel and kept 
in the constant temperature bath for seven days. This solution also under- 
went decomposition, thus proving that outside contamination was not re- 
sponsible for the decomposition. 

The instability of potassium permanganate solutions in the presence of 
sulfuric acid is of about the same order as that found in perchloric acid. 

INSTABILITY OF POTASSIUM PERMANGANATE SOLUTIONS 

Concn. KMnO4 Loss, No. of 
No. Acid and concn. found, per g. of soln. mg. days 

0.001587 0.022 0 
1 O.5M HClO, .001575 .034 1 

.001556 .053 2 

.001526 .083 3 

.04938 0 
2 0.025 M He104 . a 9 2 9  .09 1 

.04923 .15 2 

.04919 .19 3 
3 0.025 M HC104 with Mn02, Series .001556 ,059 0 

I ,  Cell 1 .001497 8 
4 0.025M KC104 with MnOz, Series .0003683 .034 2 Brown-Tefft soln. 

IV, Cell 2 .0003342 
5 0.025M HClO4 with MnO,, sealed .0003683 .052 7 

,0003162 

E. Electromotive Force Measurements 
Electromotive force measurements were made of Cells A and B under 

varying conditions. It is evident that i t  is next to impossible to obtain 
accurate electromotive force data from Cells A (Series I-IV) because of 
the instability of the potassium permanganate solution. It is interesting 
to  note that the cells in Series IV gave 1.4972 and 1.4977 volts as compared 
to  1.4975 obtained by Brown and Tefft. These authors state that "the 
potential of a newly prepared manganese dioxide electrode, when first 
filled with perchloric acid-permanganate mixture rose a t  first, then de- 
clined, approaching a limiting value after several weeks. According to 
analysis, this drop in potential was not due to the decomposition of the 
potassium permanganate." It is significant to note further that Inglis,? 
who employed electrolytic manganese dioxide, states that the coating on 

Inglis, 2. Elektrochenz,, 9, 222 (1903). 
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the electrode must be very thin in order to obtain reproducible results. 
The solubility of the electrolytic manganese dioxide is much greater than 
that of the chemically pure manganese dioxide. It is doubtful whether or 
not the solution was saturated with the rnangancse dioxide when the 
electrolytic manganese dioxide was employed by former investigators. 

TABLE IV 

ELECTROMOTIVE FORCE A~SASUREMENTS 
Series I, KMn04, 0.01 M; HC1O4, 0.0250 M. Chemical MnOz, 99.6% 

Volts 
Time Cell 1 Cell 2 Remarks 

9 .OO A. M. 1.5162 1. ,5141 Plain platinum electrodes in graded seal glass 
2 :00 P. M. 1.5165 1 5140 
6:OO P. M. 1 5166 1.5141 

10.00 A. M. 1 5175 1.5141 
2.00 P. 31. 1.5176 1.5143 

9 : 00 A. M. 1.5041 1.5000 New electrodes of plain platinum foil, sealed in lead glass 
3 : 0 0 ~ . ~ .  15031 1.5038 

~O:OOA.M. . . . .  1.5075 
~ : ~ O P . M .  . . . .  1.5078 

10:OOa.~. . . . .  1.5096 
3 :oOp.~ .  . . . .  1.5098 

KMn04 solution changed from 0.001556 to 0.001497 in eight days. 

Series 11. Same as Series I, except MnOs (chemical) on Pt  electrodes 
Volts 

Time Cell 1 Cell 2 Remarks 

10 : 00 A. M. 1.5029 1.5002 
1 :00 P. M 1.5000 1.5001 MnOz electrodes interchanged 
7:00 P. M. 1.4979 1.5001 

9 : 3 0 ~ . ~ .  1.4966 1.4980 
1 1 : 3 0 ~ . ~ .  1.4968 1.4986 
4 : 3 0 ~ . ~ .  1.4968 1.4986 

10: 00 A. M. 1.4951 1.4973 E. m. f .  lower than in Series I and continually decreasing 
1 : 00 P. M.* 1.4951 1.4975 
7 : 0 0 ~ . ~ .  1.4963 1.4983 

~:OOA.M. 1.4936 1.4959 
1 : 0 0 ~ . ~ .  1.4938 1.4959 
7 : 00 P. M. 1.4932 1.4952 

Series 111. KMn04, 0.00237 M; HC104, 0.025 M; Electrolytic MnOz 
Volts 

Time Cell 1 Remarks 

10 : 00 A. M. 1.4735 
1:OoP.M. 1.4747 
7 : 0 0 ~ . ~ .  1.4737 

7 : 0 0 ~ . ~ .  1.4569 Three-day interval; the solution became almost coIorless 
8 : o O p . ~ .  1.4567 

4 : 0 0 ~ . ~ .  1.4533 
5 : O o p . ~ .  1.4522 
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TABLE IV (Concluded) 
Series IV. Same as Series I11 except Chemical MnOn, 99.6% 

Time Cell 1 Cell 2 Remarks 

7 : 0 0 ~ . ~ .  15068 1.5071 
l l : 3 0 ~ . ~ .  1,5077 1.5107 
4 : 0 0 ~ . ~ .  1.5075 1.5089 

8 :  00 r. M. 1.4815 1.4770 Electrodes cleaned with H202-H2S04 mixture 
10 : 00 A. M. 1.4896 1.4882 

1 : 3 0 ~ . ~ .  1.4910 1.4886 
9 : 00 A. M. 1 4956 1.4949 

1 : 00 P. M. 1.4966 1.4967 Solution changed (Cell 2) from 0.0003683 to 0.0003343 
4 . 0 0 r . ~ .  1,4970 1.4965 
~ : ~ O P . M .  1.4972 1.4977 

Brown and Tefft fourid 1.4975. 

Series V. Mn(C104)2 in HClOd soln. Chemical MnOz, 97.8%, prepared by the usual 
method 

Date Time E. m. f .  

1 /6 8:34 P. M. 1.1890 
9:lO ,8955 

1/7 9:15 A.M.  .88-25 
11:35 .0219 
7:03 P. M. .9258 

11'9 8:30 A. M. ,9250 
10 : 20 .9256 

1 : 20 P. M. ,9252 

Series VI. Mn(C1Oa)z in HClOl soln. Chemical Mn02, 99.67, 
Date Time E. m. f .  Remarks 

9/1 7:45 P. M. 0.72005 
7:49 .71563 
7:54 .71701 

9 /3 7:02 P. M. .66450 
7:35 .64057 Stirred 
9:05 .ti3316 

11:OO ,63511 Stirred 

9/9 2: 55 P. M. ,63416 Stirred 
4:OO .62409 Stirred 
5: 18 .63336 

9/10 2:45 P. M. .69062 Stirred by motor 
4:30 .75642 Stirred by motor 
4:40 .73809 
4:55 .70818 

Series V and VI give the electromotive forces obtained employing Cell B. 
When manganese dioxide (97.8%), prepared by the usual method, and 
containing lower oxides, was used (Series V), a steady potential was ob- 
tained in about two days. However, with the pure (99.6%) manganese 
dioxide the potentials were unsteady and subject to change without any 
notice. 



After presenting this article for publication, opportunity was given to  
look over and examine the article of Brown and Liebhaf~ky.~ The main 
argument is the preparation and analysis of the manganese dioxide. We 
were not able to prepare pure manganese dioxide until the pasty mass was 
dropped into cold water, this procedure giving a crystalline product. 
Two entirely different and specifically stated methods of analysis showed 
that the manganese dioxide prepared did not contain lower oxides of 
manganese than that corresponding to MnOz. The foregoing authors 
do not give any details of their method of analysis. Without modification 
of the method of the preparation of the manganese dioxide, the product 
gave a steady potential in a few days as shown in Table IV, Series V. In  
Table IV, Series VI, i t  has been shown that pure manganese dioxide does not 
give steady potentials even if the electrode solution is stirred and left t o  
stand for a period of nine days. If one employs the values of EA and EB, 
and calculates Ec, one obtains a value of - 1.48 volts. Brown and Lieb- 
hafsky report a value of - 1.446 using the new value of EB rather than that  
obtained by Tower. One would expect a much larger difference and in 
the opposite direction in the calculated values, since Tower used electro- 
lytic manganese dioxide, which everyone admits contains lower oxides of 
manganese. 

It is significant to note that, in general, serious polarization
g 

may be 
expected to take place a t  electrodes which involve reactions that take place 
with a change in the oxygen content. All of the electrode potentials EA, 
EB and Ec certainly involve a change in the oxygen content and therefore 
one must resort to other means than electromotive force measurements of 
determining these electrode potentials. 

Summary and Conclusions 

1. Pure manganese dioxide (99.6%, rest water) was prepared and 
analyzed by two entirely different methods. 

2. It was not possible to prepare electrolytically manganese dioxide 
which did not contain lower oxides of manganese. 

3. Solutions of potassium permanganate containing perchloric acid 
were found to be unstable either in the presence or absence of manganese 
dioxide. 

4. Due to the foregoing instability, it was found impossible to  measure 
the potential of the permanganate-hydrogen-manganese dioxide electrode. 

5. When pure manganese diox;de was employed in the manganese 
dioxide-hydrogen-manganous electrode, the electrode was found to  be 
irreversible. 

8 Brown and Liebhafsky, THIS JOURNAL, 52,2595 (1930). 
9 Lewis and Randall, "Thermodynamics and the Free Energy ~f Chemical Sub- 

stances," McGraw-Hill Book Co. Inc., New York, 1923, p. 3&3, 
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6. It is evident then that the potential of the permanganate-hydrogen- 
manganous electrode cannot be calculated from the potentials of the manga- 
nese dioxide electrodes. 

7. Since the manganese dioxide electrodes involve reactions in which 
there are changes in the oxygen contents, one would expect polarization 
to take place at the electrodes. 
8. Specific directions are given for the precise determination of manga- 

nese gravimetrically. 
IOWA CITY, IOWA 

TRANSFERENCE PHENOMENA AND THE EXISTENCE OF 
COMPLEX IONS AS INTERPRETED BY THEIR 

MAGNETO-CHEMICAL BEHAVIOR 

For our purpose we shall define a molecule as an entity consisting of 
atoms which are held together by chemical bonds. By a chemical bond 
we shall mean a coupling of thespin magnetic moments of a pair of equiva- 
lent electrons1 which are held in common by two atoms. Sodium chloride, 
from this point of view, does not consist of molecules in the crystalline 
state but of sodium ions and chloride ions. On the other hand, mercuric 
chloride consists mostly of molecules in both the crystalline state and in 
solution. Hydrogen consists of molecules in the gaseous state and in the 
l i q ~ i d . ~  

We shall extend this definition to a molecular ion. It is an ion whose 
atomic constituents are coupled by means of chemical bonds. We shall 
identify complex ions with molecular ions. 

Let us consider the familiar example of the ferricyanide ion. Ferric ion 
in solution is strongly paramagnetic with a molal susceptibility which 
corresponds to five Bohr magnetons, that is, i t  appears to  have five un- 
balanced electrons. If we add cyanide ion to i t  there is an immediate drop 
in its magnetic susceptibility and the resulting ferricyanide ion possesses a 
susceptibility corresponding to about one Bohr magneton. The magnetic 
moments of unbalanced electrons have been neutralized. It is natural to 
conclude that a number of chemical bonds have been created, that is, that 
a true complex (molecular) ion has been formed. It has long been recog- 

Lewis, "Valence and the Structure of Atoms and Molecules," American Chemical 
Society Monograph Series, The Chemical Catalog Co., New York, 1923; Heitler and 
London, 2. Physik, 44, 455-472 (1927); Heitler, ibid., 47, 835-858 (1928); London, 
ibid., 46, 455-477 (1928); N~turwiss., 16, 58-59 (1928). 

McLennan and Mc&cod, &@$&re, 123,160 (1929). 
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n i ~ e d ~ , ~  that paramagnetic ions suffer a drop in their susceptibilities upon 
entering into complex ions. 

Ordinarily, then, we should expect complex ions to form very readily 
whenever the metallic ion contains unbalanced electrons, that  is, if i t  is 
paramagnetic. It is well known that &amagnetic ions, such as Cu', Zn++, 
Ag+, etc., form complex ions. These ions, although they are diamagnetic, 
are next t o  the paramagnetic ions in the periodic system. Their last com- 
plete electronic shells are not extremely stable (as is shown by the ease with 
which an electron may be removed from cuprous to form cupric ion; tri- 
valent silver appears to exist, and trivalent gold is well known). The 
balance in the magnetic moments may be disrupted (the ion may become 
activated) and then they may recouple with other ions, such as cyanide, 
and produce complex ions. 

In the case of such ions as sodium, potassium, magnesium, etc., whose 
outer electronic configurations are similar to those of the rare gases preced- 
ing the neutral atoms in the periodic table, there is no chemical evidence 
for their participating in complex ion formation. (In the gaseous state 
their electronic configurations are even more stable than those of the corre- 
sponding rare gases because the additional positive charge on the kernel 
attracts the electrons in the outermost shell more strongly.) 

However, McBain and Van Rysselberge5 have interpreted transference 
phenomena as evidence for the general existence of complex ions even 
among "rare gas" ions. They found, for example, that in a 0.05 M MgS04 
and 0.95 &I (NH4)2S04 solution the magnesium had actually migrated with 
the negative current. In a solution of 0.05 M CaCl2 in 4 M NH4C1 there 
appeared no net migration of the calcium ion with the positive current. 
They concluded that this behavior was similar to that of ferrous ion in the 
presence of cyanide ion and that Caf f, Mgf +, etc., existed t o  a large extent 
in the form of complex ions. They argued from this "anomalous" electro- 
lytic migration that undissociated molecules exist even in dilute solutions 
of such salts as MgS04, CaC12, etc., and hence that theories which postulate 
complete dissociation in such solutions are invalid. 

We are reporting here a short magneto-chemical investigation which we 
believe will throw some light on the possibility of having such "anomalous" 
transference and yet having no complex ions present. 

In our investigation we tried to reproduce the conditions obtaining in 
the work of McBain and Van Rysselberge rather closely and still make them 
amenable to magneto-chemical study. 

Instead of magnesium sulfate we have employed manganous sulfate, 
with which i t  forms isomorphic crystals, so that those properties that  are 

(a) Pascal, Ann. chim. phys., 16, 359 (1909); (b) 16, 520 (1909). 
Shaffer and Taylor, THIS JOURNAL, 48, 843 (1926). 
McBain and Van Rysselberge, ibid., 50, 3009 (1928). 
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associated with the size and charge of the ions are very similar in both salts. 
However, manganous ion has five Bohr magnetons just as ferric ion. I t  
has then five unbalanced electrons which presumably would be the first to 
couple upon the formation of a complex ion. Moreover, such a coupling 
would decrease the susceptibility of its solution. 

If we can show that upon the addition of ammonium sulfate no change in 
the susceptibility of the manganous ion has occurred and if the manganous 
ion has shown no net migration with the positive current, then i t  has been 
demonstrated that transference need be no measure of the formation of a 
complex ion, that is, no chemical bonds have formed, no electromagnetic 
coupling of electrons has occurred, and the forces between the ions are 
purely electrostatic. 

The coupling of magnetic spin moments, as a rule, produces a great 
change in the susceptibility. The relatively high concentration of complex 
ions which has been assumed to exist in mixed salt solutions such as those 
mentioned would make refined magnetic measurements unnecessary. 
Nevertheless, we made precise magnetic measurements by modifying the 
well-known Gouy method4 so as to make i t  practically a null method and 
thereby we have been able to measure relative susceptibilities with unusual 
accuracy. 

We shall state in advance that no change in the susceptibility of bivalent 
manganese was noted when it was present with ammonium sulfate, and that 
manganous ion did not show a net migration with the positive current (by 
changing the concentrations we were able to  force a net migration in the 
opposite direction). Moreover, when we added cyanide ion and formed the 
well-known complex manganocyanide ion there was a radical decrease in 
the susceptibility. 

Experimental 
I n  order to determine the effect of 1.07 M (NHJ2S04 upon the susceptibility of 

0.058 M MnSOa, we employed the following method. The ordinary Gouy method con- 
sists in suspending a glass tube vertically from the stirrup of an analytical balance so that 
a horizontal glass partition a t  the center of the tube comes into the middle of the pole 
gap of a magnet. The substance to be investigated is placed in one compartment of the 
tube and the other compartment is usually evacuated. The change in weight observed 
when the magnetic field is excited depends upon the difference between the susceptibility 
of the substance in the upper and in the lower compartment. The action of the mag- 
netic field upon the uniform glass tube is eliminated by having it extend to a field of 
negligible intensity on both sides of the pole gap. 

We were interested primarily in comparing the susceptibility of the manganous ion 
when it  was dissolved in a solution of ammonium sulfate with its susceptibility in  pure 
water. We filled the upper compartment, therefore, with a solution of manganous 
sulfate in water and the lower compartment with a solution containing the same con- 
centration of manganous sulfate in the ammonium sulfate. 

The ammonium sulfate and water being diamagnetic, their effect was almost can- 
celed out since diamagnetic susceptibilities are small and of about the same order of 
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magnitude (per gram) for these substances. Hence, the balance would record prin- 
cipally any change in the si~sceptibility experienced by the bivalent manganese. 

The pull in the magnetic field was very slight as only differences were involved and 
irregularities (which usually result from the tube being attracted t o  one side of the gap), 
temperature variations, etc , were eliminated. The method had most of the advantages 
of a null method. 

We varied our procedure somewhat so as to eliminate the slight non-uniformity in 
the glass tube. The upper portion of the tube A was filled with 0.058 -44 MnS04 and 
it  was then sealed oif and a hook in the glass was made so that  a string of braided silk 
co~tld he attached to it  with its other end fastened to the stirrup of an analytical balance. 
The lower portion was then filled with a solution of manganous sulfate of the same con- 
centration. 

The change in weight was then recorded for different amperages going through 
coils of the magnet. This change in weight registered the non-uniformity of the glass 
and its effect could be corrected for. The solution of 0.058 M MnS04 in 1 07 M (NH4)2- 

SO* was then introduced in the lower compartment and the change in weight was ob- 
served for different currents. This procedure was repeated for a solution of 0.058 M 
MnS04 in 2 3 M KCN. 

We determined the diamagnetic susceptibilities of the ammonium sulfate and 
potassium cyanide in separate runs employing the same method but  having water in the 
upper compartment. I n  this way our results are practically independent of any im- 
purities in our chemicals, which, however, were the purest obtainable in the market. 

The same calibrated pipets, etc., were employed for all runs. The oxidation of the 
manganocyanide ion was avoided by pipetting the manganous svlfate into the potassium 
cyanide solution covered with xylene. The densities were measured with a pycnometer 
bottle to  about 0.05%. 

Magnetic Results 
The change in weight of the tube produced by the magnetic field depends 

upon the difference between the susceptibility per unit volume of the upper 
portion and that of the lower portion. No pull corresponds to  identical 
susceptibilities. In the table below the headings denote the material in 
the lower compartment. 

TABLS I 

THE PULL IN THE MAGNETIC FIELD 
I IT TIT IV 

0.058 M MnSOa in 0.058 M MnSO4 in 0.058 M 
Amperes 1.07 M (NHSzSO4, mg. 2.3 M KCN, mg. MnSOa, mg. I corrected, mg. 

Column IV  corresponds to Column I corrected for the difference in the 
susceptibilities of the water and ammonium sulfate. With our tube no 
change in susceptibility corresponds to Column 111. The weights are 
probably accurate to within five or six hundredths of a milligram. 
- The table shows that the susceptibility of the manganous ion in the 
presence and in the absence of ammonium sulfate is identical within 
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our limits of error. One-tenth of a milligram pull corresponds to a change 
in the susceptibility of about 0.2%. 

The large pull induced by the potassium cyanide means that the suscepti- 
bility of the bivalent manganese in the solution of the cyanide has dropped 
enormously. In a short note6 we calculated the molal susceptibility of the 
bivalent manganese in this solution as 1650 X whereas in the absence 
of the potassium cyanide it is 14,950 X a change of about nine-fold. 

Transference 
We carried out several electrolytic migration experiments in the usual 

manner employing a three-partition cell with a cadmium anode and a 
platinum cathode. We followed McBain and Van Rysselberge in taking 
equal volumes from the various compartments for comparison. The 
manganous ion was titrated with standardized permanganate solution in 
the presence of zinc sulfate. In the first series the same concentrations 
were employed as were tested magnetically, i. e. ,  0.055 &I MnS04 in 1.07 
M (NH4)2S04 We found the same (within 0.2%) concentration in both 
the unchanged center and anode portions after passing seventeen milli- 
amperes for about four hours and also after ten hours. 

To test whether we could alter the conditions so that the net migration 
could actually be reversed, a solution containing 0.038 M Mnf f in 2.5 M 
(NH4)&304 was electrolyzed. A net gain of about 0.6% in concentration 
was observed in the anode portion after passing seventeen milliamperes 
for twelve hours. 

Discussion 
The magnetic susceptibility of manganous sulfate was found7 to  be 

independent of the concentration. Such constancy is in itself excellent 
evidence that no complex ions are present. However, the susceptibility of 
many paramagnetic substances does vary with the concentration and 
among these substances chemical evidence also leads to the conclusion that 
complex ions are present. We shall give some examples of the numerous 
paramagnetic ions which show an immediate decrease in their suscepti- 
bilities as soon as they constitute a part of negative complex ions. 

TABLE I1 
PARAMAGNETIC IONS AND NEGATIVE COMPLEX IONS 

Metallic ion Complex Metallic ion Complex 

Eef+ [Fez(Pz07)3l8- Fe++ + [Fez(PzOr)s 16- 
[Fe(CN)e14- [Fe(POa)e13- 
[Fe(CN)dNO) 14- [Fe(CN)613- 

Mn++ [Mn(CN),I4- [Fe(CN)c(NHd 1 3 -  
[Mnz(Pz01)3I8- [Fe(CN)5(NO~) 1 3 -  

Ni++ [Ni(CN)412- Cuf+  [CuBr41Z- 

Freed and Kasper, THIS JOURNAL, 52, 1012 (1930). 
Cabrera. Moles and Marquinas, J. chim. phys., 16,11 (1918). 



Indeed, as long ago as 1909 Pascal" after extensive researches on the 
magnetic behavior of complex ions expressed the generalization that there 
is a parallelism between the diminution in the analytical character (namely, 
the reactivity) of the metallic ion and the diminution of its magnetic sus- 
ceptibility. 

There is but one exception as far as we know where a paramagnetic ion 
does not show a marked decrease in its susceptibility when it forms a nega- 
tive complex ion. This is chromic ion. Chromic ion in water, in its am- 
monia complex ions, and in its cyanide complexes displays nearly the same 
molal susceptibility. 

It is highly improbable that in the case of the manganous ion we have a 
sulfate complex ion which would have just the same susceptibility as the 
manganous ion and yet its cyanide complex would have a much lower 
susceptibility. That is just what must occur to account for the "anoma- 
lous" transference on the assumption of complex ions and still not conflict 
with the magnetic behavior of the manganous ion. 

Our results strongly indicate that manganous ion has not formed any 
magnetic bonds (any chemical bonds) with the sulfate ions. The attraction 
for the sulfate ions should then be regarded, with a high degree of approxi- 
mation, as electrostatic only. These are the forces which Debye and 
Hiickel considered in their famous interionic attraction theory, which 
postulates complete dissociation. We are inclined to believe that a com- 
prehensive extension of their methods to concentrations which we have 
been employing would disclose on theoretical grounds a reversal in the 
direction of migration such as has been observed. 

According to the interionic attraction theory every positive ion will have, 
on the average, a negative ion (or ions) of equal charge near i t  but there will 
be fluctuations from this average. With the types of ions that  we have 
been considering the fluctuations will take the form of clusters of negative 
ions about the positive ion. The results from transference indicate that  
the cluster, as a whole, having an excess negative charge migrates with the 
negative current. The probability of this cluster is greater for those posi- 
tive ions which have a greater positive charge and a smaller radius. (We 
realize that emphasis upon one factor is scarcely warranted because i t  can- 
not be isolated from the interacting influences which operate in so complex 
a phenozzenon as transference, the interaction of moving charges, clusters 
of varying complexity and of both signs, dehydration effects, etc. How- 
ever, we shall continue with our point a little further.) The fact that  the 
net transference of magnesium ion can be reversed more readily than 
manganous ion and also more readily than potassium ion suggests that the 
reversal is a function of the charge and the radius of the ion, the very 
magnitudes alluded to above. It is very probable thavmanganous ion is 
somewhat larger than magnesium ion. Also potassium ion, both because 
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of its smaller charge and because of the greater number of electrons, is 
larger and hence i t  is not altogether surprising that the migration of mag- 
nesium ion in the "wrong" direction can be forced more readily. 

It is extremely probable then that ions such as Na+, K+, Mg++, which 
have electronic configurations in the gaseous state like those of the rare 
gases retain their configurations in solution and that they do not form 
complex or molecular ions. 

Summary 

The nature of complex ions has been reviewed in terms of current theories 
on molecular structure as related to magnetic properties. 

It has been shown that a metallic ion which does not form negative com- 
plex ions can show a net migration to the anode. It is to be concluded that 
the exhibition of such migration is no proof of the formation of complex ions. 

A new modification of the Gouy method is described which permits the 
measurement of relative susceptibilities to be made easily and accurately. 

[CONTRIBUTION PROM THE CHEMISTRY DEPARTMENT OP THE: RICE INSTITUTE] 

THE ATOMIC WEIGHT OF VANADIUM 

The values now accepted for the atomic weight of vanadium depend upon 
the determinations of McAdam,' and Briscoe and These investi- 
gators have reviewed the earlier determinations, and have pointed out 
serious defects in all of them. Consequently, the earlier work is not given 
further detailed consideration here. 

McAdam, from five measurements of the NaV03-NaC1 ratio, obtained 
the average value 50.957 for the atomic weight3 of vanadium. Briscoe and 
Little, rejecting two experiments in taking the final mean, derived the value 
50.955 from nine measurements of the VOC13:3Ag ratio. While these 
results agree substantially, it may be mentioned that McAdam's investi- 
gation was intended only as a preliminary one, and cannot be given the 
same weight as that of Briscoe and Little. The general agreement be- 
tween the results of the two series of experiments, however, practically 
excludes the possibility that the latter investigators, who used a distilla- 
tion method in the purification of their vanadyl trichloride, were dealing 
with a constant boiling mixture. 

In their determination of the VOC13:3Ag ratio, Briscoe and Little em- 
1 McAdam, THIS JOURNAL, 32, 1603 (1910). 
2 Briscoe and Little, J. Chem. Sac., 105, 1310 (1914). 
8 The antecedent atomic weights used throughout this paper are: 0 = 16.000; 

Ag = 107.880; Cl = 35.457; Na = 22.997. 
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ployed the Richards nephelometric method of titration. They also intro- 
duced an entirely new technique for purifying the vanadyl trichloride by 
fractional distillation. The measurements were carried out with extreme 
care, and the results indicate that the analytical method may be used t o  
assign a value for the atomic weight of vanadium with an error of only 0.002 
or 0.003 unit. Nevertheless, an examination shows that there is a differ- 
ence of 0.009 unit in the mean values of the atomic weight to  be derived 
from the two fractions (C and D) of the material which Briscoe and Little 
used in their final analyses. It seems probable that a t  least one of these 
fractions contained small amounts of some impurity, possibly air, an im- 
purity which would tend to raise the calculated values of the atomic weight. 

This consideration has led us to undertake another determination of the 
VOCl3:3Ag ratio, using the method developed by Briscoe and Little, with 
certain deviations: (1) phosphorus and arsenic were eliminated from the 
vanadium material prior to the preparation of the vanadyl trichloride; 
(2) ground-glass connections in the distillation apparatus were avoided, 
in order to prevent the introduction of air into the material; (3) half of the 
samples were hydrolyzed in dilute nitric acid, the other half in dilute 
ammonium hydroxide; (4) considerably larger samples were used for 
analysis, in the hope of extending the precision of the results. 

Preparation of Vanadyl Trich1oride.--Two pounds of vanadic oxide 
prepared from Peruvian patronite were obtained from the Vanadium 
Corporation of America for this work. The analysis of this material stated 
that i t  contained 90.75% of VzO6 and that it was commercially free from 
arsenic and phosphorus. 

To insure complete removal of these impurities, we employed the following pro- 
cedures, adapted from those described by McAdam.' The oxide was dissolved in con- 
centrated sodium hydroxide solution and a black residue was filtered off. The solution 
of sodium metavanadate was concentrated and allowed to crystallize; the first small 
crop of crystals was rejected. The sodium metavanadate was acidified with sulfuric 
acid and the precipitated vanadic oxide washed with distilled water. It was reduced 
by warming with oxalic acid solution, and converted to the double ammonium oxalate 
by the addition of a slight excess of ammonium oxdate. The double salt was fraction- 
ally crystallized until it gave no test for sulfate with barium chloride. The crystals 
were dissolved in water and the solution precipitated with an excess of ammonium 
hydroxide. The precipitate of ammonium vanadite was washed several times, collected 
on a filter and dried. A portion of the ammonium vanadite was then mixed with re- 
crystallized sodium carbonate and fused. This step was discontinued, however, when 
it was discovered that a poisonous gas5 was liberated in the reaction. The bulk of the 
ammonium vanadite was treated with nitric acid and evaporated to dryness, t o  drive 
off the ammonium salts. The resulting vanadic oxide was thoroughly washed with 
water, dried and fused in platinum. The product was a dark red mass of crystals. 

* McAdam, THIS JOURNAL, 32, 1606 (1910). 
Probably cyanogen resulting from the incomplete removal of the ammonium 

PzOs 
oxalate. An analogous reaction is: NHaOOC-COONH4 ---+ 4Hz0 + (CN)z. 
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The preparation of vanadyl trichloride from this material was carried out as fol- 
lows. The powdered vanadium pentoxide was placed in a pyrex combustion tube con- 
tained in an electric furnace and reduced to the trioxidc by heating to a dull red in a cur- 
rent of hydrogen. I t  was noted a t  this stage that no arsenic appeared in the cooler por- 
tions of the tube. After the tube had cooled, the hydrogen was swept out by a current 
of nitrogen. The nitrogen was displaced by chlorine, which reacted with the trioxide 
t o  form vanadyl trichloride when the tube was again heated. 

These operations were carried out in an all-glass apparatus, the combustion tube 
being connected by ground-glass joints. The bulb for condensing the vanadyl tri- 
chloride was cooled in an ice-bath, and was connected to the combustion tube only after 
the reduction of the oxide. Of the gases which were utilized, hydrogen and chlorine 
were obtained from commercial tanks, while nitrogen was prepared by the reaction of 
sodium nitrite and ammonium chloride. The gases were washed in towers of glass 
beads wetted with 1 :I sodium hydroxide solution, and dried in similar towers containing 
95% sulfuric acid. 

When the formation of vanadyl trichloride had ended, the collection bulb was dis- 
connected temporarily and closed with glass plugs held in place by rubber caps. The 
vanadic oxide regenerated in the chlorine treatment was again reduced and treated 
with chlorine, and a second portion of vanadyl trichloride collected in the same bulb as  
the first. To  eliminate some of the excess chlorine in the preparation, mercury was 
added. The collection bulb was then exhausted by means of a suction pump and sealed 
off completely from the air. The final product had a red color, probably due t o  the 
presence of a small quantity of vanadium tetrachloride. 

Purification of Vanadyl Trichloride 

The material from the preparation described above was treated successively with 
mercury and with sodium in several all-glass systems, without exposure to  air. The 
excess of chlorine in the material a t  this stage was not markedly decreased by contact 
with mercury over a period of four months, by continued exposure to  sodium wire, or 
even by a three-hour treatment with molten sodium. The reaction with sodium, how- 
ever, did remove the red color from the product. 

T o  accomplish the removal of the excess chlorine, the bulb of vanadyl trichloride 
was heated to  about 130" in an oil-bath, and the chlorine was permitted to  escape 
through a small hole punctured in one of the glass capillaries of the system. When the 
internal pressure of the system was sufficiently reduced, the capillary was again sealed. 
Under these conditions practically all of the chlorine must have been driven off, while 
very little moisture, if any, could have entered the system. 

The vanadyl trichloride was then distilled in evacuated all-glass apparatus of the 
type used by  Baxter and Fertigs in their work on the atomic weight of titanium. The 
general procedure of distillation which was followed differed in no respect from that  
described by these investigators. 

The essential details of the distillations proper are given in Table I. 
This table does not include several partial distillations which were not very 
effective because of the presence of excess chlorine in the material. The 
capital letters in Table I refer to glass bulbs of 200 to 50-cc. capacity, in 
which the main portion of the material was handled. The combined 
numerals and letters refer to the small bulbs (5 cc.) in which samples were 
removed for analysis. These symbols are arranged in the table in the order 

Baxter and Fertig, THIS JOURNAL, 45, 1230 (1923). 



The samples included in Table I were all condensed with carbon dioxide- 
alcohol mixtures; liquid air was used in some of the earlier distillations. 
The temperature of the paraffin oil-bath used in distilling the material was 
adjusted to  maintain proper refluxing in the Hempel column. This tem- 
perature, which was about 120' in the first distillation, dropped abruptly 
to about 50" in the third distillation, and remained the same in the final 
distillations. The sudden fall was quite marked, and may be taken t o  
indicate the removal of the last traces of chlorine and air. The amounts 
of chlorine and air present in even the first and second distillations, how- 

in which the corresponding bulbs were sealed off from the main system. 
The terms "head" and "tail" are used to designate more and less volatile 
fractions removed during the distillation, In order to indicate the com- 
position of different fractions of the material, we have included in the table 
the values for the atomic weight obtained by analysis of various samples. 
Volhard's method was used to determine the chlorine content of Samples A1 
and B3; the method applied to the other samples is described in the fo1lom~- 
ing section of this report. 

TABLE X 
DISTILLATION OP VANAOYL TRICHLORIDE 

System Fraction Estimated Type,of At. w t . o f  
no. of VOCI, wt., g.  fraction vanadium 

1 A1 5 5 Head 50.7 
A2 6 0 Head 
B 167.5 Main 
A, A3, A4 13.0 Tail 

2 C 150 5 Main 
B, B1, B2 10 5 Tail 
B3 6.5 Tail 51.1 

3 Dl-D4 4 5 Head 
E 132 0 Main 
C, D, D5, D6 14 0 Tail 

4 F1, F2, F3 17 0 Head 
F4 8.0 Head 50.949 
G 77.5 Main 
F5 7.5 Tail 50.955 
F6 7 0 Tail 50.952 
E, F, F7, F8 15 0 Tail 

5 G1 8 0 Head 50.936 
G2 8 0 
G3 9.0 
G4 8 .5  
H 4.5 
G5 6.5 
G6 7.5 
G7 8 0 

50.950 
50.938 
50.950 

50.941 

50.947 
GS 7 5 +- 50.951 
G 10 0 Tail 
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ever, must have been quite small, since we experienced no difficulty in 
condensing samples in these distillations. As further evidence of the com- 
plete removal of air from the material, we may mention that the hydrolysis 
of the contents of the systems remaining after the second, third and fourth 
distillations gave only negligible amounts of residual gas. 

One further observation bearing upon the purification of vanadyl tri- 
chloride may be noted here. The original preparation, containing mercury 
and excess chlorine, was frequently exposed to bright sunlight over a period 
of four months, and showed no marked changes. However, during the 
second distillation, when, judging from the above indications, most of the 
excess chlorine had been removed, a faint red discoloration appeared on the 
glass walls of the distillation apparatus. That this effect resulted from the 
action of light was demonstrated by the fact that sample D3, on exposure 
to sunlight, darkened markedly, and on long exposure became quite brown. 
Accordingly, we took precautions to guard our pure material against 
photochemical decomposition and carried out the two final distillations 
and the weighings of the sample bulbs in very dim yellow light. 

The Analyses 
The vanadyl trichloride samples for analysis were contained in sealed 

glass bulbs having a capacity of about 5 cc. The vanadyl trichloride was 
hydrolyzed, and titrated against silver nephelometrically. Standard 
methods,' adapted from various representative atomic weight determina- 
tions, were employed in the analyses. Only the details which indicate our 
adaptation of the standard procedures are described below. 

Weighings.-A No. 10 Troemner balance, sensitive to about 0.02 mg. 
with a load of 50 g., was used for the weighings. The weights, which 
were of the best grade of lacquered brass, were calibrated just before, dur- 
ing and after use in this work. None of the weights used in the analyses 
showed any changes greater than 0.01 mg. except one 2.0-g. weight, for 
which i t  was necessary to increase the correction by 0.05 mg., in all of the 
gravimetric analyses. Weighings were made by the method of substitu- 
tion, with precautions to avoid errors greater than 0.02 mg. Suitable 
counterpoises were used whenever possible. In the analysis of the "G" 
samples weighings were made in duplicate. 

Vacuum corrections were calculated from the usual f o r m ~ l a , ~  the air den- 
sity being determined for every weighing by measurement of the tempera- 
ture, pressure and relative humidity. Calibrated instruments were used. 

The densities used in calculating the vacuum corrections were: silver, 
10.5 ; silver chloride, 5.56; glass, 2.48 ; sodium chloride, 2.16; brass, 8.4. 

See, for example, Richards and Wells, THIS JOURNAL, 27, 502 (1905); Briscoe 
and Little, J. Chem. Soc., 105, 1327 (1914); Baxter and k o t t ,  Proc. Am. Acad. Arts 
Sci., 59, 33 (1923). 

Landolt-Bdrpstein's "Tabellen," 2d ed., p. 15. 
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Hydrolysis of the Vanadyl Trich1oride.-Each sample bulb was broken 
in 500 cc. of solution in a heavy-walled two-liter pyrex Erlenmeyer flask, 
cooled in ice to  0'. For half of the samples, selected alternately from the 
distillation series, the solution contained 30 cc. of 15.6 M nitric acid. For 
the other samples, the solution was approximately 0.3 $1 ammonium 
hydroxide, freshly prepared by distilling concentrated aqua ammonia (sp. 
gr. 0.90) into water, in an all-glass apparatus. 

After the bulb was broken, the flask was cooled for a t  least eight hours, 
opened, closed and cooled for another four hours, before the solution was 
filtered. 

Separation and Collection of the Glass Fragments.-The solutions 
from the hydrolysis were filtered into glass-stoppered 3-liter pyrex Erlen- 
meyer flasks or 4-liter pyrex bottles, as follows. (a) The clear yellow liquid 
from the hydrolysis in acid was decanted through a low-ash

g 
filter. The 

glass fragments of the bulb and the filter were washed with 500 cc. of water 
containing 20 cc. of 15.6 M nitric acid, in 50-cc. portions. (b) The am- 
rnoniacal liquid from the hydrolysis in alkaline solution was decanted 
through a low-ash filter. The precipitate in the flask was washed twice to  
remove most of the chloride, and dissolved in 60 cc. of 7.8 M nitric acid. 
The solution was poured through the filter. The glass fragments of the 
bulb and the filter were then washed with 500 cc. of water containing 20 
cc. of 15.6 M nitric acid. In each case the final volume of the solution 
before precipitation was 1100 cc. 

The glass fragments of the bulb were collected in the manner which we 
have previously described. lo 

Precipitation of Silver Chloride.-The solutions were precipitated with 
almost the theoretical amount of silver, weighed out and made up to  750 cc. 
in a solution containing 50 cc. of 15.6 Af nitric acid. The partially diluted 
solution of silver nitrate was warmed to remove nitrous acid. 

The silver solution was added to the chloride solution a t  the rate of about 
4 cc. a minute. The final volume was in each case made up to 2250 cc. 
Subsequent titration showed the acid concentration to be 0.57 to  0.59 M 
in the solutions containing ammonium ion, and 0.65 &I in the solutions 
containing no ammonium ion. 

Determination of the End-Point.-After precipitation of the silver 
chloride, the stoppered flasks were first cautiously shaken by rotation, then 
violently shaken twice each day for twelve days. Two or three tests of 
the supernatant liquid from each analysis were made a t  this time. After 
four months another series of tests was made. The changes taking place 

Ten weighings of the ash of thoroughly washed individual filters gave values 
varying from 0.01 to 0.07 mg. In the correction for the ash there is thus an uncertainty 
of about 0.03 mg. 

lo Scott and Johnson, J. Phys. Chem., 33, 1980 (1929). 
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during the interval were negligible. The maximum change in the average 
nephelometric ratio for any analysis was 0.09 units, which corresponds to 
-0.00010 g. of silver in the total volume of solution. At the completion 
of these tests the solutions were adjusted to the final end-point. 

The procedure used in the above-mentioned tests and in the determina- 
tion of the end-point was the same as that which we have previously de- 
scribed,ll with this deviation: the 1-cc. portions of silver nitrate and sodium 
chloride standard solutions were added to the 20-cc. samples of the super- 
natant liquid, with identical stirring; the nephelometric observations took 
place between thirty and sixty minutes later. 

The actual adjustment to the final end-point was continued until three 
independent series of 20 readings each, made over a period of a week, gave 
an average value within 0.05 unit of 1.00 for the ratio of the exposed lengths 
of the nephelometer tubes. The average deviation of the mean of each 
series from the final mean was about 0.02 unit. In most cases the end-point 
was "crossed.') The correction to make the ratio 1.00 exactly, which was 
never more than 0.06 mg., was calculated and is included in the value for 
the total silver added or subtracted in solution, in Table 11. 

I n  order to check the standard solutions employed, and the nephelometric 
procedure, nine saturated solutions of pure silver chloride containing vary- 
ing amounts of nitric acid were tested a t  various times during the nephelo- 
metric observations. The average value found for the ratio of the exposed 
lengths of the tubes was 1.01, with an average deviation of 0.03 unit, the 
individual values varying from 0.94 to 1.05. 

The analytical reagents used in this investigation were carefully purified, 
by methods1= which we have previously outlined. Only one preparation 
of silver was used in the analyses. In  the analysis of samples G1 to G8, 
inclusive, 20-cc. portions of liquids covering all of the ammonia, nitric acid 
and water added to the analytical solutions were tested nephelometrically 
for silver and chlorine. Only when the concentration of chloride was 
between the concentration of silver and the concentration of chloride in a 
solution containing sodium chloride equivalent to 0.02 mg. of silver per 
liter, was the liquid used in the analysis. 

Results 

Table I1 gives the results of all of the nephelometric analyses. The 
supernatant liquid from the analysis of sample G6, when first tested, 
showed a large excess of silver. The analysis was completed gravimetri- 
cally, giving the value 51.63 for the atomic weight of vanadium. This result 
is evidently due to some error, which a careful examination has failed to  
reveal. 

" Scott and Johnson, 3. Phys. Chem., 33, 1981 (1929). 
l2 Scott and Johnson, ibid., 33, 1978 (1929). 
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TABLE 11 

ATOMIC WEIGKT OP VANADIUM. VOCL~:~AG 

Ag = 107.880; Cl = 35.457; 0 = 16.000 
Sample VOClj in Ax in Ag added or Corr. wt. of Atomic weight 

of vacuum, vacuum, subtracted Ag in Ratio of 
VOC13 S. g .  in soln., g. vacuum, g .  VOC13:3Ag vanadium 

F4 7 75120 14.47351 +O 00033 14.473% 0 535532 50.949 
F5 7 62984 14 24619 + ,00047 14 24666 ,585553 50.955 
F6 7 01143 13 09200 + .00018 13 09218 .535543 50.952 
G1 7 88453 14.72254 + ,00132 14.72386 .535493 50.936 
G2 8 15697 15 23166 - ,00023 15.23143 ,535535 50.950 
G3 9 19783 17.17479 + ,00135 17.17614 .535500 50.938 
G4 8 29538 15.48965 + .00021 15.48986 .535536 50.950 
G5 6 69572 12 50289 + ,00055 12.50344 .535510 50.941 
G7 8 04970 15 03074 + ,00062 15 03136 .535527 50.947 
G8 7.60527 14.20116 - .00005 14.20111 .535541 50.951 

.535527 50.947 

The values of the atomic weight fro e I1 are arranged below ac- 
cording to the decreasing volatility of the samples, and the nature of the 
solutions used in their hydrolysis. 

Ammoniacal hydrolysis Acid hydrolysis 
Atomic weight Atomic weight 

Sample VOCb: 3Ag Sampie VOCh:3Ag 

F4 50.949 G2 50.950 
G1 50.936 G4 50.950 
G3 50.938 G8 50.951 
G5 50.941 F6 50.952 
G7 50.947 
F5 50.955 

Mean 50.945 50.951 
Average deviation 0.006 0.001 

There is no trend in the "acid" series. In the "ammonia" series the 
values of the atomic weight, with one exception, are lower than the values 
in the "acid" series, and show a regular increase with decreasing volatility 
of the samples, particularly apparent in the fractions from the last distilla- 
tion. 

Two observations which were made a t  the conclusion of the fourth clis- 
tillation seemed to establish the uniformity of our material a t  this stage of 
the purification. Analysis of more and less volatile samples gave essen- 
tially the same values for the atomic weight. The hydrolysis of the residual 
vapor in the apparatus from the fourth distillation, carried out soon after 
the completion of the distillation, yielded only a negligible amount of 
residual gas. 

Subsequent observations, however, suggest that the variations noted 
above were caused by the presence of chlorine in the samples. A faint 
chlorine-like odor was detected during the filtration of the solutions from 
the "acid" hydrolysis of samples G2, G4, G6 and G8. The hydrolysis of 
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the material remaining in the 400-cc. all-glass system from the fifth dis- 
tillation gave about 3 cc. of residual gas, mostly chlorine. This system 
contained 10 g. of the extreme tail fraction of the vanadyl trichloride, 
which had been standing for five months in a dark cupboard. It showed 
no discoloration which would indicate a leak. 

It may be noted that if chlorine were present in the samples as an im- 
purity, i t  would tend to make the mean value 50.945 derived from the 
"ammonia" series too low, and the value 50.951 from the "acid" series a 
little too high. Under the circumstances, the close agreement between 
the mean values of the atomic weight derived from the "acid" and "am- 
monia" series, and the small range, 0.019 unit, covered by the entire 
nephelometric series, shows that only extremely small amounts of chlorine 
could have been present. Since chlorine is the only impurity whose pres- 
ence there is any occasion to suspect, it seems reasonable to conclude that 
the atomic weight of vanadium lies between the above limits, and cannot 
be far from the mean value, 50.947, obtained from all of the nephelometric 
analyses. 

As a means of confirming this conclusion, we have extended the experi- 
ments to take into account two possible sources of constant error in the 
analytical method. If the coagulating actions of equivalent amounts of 
silver nitrate and sodium chloride, added in excess according to the usual 
procedure, are not equally affected by the presence of vanadic acid, the 
nephelometric end-point may not corrrespond to  the stoichiometrical point. 
To investigate this possibility, the supernatant liquids from the analyses of 
the "G" samples, after adjustment to the end-point, were analyzed for 
their silver and chloride content. The measurements were made in the 
usual way by direct nephelometric comparison against standard silver and 
chloride solutions. In these comparisons, in order to  eliminate any dis- 
turbing action of the vanadic acid, the same precipitating ions were present - 
in excess (in equal amounts) in the "standard" and "unknown" tubes, and 
the concentrations of vanadic acid, ammonium ion and nitric acid in the 
two tubes did not differ by more than 1%. Similar measurements XTere also 
made upon four saturated solutions of silver chloride in 0.65 M nitric acid. 

In these experiments two effects were found which may be attributed to 
the presence of vanadic acid. Every one of the supernatant liquids from 
the seven analyses contained more silver than chloride ion. The (approxi- 
mate) "solubility product" of silver chloride was greater in the analytical 
solutions than in the saturated solutions of silver chloride. It may be 
noted that the observed deviations are only a littlk greater than the analyti- 
cal error. Thus, on the assumption that the excess of silver found in each 
solution is real, the mean atomic weight calculated13 from the seven ex- 

l3  When the apparent excess of silver is taken into account the average VOCL: 3Ag 
ratio from the seven analyses is 0.535536 + 0.000011. 
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periments is 50.950 instead of 50.945. While the results of these experi- 
ments can obviously be regarded only as provisional, they indicate that any 
error due to the effect of vanadic acid on the nephelometric end-point is 
small. 

The possibility of a serious error due to the contamination of the precipi- 
tate has also been investigated. In three analyses from each of the "acid" 
and "ammonia" series the precipitated silver chloride was collected and 
weighed. The ~lsual gravimetric procedures14 were followed in collecting 
the silver chloride and in determining the silver chloride in the wash liquors. 
The results of these gravimetric analyses are given in Table 111. 

Sample AgCl in 
of vacuum, 

VOCla g. 

G1 19 55896 
G2 20 23316 
G3 22 81668 
G4 20 57677 
G7 19 96741 
G8 18.86606 

" Corrected for 

Loss on 
fusion, 

g .  

0.00035 
,0004 1 
,00037 
,00021 
.00031 
,0003 1 

AgCl 
removed in 
supernatant 

liquid, 
g. 

0.00220 
.00117 
,00214 
,00140 
.00183 
.00136 

AgCl 
dissplved 

m 
washings, 

g. 

0.00137 
.00127 
,00079 
,00076 
,00083 
,00059 

Corr. 
wt of 

AgCI in 
vacuum, VOCL:3AgCI 

g. Ratio 
19 56218 0.403050 
20 23483a ,403115 
22 81924 ,403073 
20 57872 ,403105 
19 96976 ,403094 
18.86755" ,403087 

Mean .403087 
=t 0.000006 

total chloride added in the nephelometric analysis. 

Atomic 
weight 

of 
vanadium 

50.945 
50 973 
50.955 
50.969 
50.964 
50.961 
50.961 

The loss on fusion of the silver chloride is the value found after an initial 
heating of about sixteen hours in an electric furnace a t  300°. Part of the 
data for the estimation of the chloride removed in test portions of the super- 
natant liquid was obtained in the experiments described above; another 
part, in additional experiments of the same nature. 

The many tests made upon the supernatant liquids limit to a considerable 
extent the precision of the gravimetric analyses. Nevertheless, the results 
of these analyses do show that there is no serious contamination of the preci- 
pitated silver chloride. In  fact, the mean value 1.32855 + 0.000012 for 
the AgC1:Ag ratio calculated for the six analyses completed gravimetri- 
cally, is low rather than too high. Further evidence of the absence of co- 
precipitation of vanadium is the fact that the fused silver chloride was 
always white. One milligram of vanadic oxide in twenty grams of fused 
silver chloride gives a distinct color to the mixture. 

We are indebted to the Vanadium Corporation of America for the gift 
of the vanadic oxide used in this work. 

Summary 
The analysis of vanadyl trichloride has yielded for the VOC13:3Ag r a t e  

l4 See, for example, Baxter and Moore, THIS JOURNA;, 34, 1651 (1912). 
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the value 0.535527 + 0.000004, from which the atomic weight of vanadium 
is found to be 50.947. 

HOUSTON, TEXAS 

[CONTRIBUTION FROM THE DEPARTMENT OP CHEMISTRY, UNIVERSITY OB CINCINNATI] 

ELECTRICAL CONDUCTANCE OF COBALT SULFATE SOLUTIONS1 

This paper records the results of an investigation of the conductances of 
cobalt sulfate solutions, and is the first of a series dealing with the prop- 
erties of solutions of cobalt salts. 

The conductivities of cobalt sulfate solutions have been determined 
previously by Jones and Jacobson2 for concentrations varying between N 
and N/1024 at 0, 10, 25 and 35". This was part of an investigation of the 
influence of temperature upon the dissociation of thirty-four electrolytes. 
For reasons to be discussed later, we felt that it was necessary to repeat the 
measurements of the conductances of cobalt sulfate solutions. 

Materials 
Conductivity Water.-The conductivity water was prepared by the usual method of 

redistilling distilled water with alkaline potassium permanganate and condensing the 
vapor in a block-tin condenser. The water was kept in a six-liter pyrex flask fitted with 
a siphon and a soda lime tube. All the water used had a conductivity between 1.2 
X 10-8and 2.0 X 10-Bmhos. 

Cobalt Sulfate.-Chloropurpureocobalt chloride [ C O ( N H ~ ) ~ C I ] C ~ ~  was prepared 
by the method of S$rensen3 and was converted t o  the carbonate and eventually to  the 
sulfate. The cobalt sulfate was precipitated by means of absolute alcohol, and was 
then twice recrystallized from conductivity water. 

Cobalt Sulfate Solutions.-A solution of cobalt sulfate, approximately 0.5 N, was 
prepared and this was standardized by an electrolytic determination of its cobalt con- 
tent. The exact amount of conductivity water needed to make the solution exactly 
0.5 N was added from a calibrated buret, and from this stock solution was prepared the 
0.2 N by diluting 100 cc. of the 0.5 N to a volume of 250 cc. Similarly the 0.1 N solu- 
tion was prepared by diluting 100 cc. of the 0.5 N to 500 cc. The third "standard" 
solution 0.05 N was prepared in a similar manner. 

I n  this way three solutions were prepared from the 0.5 N solution. Also duplicate so- 
lutions were made by dilution in different ratio, for example, the 0.1 N from the 0.2 N, etc. 

The above method was followed for the preparation of the more dilute solutions. 
I n  every case a t  least 100 cc. of a "standard" solution was used in the dilution. 

Experimental Method 
The conductivity was measured by the Kohlrausch bridge method using 

two Washburn cells,4 Types A and B. A new Leeds and Northrup Stu- 
1 This paper is an abstract of a part of the doctorate thesis of Alfred J. Berger. 

H. C. Jones and C. A. Jacobson, Am. Chem. J., 40,355 (1908). . 3 Sgirensen, Z. anorg. @em., 5, 369 (1894). 
4 Washburn, THIS JOURNAL, 38,2449 (1916). 
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dent's Potentiometer was used as the slide wire, and dial resistances were 
supplemented when necessary by calibrated plug resistances. Plug re- 
sistances were used for only three of our measurements, namely, 0.002 N, 
0.001 N and in the determination of cell constant of Cell A. Jones and 
Josephss show that the error due to use of plug resistances not designed for 
use with alternating current amounts to -0.012% a t  1100 cycles for a 
resistance of 5000 ohms. 

The alternating current was furnished by a Leeds and Northrup micro- 
phone hummer which maintained a sufficiently pure sine wave of 1000 
 cycle^.^ Location of the null point was simplified by use of a one-step 
audio-amplifier of conventional radio de- 
sign.7 The capacity necessary to bal- 
ance that of Cell A was determined by a 
large calibrated radio condenser, and 
this capacity was obtained by means 
of a 0.00075-microfarad fixed condenser 
shunted with a conventional thirteen- 
plate variable condenser. This assured 
a good minimum in the phones a t  all 
times (see Fig. 1). 

The cell constant of Cell B was deter- 
mined with a 0.01 N solution of potas- 
sium chloride (twice recrystallized from 
conductivity water). The potassium I J ~ ~ ,  l , - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  of apparatus 
chloride solutions were prepared accord- for conductivity measurements. C ,  
ing to the weight method of Kraus and Conductivity cell; M, microphone 
Parker8 and also according to the volume hummer; N p  pole switch; R* 

resistances; S, student type potenti- method of Randall.s The cell constants 
ometer; T, 0.00075 mf. 

obtained by the use of solutions made 
by the two methods agreed within 0.05% and the average 0.80373 was 
taken as the cell constant of Cell B. Bray and Hunt'slo value for the 
conductivity of 0.01 N potassium chloride, corrected according to Randall,ll 
namely, 0.0014120 mhos, was used in the calculations. 

The cell constant of Cell A was obtained by the use of solutions, approxi- 
mately 0.0005 N, the specific conductivities of which were determined by 
the use of Cell B, and these values were then used in the calculations of the 

G. Jones and R. C. Josephs, THIS JOURNAL, 50,1081 (1928). 
6 "Experimental Physical Chemistry," by Daniels, Mathews and Williams, MC- 

Graw-Hill Book Co. Inc., New York, 1929, p. 387. 
Hall and Adams, THIS JOURNAL, 41, 1515 (1919). 
Kraus and Parker, ibid., 44, 2422 (1922). 
Randall, ibid., 49, 1488 (1927). 

lo Bray and Hunt, ibid., 33, 781 (1911). 
l1  Randall and Scalione, ibid., 49, 1486 (1927). 
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constant for Cell A.12 The average value for the cell constant using five 
different solutions was 0.023206. 

Cell B was used between the normalities 0.5 and 0.001 N, and Cell A be- 
tween 0.0005 and 0.0001 N. The conductivities of the solutions were meas- 
ured a t  25.00 * 0.01'. 

Results 

Table I contains the averages of the specific conductances thus obtained 
and the equivalent conductances calculated from them. For purposes of 
comparison the corresponding values for nickel sulfate solutions, as de- 
termined by Murata,13 are also included. 

TABLE I 
CONDUCTANCE OF COBALT SULFATE SOLUTION AT 25O 

Specific Equivalent NiSO4 
Concn., N conductance conductance (Murata) 

1.0 . . . . . . . . . .  . . . . .  29.091 
0.5 17718 X lo-" 35.436 35.222 

.2 8778 X loA6 43.890 43.585 

.1  5111.8 X 51.118 50.755 
.05 2978.8 X 59.576 59.160 
.02 1448 2 X 72.410 72.254 
.01 827.78 X 10 -" 82.778 82.69 
.005 466.2 X 93.24 93.16 
.002 210.0 X 10- 105.0 105.49 
.001 112.7 X 112.7 113.05 
.0005 59.35 X lo-$ 118.7 118.66 
.0002 24.74 X 123.7 124.14 
.0001 12 39 X lo-" 123.9 126.90 

Discussion of Results 

Ostwald's dilution equation, as deduced from the law of mass action, 
is as follows: = KC(l - a)  where a = A/&. A is the equivalent 
conductance of a solution of a given concentration, A. is the equivalent 
conductance of a solution of zero concentration. The above equation 
may be simplified, giving the expression 

If we write Equation 1 in the more general form corresponding to Storch's 
Eq~a t i on , ' ~  we get 

~ n C n - 1  
A = A o - -  

K A o ~ - ~  
as A -+ Aa, this becomes 

l2 See Weiland, THIS JOURNAL, 40, 136 (1918). 
l3 Murata, Bncll. Chem. Soc. Japan, 3,47 (1928). 
l4 Storch, 2. physik. Chem., 19, 13 (1896). 
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Equation 3 suggests the origin of equations of the form 
A = no - BCW-1 (4) 

Several equations have been proposed of this form. Kohlrausch15 gives 
A = A. - BCm, where m = l / 3  or rn = l/2. 1;orenzl6 and Walden17 suggest 
that m = 0.45. Debye and Hiickel18 deduce an equation of this form, 
and show that m should have the value this value being independent of 
the nature of the electrolyte. 

To evaluate n in Equation 2 we have employed the graphic method of 
A. A. Noyes.lg Equation 2 is equivalent evidently to 

or 
- I - - - -  I K1(CA)"-I 
Ao A (8) 

Accordingly, in Fig. 2, the values of (cA)~- '  in the range from 0.0005 to 
0.02 N have been plotted as abscissas against the values of l / A  as ordinates, 

(CA)n-l. 

I,, n = 1.85; M, n = 1.58; N, n = 1.55. P, 0.02 N: R, 0.01 N; 
S, 0.005 N; T, 0.002 N; V, 0.001 N; W, 0.0005 N. 

Fig. 2.-Plot of Storch's function. 

by varying the value of n - 1 until a plot as linear as possible was obtained. 
In this plot we have not included the values for 0.0002 and 0.0001 N, as 
these are evidently in much greater error than are our other determinations. 
The value of A. was obtained graphically by extrapolation of the plotted 

l5 Kohlrausch, "Das Leitvermogen der Elektrolyte," 1916, p. 107. 
lG Lorenz, 2. anorg. Chem., 108,191 (1919). 
l7 Walden, ibid., 115,49 (1921). 
l8 Debye and Hiickel, 2. Physik, 24,305 (1923). 
l9 Noyes and Johnston, THIS JOURNAL, 31, 987 (1909); Noves and Falk, ibid., 34, 

454 (1912). 
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line to zero concentration where CA = 0. In Fig. 2, in order to make the 
various curves comparable, the value of (cA)"-' for the highest concen- 
tration (0.02 N) was made 100 for each value of n, and the other values 
were proportionally varied. The value of the exponent for cobalt sulfate at  
25" was found to be 1.58, and the value for A0 was found to be 134.6 mhos 
a t  this temperature. I t  is interesting to note that Murata13 found the 
exponent n = 1.60, for nickel sulfate a t  18 and 25'. According to Noyes 
and Falk,lS for all bi-bivalent sulfates n takes a value not far from 1.6 for 
the concentration interval 0.0001 to 0.02 N. Noyes also points out that 
the variation of n with the temperature is negligible. 

I 1 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

4;. 
C,0.005N; P,0.01 N; 1,O.Z N; L , 0 . 5 N ;  M , 0 . 1  N; 0 , 0 . 2  N; 

R, 0.5 N. Data of Wagner: N, 0.125 N; P, 0.25 N; S, 0.5 N; T, 
1 N.  Upper curve, 0.5% deviation; lower curve, 0.5% deviation. 

Fig. 3.-Plot of (6 - I ) / &  for cobalt sulfate at 25O. 

We have attempted to apply the Noyes method to Jones and Jacobson's 
r e ~ u l t s , ~  that is, we have plotted 1/A against (cA)"-' for values of n = 
1.58, n = 1.50, n = 1.40. The plot for n = 1.40 was nearest to a straight 
line. At C = 0, the corresponding l / A  value gave A. = 154. However, 
their points do not fall closely upon a straight line and their final A value is 
107.05. Hence, such a large extrapolation is not likely to be accurate. 
Again, the value of n necessary to make the plot approximate a straight 
line is not in agreement with Noyes' observation that the value for n for 
most bi-bivalent salts lies close to 1.60. 

The Relative Viscosities of Cobalt Sulfate Solutions.-The measure- 
ments of relative viscosities were made with an Ostwald viscosimeter in 
the usual manner. Wagnerz0 determined the relative viscosities of cobalt 
sulfate solutions for concentrations N, N/2, N/4, N/8 at  25'. As a matter 

Wagner, Z. physik. Chem., 5 ,  31 (1890). 



July, 1930 CONDIJCTANCE OP COBALT SUI,PAW SOLUTIONS 2653 

of interest, we have plotted the Jones and Dolez1 function (5, - 1)/ z /c  
against <C for our values, and have included Wagner's viscosity values 
on the graph. The resulting curve should be a straight line (see Fig. 3). 
The maximum deviation of our measurements--f or 0.2 N---is 0.56% froin 
that required by the straight line relation. The greatest deviation in 
Wagner's data-for 0.5 N-is 0.23%. The nature of the plot is such as 
to magnify the apparent percentage of deviation at the low concentrations. 

We have used the viscosity ratio as an approximate correction for the 
mobiiity term [ ( uc +I, + ( li, -),]/ i/lc + + UA - in the equationz2 

The measurements of the relative viscosities and the conductance- 
viscosity ratios are given in Table 11. 

TABLE I1 
CONDUCTANCE-VISCOSITY RATIOS OF COBALT SULSATE SOLUTIONS 

d z  
e '1 k X ?  

Normality Ao vo Ao 70 

0 . 5  1.0380 0.26327 1.1613 0.30574 
.2 1.0158 ,32608 1.0579 .34496 
. 1  1.0079 ,37978 1.0337 .39258 
.05 1.0040 ,44262 1.0230 ,45280 
.02 1.0020 ,53797 1.0099 ,54330 
.01 1.0009 ,61499 1.0035 ,61714 
.005 1.0004 ,69272 1.0017 .69390 
.002 1.0000 .78009 1.0000 .78009 
.001 1 .83730 1.0000 .83730 
.0005 1 .88187 1 .88187 
.0002 1 .91902 1 .91902 
.0001 1 .92051 1 .92051 

In a later paper we hope to compare these conductance-viscosity ratios 
with the activity coefficients of the same solutions. 

Summary 

The conductance of aqueous cobalt sulfate solutions a t  concentrations 
0.0001 to 0.5 N has been measured a t  25'. 

The exponent n in the equation 

was found to be equal to 1.58 for cobalt sulfate, and A. by extrapolation by 
means of this equation was found to be 134.6 mhos. 

The relative viscosities of the above solutions have been determined 
and the conductance-viscosity ratios have been calculated. 

21 Jones and Dole, THIS JOURNAL, 51,2950 (1929). 
22 Noyes and Sherrill, "Chemical Principles," Macmillan Co., New York, 1923, p. 117. 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

THE VAPOR PRESSURE AND VAPOR DENSITY OF SODIUM 

Some years ago Rodebush and DeVriesl published the results of measure- 
ments of the vapor pressure of sodium at  very low pressures by the effusion 
method of Knudsen. In this paper they reviewed previous work. The 
only previous measurements that appeared good were those of Haber and 
Zisch2 in the pressure range 2-12 mm. Their measurements were made 
by a dynamic method. Edmondson and Egerton3 have repeated and con- 
firmed the work of Rodebush and DeVries. No satisfactory measurements 

% 
are to  be found in the literature for higher pressures except some not very 
recent determinations of the boiling  point^.^ It seems doubtful whether 
a boiling point can be determined a t  high temperatures with a satisfactory 
degree of accuracy. 

There is plenty of evidence in the literature that the vapor of sodium 
is monatomic. Robitschs determined the velocity of sound in the vapor 
a t  the boiling point and calculated the ratio of specific heats to be 1.68. 
Taylor6 found no evidence of molecules in the saturated vapor a t  pres- 
sures of mm. When the vapor pressure data of Rodebush and De- 
Vries, Edmondson and Egerton and Haber and Zisch are plotted together 
with the boiling points as found in the literature on a log P l / T  diagram, 
the points all fall very close to a straight line. Since these vapor pres- 
sures obtained by both the effusion and the dynamic methods involve 
the assumption of normal vapor d e n ~ i t y , ~  the excellent agreement of 
the results by the different methods seems to argue for a normal vapor 
density. Rodebushs used these data to calculate the entropy of the sodium 
atom in the vapor state and obtained excellent agreement with the theory 
for an atom in a 2S ground state. 

However, the straight line obtained in the vapor pressure plot pre- 
viously mentioned does not agree with the value of Cp of 5/2R to  be ex- 
pected for a monatomic vapor. With the discovery of a band spectrum due 
to  diatomic molecules in the vapors of the alkali metals, it was established 
that  these vapors could not longer be considered strictly monatomic. 

Rodebush and DeVries, THIS JOURNAL, 47, 2488 (1925). 
Haber and Zisch, 2. Physik, 9,  325 (1922). 
Edmondson and Egerton, Proc. Roy. Soc. (London), A113, 520 (1927). 
Heycock and Lamplough, Proc. Chem. Soc., 28, 3 (1912). 
Robitsch, Ann. Physik, 38, 1027 (1912). 
Taylor, Phys. Rev., 28, 576 (1926). 
The pressure calculated by the dynamic method varies inversely as the assumed 

vapor density, while for the effusion method the relation is more involved. 
Rodebush, Proc. Nat. Acad. Sci.. 13. 185 (1927). 
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In the case of potassium, Carelli and Pringsheimg showed that the asso- 
ciation was small, but in the case of sodium I,oorni~'~ calculated the heat 
of dissociation to  be 1.0 + 0.1 volt and thermodynamic  calculation^^^ have 
been made which predict that there will be more molecules than atoms 
in sodium vapor a t  the boiling point. In view of the conflicting evidence 
i t  seemed desirable to determine accurately the amount of association in 
saturated sodium vapor. 

Method 

Since the only material suitable as a container for sodium a t  high tem- 
peratures is pure nickel, it was impossible to use the ordinary methods of 
measuring vapor pressure. The method used involves a simple application 
of Dalton's law of partial pressures. The sodium was vaporized in a large 
container in the presence of argon. The container was connected by a 
narrow tube to  a mercury manometer. The sodium vapor which diffused 
up the tube was condensed and refluxed back into the container. When a 
static condition was established, the external pressure of argon was equal 
to the combined pressure of sodium and t o  m~nomefrr  
argon in the container. From the known t 
volumes and the quantity of argon in the 
apparatus the pressure of the sodium can 
be calculated. 

The vapor density was measured by 
determining the amount of sodium 
vaporized when a measured quantity of 
argon was passed over metallic sodium. 

Apparatus - 

A. Vapor Pressures.-In general the va- 

-r*oter container 

------------- 
por pressure apparatus consisted of a mercury 
manometer connected to a nickel bomb in which 
the sodium was heated. A diagram of the 
nickel bomb is given in Fig. 1. The bomb was 
constructed by welding a nickel tube about 
30 cm. long and 0.5 cm. in internal diameter 
to  a cylindrical nickel container 10 cm. high 
and having a 7-cm. base. In order that sodium 

------------- 

- sodurn 
eantoiner 

mixed s o l t  b o t h  

vapor would not distil into the manometer sys- Pig. 1. 
tem, a cylindrical copper water jacket 7 cm. long 
was soldered to the nickel tube 8 cm. above the top of the nickel container. This copper 
jacket, filled with boiling water in order to prevent the solidification of the sodium, 
served as a condenser to  reflux the sodium back into the bomb. The nickel tube and 

9 Carelli and Pringsheim, 2. Physik, 44, 643 (1927). 
10 Loomis, Phys. Rev., 31, 323 (1928). 
l1 Harrison and Slater, ibid., 26, 176 (1925); Villars, Proc. Nut. Acad. Sci., 14, 

508 (1928). 
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pyrex manometer were connected by means of a picein seal. A water-jacketed condenser 
placed between the picein seal and the copper jacket prevented the picein from melting. 

Two stopcocks were sealed into the arm of the manometer connected to the nickel 
bomb, in order that the system might be evacuated and argon admitted. The argon 
was passed from a gas measuring buret through a constricted capillary which per- 
mitted as small amounts of argon as desired to  be admitted into the system. 

By the use of a leveling bulb, the mercury in the arm of the manometer connected 
to  the nickel bomb was maintained a t  a constant level in order that  the volume above 
this level would remain constant. The other arm of the manometer was evacuated 
with a Cenco Hyvac pump in order to  make the manometer of the absolute type. 

The bomb was immersed in a mixed salt bath of equal parts by weight of sodium 
chloride and potassium carbonate (m. p. 560°), which was held in a n  electric furnace with 
a cylindrical iron core. A uniform temperature was maintained throughout the bath 
by means of a mechanical stirrer. Temperature control was obtained by varying the 
220-volt alternating current through the furnace by means of a hand-controlled rheostat. 
All temperatures were measured with a platinum-platinum-rhodium thermocouple. 
The thermocouple, which was sheathed in quartz, was protected from the corrosive 
action of the salt bath by means of a close fitting iron tube, placed directly next t o  the 
bomb. 

B. Vapor Densities.-Vapor densities were determined by a dynamic method, 
employing the apparatus shown in Fig. 2.  F is an electric furnace with a cylindrical 

copper core. A and B are nickel tubes. One 
end of B was constricted to  a small orifice 0 
about 1.5 mm. in diameter. The other end of B 
was connected to a drying train consisting of a 
sulfuric acid bubbler, soda and lime, and phos- 
phorus pentoxide drying tubes, through which 
argon was admitted from a cylinder. D is a 
nickel wire for inserting the nickel boat C into 
Tube B. The outlet of Tube A leads to  a five-liter 
aspirator bottle containing water saturated with 

g i argon a t  atmospheric pressure. The rate of flow 
Fig. 2. of the argon was regulated by the rate of removal 

of water from the aspirator bottle and the volume 
of argon passed was determined by measuring the volume of water removed. The 
system was connected to  the atmosphere through a sulfuric acid bubbler and the pressure 
of argon was kept equal to  that  of the atmosphere by regulation of the automatic valve 
on the argon cylinder. The thermocouple is shown a t  T. 

Method 
A. Vapor Pressure.-The nickel bomb was first evacuated by means of a Cenco 

Hyvac pump and filled with argon. About 6 g. of sodium which had been put through a 
sodium press was inserted into the bomb, and the nickel tube sealed to  the manometer. 
The system was evacuated for several hours a t  a temperature of 400 t o  500' in order t o  
remove all volatile impurities from the sodium. After this treatment, a measured 
amount of argon was admitted into the system through the capillary tube and the tem- 
perature of the bath regulated by means of a rheostat until a constant temperature had 
been maintained for thirty minutes or more. The temperatures of the bath,.the cooling 
water and the room, and the total pressure in the system as indicated by the manometer, 
were recorded. The pressure readings of the manometer were read to 0.1 mm. by means 
of a cathetometer. The temperature of the bath was then raised to  the next desired 
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temperature and the readings recorded as before. This procedure was repeated until 
the vapor pressures of sodium up to the boiling point had been determined, argon being 
admitted into the system from time to time in order to keep the total pressure to approxi- 
mately twice the vapor pressure of the sodium. 

The vapor pressure of the sodium was calculated from the equation 

in  ibis formula P,, is the vapor pressure of the sodium, Pr is the total 
pressure of the system as indicated by the manometer, V2/T2, V3/T3 and 
V4/T4 are the various volumes of the apparatus external to the bath di- 
vided by their corresponding temperatures, V I  is the volume occupied by 
the sodium vapor at  the temperature TI, and PA, VA and TA are the 
pressure, volume and temperature of the argon when admitted into the 
system. 

This equation was derived from a simple consideration of the perfect 
gas law. If MA moles of a gas are in an enclosed system whose total vol- 
ume is divided into the several volumes VI, Vz, . . . . VN, which are sub- 
jected to the corresponding temperatures TI, Tz, T3 . . . . T,, then 

where PT is the total pressure of the gas and R the gas constant. If Vl 
be occupied by not only gas A but gas Na whose pressure is PNa, then 

If M were measured at  a pressure PA, V A  and TA, then 

Substituting this value for MA in Formula 3 and multiplying through by 
R, the gas constant, Equation 5 

is obtained, which when divided by Vl/Tl and the terms rearranged, gives 
Equation 1. The volumes were determined by weighing 4he apparatus 
first empty and then filled with water, the difference in weight divided by 
the density of water a t  the temperature of the water, giving the volume. 
The total volume of the system was also checked in another manner. 
A bulb was blown in the manometer system and marks made above and 
below the bulb in such a manner as to make the capacity of the bulb 
exactly 55 cc. The system was then evacuated by means of a Cenco 
Hyvac pump and refilled with argon. With the system a t  atmospheric 
pressure, PI,  the mercury level in the manometer was then adjusted to 
the mark a b ~ v e  the bulb, All stopcocks were then closed and the mer- 
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cury level in the manometer adjusted to the mark below the bulb. When 
temperature equilibrium was obtained, the new pressure reading Pz was 
observed, and the total volume of the apparatus, VI, calculated from the 
equation, PIVi = Pz (Vl-55). The volume of the bomb as obtained in 
this manner checked within a few tenths of a per cent. with the volume 
as obtained by weighing the bomb empty and filled with water. A final 
check on all volumes was also made when dismantling the apparatus; 
again the results were in good agreement with the volumes as determined 
above. At high temperatures allowance was made for the change in 
volume due to the expansion of the nickel bomb and the decreased density 
of sodium. l2 

The supply of dried argon was kept in a gas buret over mercury. The 
buret containing the argon was graduated to 0.05 cc. and estimation could 
be made to 0.01 cc. As no less than 10 cc. of argon was admitted into the 
system at  one time, the error from this source should not exceed a few 
tenths of a per cent. The capacity of the buret was carefully checked 
in order that no volume error should enter from this source. Manometer 
readings were made with a cathetometer having an invar scale and were re- 
producible to 0.1 mm. 

It is true that in deriving Equation 1 from which the vapor pressures 
were calculated, the assumption was made that the temperature boun- 
daries, i. e., TI, Tz, etc., were sharp and well defined. This assumption 
was justified, as the external volume, i. e., the volume not actually con- 
tained in the bath, was very small (less than 10%) compared to the total 
volume of the system. Hence, the error due to the temperature gradients 
is of little consequence. 

B. Vapor Densities.-In making a vapor density determination, the 
entire vapor density apparatus was first filled with argon. The furnace 
was brought up to the proper temperature, and 1 to 2 g. of sodium, which 
had been previously put through the sodium press, was placed in the boat 
C and introduced into the tube B. Argon a t  a constant rate of flow was 
passed through tube B over boat C containing the sodium at  the desired 
temperature. Saturated with sodium vapor, the argon passed through 
the small orifice 0, and deposited the sodium in the cooler portion of the 
tubes A and B. A steady rate of flow of argon was maintained until from 
2 to  2.5 liters had passed over in this manner. The moles of argon passed 
were calculated from the volume of water, after correcting for the vapor 
pressure of the water. At the end of the run the flow of argon was cut off, 
the furnace shut down, the boat removed from tube B and tubes A and 
B withdrawn. The amount of sodium which had deposited upon tubes 
A and B was determined by titration with 0.1 or 0.5 N hydrochloric acid 
solution as seemed best. 

'2 "International Critical Tables." 
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The vapor density of the sodium was calculated from the following 
equation 

WNa is the weight in grams of the sodium which saturated NA moles of 
argon, P,r is the total pressure of the system, PNa is the vapor pressure 
of the sodium a t  the temperature at  which the vapor density run was 
carried out, and MN. the molecular weight of the sodium. If gas Na and 
A occupy a system a t  a total pressure of PT, the partial pressure of gas Na, 
PNa, is equal to the total pressure times its mole fraction in the mixture 
or 

Upon simplification of this equation, Equation 6 is obtained. 
A. Materials, Analytical Methods, Etc.-In this work a commercial 

grade of sodium was used. Spectroscopic tests made on the sodium showed 
it to be free from lithium and potassium. The hydrochloric acid was stand- 
ardized with a standard solution of sodium hydroxide. The sodium hy- 
droxide was standardized with potassium acid phthalate, which was 
kindly furnished by Dr. I,. W. Blder of this Laboratory. The normalities 
of the acid solutions were checked with sodium carbonate solutions. 
Methyl orange was used as an indicator in titrating the sodium. The 
argon was furnished by the Cleveland Wire Works, Cleveland, Ohio, and 
from their analysis was 99.7% pure, the remaining 0.3% being chiefly 
nitrogen. No oxygen and only traces of carbon dioxide were present in 
the argon. 

The platinum-platinum-rhodium thermocouple was calibrated fre- 
quently against fixed thermometry points. The latest directions of the 
Bureau of Standards were very closely followed in the calibration.13 The 
freezing points of silver, copper-silver eutectic, and aluminum, and the 
boiling point of sulfur were taken as the fixed standard points. The silver 
was of very high purity (99.99%), while the copper and aluminum were 
Bureau of Standards samples. All of the freezing points were sharp and 
well defined. 

Results 

Vapor Pressure.-The vapor pressure data are given in Table I. A 
preliminary plot on a log - 1/T diagram of these results together with the 
results of Rodebush and DeVries and Gdmondson and Egerton a t  low 
pressures indicated that the data over the whole range of pressures could 

13 Roeser, Bur. Standards Jour. of Research, 3, 343 (1929). 
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TABLE 1 
VAPOR PRGSSURGS 

Run 1 
Temp. of ------ Argon---------. Total Vapor pressure 

sodium, OK. Vol , cc. Temp., O K .  Pressure, mm. pressure of sodium 

924 1 9.58 300.4 743.9 97.2 48 82 
939.8 105.6 58.40 
950.5 109.9 63.19 
973.7 7.73 301.1 744.2 185.6 96.12 
989.4 202.5 115.9 
999.3 214.2 129.7 

1020.1 12.22 300.8 744.1 318.6 158.9 
1044.5 365.1 214.2 
1063.3 412.8 272.0 
1082.9 476.4 350.8 
1117.9 581.2 481.5 

VI = 306.8 cc.; V2 = 3.32 CC.; Tz = 373°K.; V3 = 5.34 cc.; T3 = 294.2OK.; 
V4 = 15.50 cc.; T4 = 300.0. 

Run 2 
938.8 11.35 298 746 123.1 65.88 
946.9 125.6 68.58 
969.5 146.5 93.70 
999.5 9.50 298.1 746.4 245.7 139.1 

1033 305.5 211.2 
1049.9 8.18 298 746.2 395.5 254.0 
1070.4 448.5 312.4 
1089.3 496.7 378.4 
1113.1 479.5 482.5 

Vi, VZ, v3 and V4 same as in Run I ;  TZ = 373 O,  Ta = 293.7'. Tp = 296.2O. 

Run 3 
936.7 10 02 297.6 747.8 116.0 67.37 
953.2 121.6 73.55 
978.7 10 1 297 749.1 216.5 110.1 

1011.9 263.3 165.5 
1040.7 314.7 228.1 

Volumes same as above; Tz = 373 "; T3 = 292.4 O; T4 = 294.7 O. 

be satisfactorily represented by a straight line. By the method of least 
squares a simple equation 

B 
log P,, = A - T (8) 

was obtained with values for the constants 
A = 7.5165 =t 0.0075. B = 5383.0 5.7 

This gives a satisfactory value for the probable error (2-3y0) but the de- 
viations of individual measurements are large. It is difficult to see how 
high results would be given by the experimental method, while low results 
might be explained by failure to obtain saturation with sodium vapor in the 
vapor space within the bomb although ample time for equilibrium to be 
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established was always allowed. Furthermore, the results of the first 
run are all below the values given by Equation 8. If we reject the first 
run as being for some unknown reason unsatisfactory, and consider only 
the last two runs, we obtain a set of readings which are on the average 
several per cent. higher and much more consistent. The equation 

5400.0 
log p,, = 7.5510 - -- 

T (9) 

fits the low pressure data almost as well as Equation 8 and with the ex- 
ception of one or two points a t  intermediate pressures, where larger errors 

TABLE 11 
DATA 

Data of Rodebush and DeVries and of Ed- 
mondson and Egerton 

Pressure, mm. 
Temp., O K .  Calcd. X 103 Obs. X 103 

454.9 0.0480 0.04929 
473.4 .I38 ,1412 
492.9 .390 ,3880 
495.9 ,469 .4575 
513.0 1.07 1.030 
514.3 1.42 1.140 
534.3 2.89 2.852 
544.4 4.28 4.163 
570.7 12.50 12.31 

Data of Rodebush and Walters 

Calcd. X 1 

63.3 
70.1 
96.8 

141.6 
210 
267 
319 
392 
500 
61.1 
76.9 

107.4 
166.4 
229 

Obs. X 1 

65.88 
68.58 
93.70 

139.1 
211.2 
254.0 
312.0 
378.4 
482.5 
67.37 
73.55 

110.1 
165.5 
228.1 

are to be expected, fits the high pressure data very well, as is shown in 
Table I1 and Fig. 3. The two equations are essentially coincident a t  low 
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pressures but give values for the boiling point of sodium which differ by 
6O. Equation 8 gives a value for the boiling point that is in agreement with 
the figures given in the literature but these figures might easily be in error 
by 5-10'. 

Vapor Density.-Vapor density results are given in Table 111. Meas- 
urements were made a t  two different temperatures, 705.8 and 570.5." 
The effect of rate of flow on the amount of sodium deposited was studied 
and it was found that fairly consistent results could be obtained when the 
rate was between 10 and 25 cc. per minute. A blank run with no gas flow- 
ing a t  705.8' showed that 0.04-0.05 g. of sodium would diffuse into the 
outer tube in three hours. The apparent molecular weights in Table I11 

TABLE 111 

VAPOR DENSITY DATA 
Rate of flow, Vol. argon, Temp. of Barometer, Sodium, 

No.  cc. per mm. liters argon, O C .  mm. g. 

Temperature of sodium, 705.8 " 
31 22.2 2.0 24.2 739.1 0.3055 
32 25.6 2.0 23.5 745.5 .3077 
33 25.0 2.0 24.3 745.9 ,3208 
34 22.4 2.0 24.0 753.0 .3089 
35 16.1 2.5 '22.9 740.9 .4078 
36 15.3 2.5 21.3 740.9 .3920 
37 10.5 2.0 23.3 740.6 .3190 
38 25.9 2.0 20.0 746.8 .3156 
39 15.6 2.0 23.6 746.5 .3202 
40 27.4 2.0 20.3 749.8 .3064 
41 23.3 2.0 23.3 741.6 .3 144 
42 20.0 2.0 22.0 742.3 .3128 
43 29.9 2.0 25.0 746.5 .3001 
44 15.7 2.0 25.2 746.4 .3089 
45 35.1 2.0 27.4 745.0 .2696 
46 9.2 2.0 26.8 744.5 .3199 

Temperature of sodium, 570.5 " 
47 18.4 2.5 22.8 746.5 0.0472 
48 16.4 2.5 22.1 743.7 .0458 
49 17.4 2.5 23.2 741.0 .0435 
50 18.1 2.5 22.0 745.7 .0449 
51 19.2 2.5 22.0 744.9 .0490 
52 19.1 2.5 23.6 739.2 .0485 
53 19.7 2.5 25.7 734.9 .0474 
54 11.6 2.5 21.4 735.6 .0508 

Argon collected over water at  same temperature as the gas. 

Mol. 
wt. 

have been calculated using Equation 8. A markedly different result is 
obtained using Equation 9 and the average values for apparent molecular 
weights (omitting runs where the rate of flow was too fast) are tabulated 
below. 



TABLE IV 
Equation 8 Equation 9 

Temp., OC. Pressure, mm. Mol. wt. Pressure, mm. Mol. wt. 

705.8 104.2 25.0 108 2 24.1 
570.5 13.5 26.0 14.0 25.1 

These results on vapor density will be discussed in a later paragraph. 

Errors.-The constant errors in the vapor pressure measurements 
should not be greater than the calculated probable error. The un- 
certainty in the temperature measurements is very small since the fused 
salt bath was very easily controlled and the thermocouple was carefully 
calibrated. The pressures given are in mm. of mercury a t  room tem- 
perature since the accuracy does not justify calculation to  OO. The esti- 
mation of the external volumes of the apparatus corresponding to  differ- 
ent zones of temperature involves an uncertainty which has been esti- 
mated to give a probable error of 0.5%. In the vapor density determina- 
tions the probable errors in the determination of gas volumes and amounts of 
sodium vaporized were certainly less than 1%. The temperature control 
was more uncertain in the furnace than in a fused bath but the temperature 
was held constant to 0.5O and explorations with the thermocouple indi- 
cated that a zone of nearly constant temperature extended for a consider- 
able distance in either direction from the point where the sodium was 
vaporized. 

The Dissociation Equilibrium in Sodium Vapor.-There appears t o  
the authors to be no question of the existence of an appreciable amount 
of Nat molecules in sodium vapor. Postponing for the moment the in- 
controvertible evidence of band spectra, we believe the vapor pressure 
curve by itself is evidence for the existence of molecules. The vapor 
pressure data are of sufficient accuracy to show that a straight line is 
obtainable on the log @1/T plot and this straight line indicates some ab- 
normality of vapor density, as has been stated before. At the low pres- 
sures involved, the natural assumption to make is that the abnormal 
vapor density is due to the presence of molecules. 

The results of Table IV, no matter which equation is preferred, are 
impossible to explain, however, because they indicate that the apparent 
molecular weight of the saturated vapor decreases with increasing tem- 
perature. This could only be true if the heat of dissociation were greater 
than the apparent molal heat of vaporization, but if that were true i t  can 
readily be calculated that'the apparent molecular weight of sodium would 
be far greater than the observed values in Table IV. The authors are, 
therefore, inclined to reject the results for vapor density a t  the higher 
pressure and temperature for the same reason that they are inclined to  re- 
ject low values for vapor pressure. It seems probable that  saturation 
could not be obtained, perhaps because of rapid diffusion of the vapor to 
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the cooler portion of the tube. This difficulty would not be remedied 
by reducing the rate of flow of the inert gas. On the other hand, the au- 
thors now believe the results obtained a t  570.5' to be reliable, although 
the results are higher than those obtained by Haber and Zisch with the 
same method in the same temperature range. We have supposed the 
experimental errors to be greater because of the smaller amounts of sodium 
transferred but these difficulties are trivial compared to the difficulty of 
saturating the inert gas. The results a t  the lower temperature appear on 
the whole the more consistent. Accordingly we believe Equation 9 to 
represent the vapor pressure of sodium with satisfactory accuracy and the 
vapor density as obtained with this equation a t  570.5' to be substantially 
correct.14 Gibson and Heitler15 have derived an equation relating the 
dissociation constant of a diatomic gas to the heat of dissociation, and 
certain constants calculated from spectroscopic data. Their equation 
may be written 

logK = - - 
log (I - e-hY/kT)  + log 2 + log (2j + 1) (10) 

Here K is the constant of Equation 10 above expressed in c. g. s. units, 
AHo is the heat of dissociation at  absolute zero, h is Plancks' constant, I is 
the moment of inertia of the Na2 molecule or 179.5 X g. ~ r n . ~ ,  v 
is the vibrational frequency of the Na2 molecule or 158.5 cm.-I and 
j is the angular momentum of the sodium atom, which is l/2, since its 
ground state is 2S. The sodium atom has a nuclear spin of several half 
units, and a term 2 log (2s + 1) should be introduced into the equation 
were i t  not for the fact that there are two kinds of sodium molecules 
similar to ortho and para hydrogen. There are (s + 1) (2s + 1) possible 
spin eigen-functions that are symmetric in the nuclei and s(2s + 1) that 
are antisymmetric in the nuclei. This gives a total multiplicity of (2s + 
for the rotational levels, which just cancels the term 2 log (2s + 1) for 
the atoms. 

The only uncertainty involved in the calculation of the constant for 
the dissociation equilibrium by Equation 11 is the value to be used 
for the heat of dissociation of the Naz molecule. The value calculated 
by Loomis is 1.0 + 0.1 volt and Kinsey16 has estimated that it may be as 
low as 0.84 volt = 19,360 cal. It does not seem probable that it can be 
much less than this. Using this figure we calculate K for the equilibrium 

A 

Naz 2Na to be lo5 (pressure in c. g. s. units) a t  570.5' and the ap- 
l4 Our confidence in these results is greatly strengthened by the receipt of a private 

communication from R. Ladenburg in which he informs us that he has repeated the 
work of Haber and Zisch a t  the Kaiser Wilhelm Institute with great care and has 
obtained results that are in substantial agreement with ours. 

l5 Gibson and Heitler, 2. Physik, 49, 465 (1928). 
l6 Kinsey, Prac. Nut. Acud. ScZ'., 15, 37 (1929). 
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parent molecular weight to be 26.0. This is perhaps as good agreement 
as one can hope for. An apparent molecular weight of 27 is predicted 
for sodium vapor a t  705.SQ and this value cannot be reconciled with the 
values given in Table 1V. 

The Entropy of Sodium Vapor.-Rodebush17 calculated the entropy of 
sodium vapor and showed i t  to be in close agreement with the theoretical 
value predicted for an atom in 2S state. This calculation is confirmed by 
our new measurements since the saturated vapor is shown t o  be largely 
monatomic a t  lower temperatures and the vapor pressure measurements of 
Rodebush and DeVries are confirmed. Theoretically the entropy should 
be greater than that calculated by an amount R In (2s + l), and if the heat 
capacity of metallic sodium were measured to a sufficiently low tem- 
perature, a heat effect would doubtless be found corresponding to  the 
change in orientation of the nuclear spin.17,1a This heat effect is so small 
and a t  so low a temperature that i t  is not likely to be observed, although 
the corresponding entropy change is not negligible. 

Summary 

The vapor pressure of sodium has been measured over the temperature 
range from 650-850'. 

The preferred vapor pressure equation is 
5400.0 log P,,. = 7.5510 - -- 

T 

The equation gives good agreement with previous data down to  pres- 
sures of l W 4  mm. 

The apparent molecular weight of saturated sodium vapor has been 
determined a t  570.5 and 705.8'. The values at the lower temperature 
are believed to be more nearly accurate and are in fair agreement with the 
value calculated from spectroscopic data. 

URBANA, ILLINOIS 

l7 Rodebush, ibid., 13, 185 (1927). 
l8 Phys. Rev., 35, 210 (1930). 
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[CONTRIBUTION FROM THE CHEMICAL ENGINEERING DEPARTMENT, THE OHIO STATE 
UNIVERSITY ] 

ZIRCONIUM. VI. USE OF DISPERSOIDS IN THE DETECTION 
OF TRACES OF POTASSIUM BY ZIRCONIUM SULFATE 

BY RUPUS D. REED AND JAMES R. WITHROW 
RecexvE~  FEBRUARY 13, 1930 PURCISHED JULY 3, 1930 

The results of an investigation of the effect of the addition of a dispersoid 
of potassium zirconium sulfate in shortening the time required for a test for 
potassium by zirconium sulfate indicated that the time factor is materially 
reduced by adding the dispersoid. The sensitivity of zirconium sulfate for 
potassium is slightly greater in the presence of a dispersoid than in its 
absence. 

The tardy formation of crystals in supersaturated solutions is commonly 
ascribed to lack of suitable nuclei. A frequently used method of overcom- 
ing such supersaturation has been to add a crystal of the desired substance. 
Where traces of constituents are sought, however, the addition of such a 
crystal would introduce a comparatively large amount of the product, 
hindering the detection of any minute quantities; hence the method is of 
little value in analytical chemistry. It would appear feasible that any 
supersaturation tendency in testing for traces of substances could be 
eradicated by introducing into the solution tested a drop of a liquid con- 
taining a very minute amount of the precipitate expected, in dispersoid 
state. If the solution tested contained no appreciable amounts of the 
substance to form that added in dispersoid form, then the dispersoid should 
not cause an increasing turbidity in the solution; but if there is any of the 
substance present, the turbidity should increase due to the nuclei growing 
and multiplying in number or size. To avoid adding appreciable quanti- 
ties of solute, we have for some time in this Laboratory, added a controlled 
trace of the precipitate with the reagent, as has doubtless been done by 
others. We now find as far as information is available that Porbesl as 
early as 191 1 in determining the solubility of silver chloride in chloride solu- 
tions overcame the supersaturation tendency "by adding, on the end of a 
stirring rod, quantities of precipitated silver chloride so minute as to pro- 
duce no visible turbidity in 50 cc. of pure water." The method does not 
seem to have come into general use. This paper reports the application of 
the procedure or principle to the simple case of the detection of potassium 
by zirconium sulfate. 

Experimental 
Materials.-The zirconium sulfate solution (containing 11.3 1 % of 

zirconium sulfate) and the potassium sulfate solutions used were those 
described in our previous work2 

Forbes, THIS JOURNAL, 33, 1938 (1911). 
Reed and Withrow, ibid., 50,2986 (1928). 



Dispersoid.-The dispersoid of potassium zirconium sulfate was 
obtained from a mixture of dilute potassium sulfate solution and the zir- 
conium sulfate reagent which had reacted to form a precipitate. Knowing 
the concentration of potassium in the original mixture of 2 cc. to be 2.4 mg. 
of potassium and assuming 30 drops to a cubic centimeter of solution, one 
drop of this mixture would add not over 0.04 mg. of potassium to the solu- 
tions tested. 

Procedure.-The procedure was the same as that given under the 
general procedure in the previous work,3 except that after the reaction 
mixture had stood for an hour at room temperature, a drop of a solution 
containing a suspension of potassium zirconium sulfate was added. After 
the completion of the test for potassium by zirconium sulfate and the dis- 
persoid mixture, the solutions were filtered and the filtrates showed the 
presence of potassium when tested by sodium cobaltic nitrite after first 
throwing the zirconium into a complex ion with tartaric acid and sodium 
hydroxide according to the method previously r e p ~ r t e d . ~  The results 
appear in the table. 

SUMMARY OF E&FECT OF DISPERSOID ol- DETECTION OF POTASSIUM WITH ZIRCONIUM 

SULFATE 
K per Results with Results with no 

Expt. sample, g. dispersoid added dispersoid added 

1 0.00119 Opal. 1 hr. r. temp.; small ppt. 
0.5 hr. 0" 

2 .00095 Opal. 1 hr. r. temp.; cloudy 0.5 
hr. 0"; ppt. 1 hr. 0" 

3 .00078 Cloudy 0.5 hr. 0"; small ppt. 
2 hr. 0" 

4 .00048 Opal.0.5hr.O0; ppt .3hr .0°  

5 .00032 Slightly opal. 0 5 hr. 0"; ppt. 
3hr .  0" 

6 .00000 Slightly opal. 0.5 hr. 0"; un- 
changed 5 hr. 0" 

Opal. 1 hr. r. temp.; cloudy 
0 5 hr. 0" 

Opal. 1 hr. r. temp. ; cloudy 
0 5 hr. 0'; ppt. 1 25 hr. 0" 

Opal. 0.5 hr. 0"; ppt. 3 hr. 0" 

Very sl. cloudy 1.5 hr. 0' 
cloudy 5 hr. 0" 

Clear 5 hr . 0 " 

Clear 5 hr. 0" 

Total volume, 2 cc.; zirconium sulfate present, 0.1131 g. 

Discussion.-These results were typical of about 80 experiments. 
Comparing the sensitivity with and without the dispersoid indicated that  
the addition of the dispersoid increased the sensitivity of zirconium sulfate 
for potassium from 0.48 mg. of potassium (0.05y0 elemental potassium or 
0.006 molal potassium sulfate) to 0.32 mg. (0.03% elemental potassium or 
0.004 molal potassium sulfate), Bxpts. 4 and 5. 

Comparing the time needed for securing the test with a dispersoid pres- 
ent and without a dispersoid showed that the presence of the dispersoid 

Reed and Withrow, THIS JOURNAL, 50, 1515 (1928). 
Reed and Withrow, ibid., 51, 3238 (1929). 
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shortened the time in Gxpt. 2 with 0.95 mg. of potassium by 15 minutes, 
and in Expt. 4 with 0.48 mg. of potassium, two hours were saved. 

In Expts. 4 and 5 containing 0.48 mg. and 0.3 mg. of potassium, respec- 
tively, the test for potassium in the filtrate (not removed by zirconium 
sulfate) was very faint and appeared only after allowing the test to stand 
for forty minutes. 

Summary and Conclusions 
1. "Seeding" by adding a solute dispersoid furnishes suitable nuclei 

for initiation of visible precipitation without introducing appreciable 
quantities of the material to be detected. 

2. The addition of a drop of a dispersoid of the desired product hastens 
the detection of potassium by zirconium sulfate. 

3. The sensitivity of zirconium sulfate reagent for potassium was in- 
creased through the presence of the dispersoid from 0.48 mg. of potassium 
to 0.32 mg. per 2 cc. of reaction mixture. 

4. The zirconium sulfate reagent did not completely remove potassium 
from solution. 

COLUMBUS, OHIO 

THE SORPTION OF ORGANIC VAPORS BY HIGHLY EVACUATED, 
ACTIVATED SUGAR CHARCOAL1 

It is of the greatest interest to determine in how far sorption data for a 
given specimen of charcoal may be made reproducible through improve- 
ments in the preliminary treatment, and then to ascertain in how far dif- 
ferently activated specimens of the same charcoal yield sorption data con- 
forming to a definite type. In previous communications,2 i t  has been 
increasingly shown that improvements in the preliminary evacuation of a 
given specimen of charcoal greatly affect not merely the position, but also 
the form of the sorption curve. This becomes especially noticeable as the 
cleansing of the charcoal through evacuation is made very thorough. It 
is found advisable to evacuate for a long period a t  as high a temperature 
as possible in a high vacuum, then to  displace some of the impurities still 
sorbed on the charcoal by admitting to the charcoal some of the liquid to 
be investigated and repeating the thorough evacuation before commencing 
the experiment. 

1 These experiments were carried out at the University of Bristol, England, in 
1925-1927 inclusive. 

2 A. M. Bakr and J. a. King, J. Chem. Soc., 119, 454 (1921); A. M. Bakr and 
J. W. McBain, THIS JOURNAL, 46,2718 (1924) ; J. W. McBain, Nature, 117,550 (1926) ; 
J. W. McBain and G. T. Britton, THIS JOURNAL, 52, 2198 (1930); J. W. McBain, 
D. N. Jackman, A. M. Bakr and H. G. Smith, J. Phys. Chem., 34 (1930). 
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This communication describes experiments with seven organic chemicals, 
using four air and steam activated charcoals made from the same pure 
sugar charcoaL3 Definite regularities have been found, and it is shown 
that some specimens of charcoal possess a saturation value in that  they 
sorb as much vapor at low as a t  high pressures, whereas other specimens 
exhibit sorption which definitely rises even in the higher ranges of pressure. 

A sorption balance, such as that of McBain and B a k ~ - , ~  used in a tube 
which remains sealed throughout the course of the experiments, proved 
highly advantageous for the study of these differential effects. 

Experimental 
The liquids were Kahlbaum's best and were redistilled before use. Four charcoals 

prepared from the same sugar charcoal were employed and are designated as follows. 
"Air and Vacuum B."&-Prepared by A. M. Bakr in 1923 by heating in vacuo in a 

silica flask for fifty-six hours in the tip of the blowpipe flame, admitting a very slow cur- 
rent of air during the first six hours. 

"Air C."5--Prepared by H. G. Smith in 1925 by heating for twelve hours in an 
unglazed porcelain tube at 1140 " (measured), a slow current of air being passed through- 
out and burning away 20% of the charcoal. 

"Steam D."6-Activated in 1925 by H. H. M. Wright by heating in a silica flask a t  
700" for forty-five minutes in a current of steam and continued heating for ten minutes. 

"Steam E."-Activated by Chapman in 1927 by heating in a silica flask a t  650'' 
(measured) for thirty minutes and then blowing a current of steam directly on the char- 
coal for forty-five minutes during which the flask was shaken, the temperature falling to  
600"; the charcoal was heated for ten minutes further and on cooling resembled a fluid. 

I t  was found that springs of fused silica increase in length when heated under load, 
although the elastic constant is far less affected. No change can be detected during 
six weeks a t  40°, and the change a t  higher temperatures rapidly diminishes as heating is 
continued.6 These effects are readily obviated by heating the spring under load a t  300 O 

for two days before calibration. Recalibration a t  the end of an experiment shows this 
to  be effective. The initial increase of the length of a spring under a load of 0.26 g. 
is about 0.0028 cm. per hour a t  440 O. 

About 0.1 g. of charcoal was used in a bucket of gold foil weighing less than 0.1 g. 
It was found by blank experiments that the weight of vapor sorbed by the gold bucket 
was far less than the number of figures to which the weight of vapor sorbed by charcoal 
was read.? 

For analyses and tests see previous communications. 
J. W. McBain and A. M. Bakr, THIS JOURNAL, 48,690 (1926). 
See previous communications for other measurements with this charcoal. The 

conditions of activation were not ideal and do not afford a legitimate comparison be- 
tween the possibilities of air and steam activation; for example, in the latter case the 
temperature was too low. 

The physical properties of fused silica are well known to be undefined (Footnote 
7 of Ref. 2). We have on several occasiol~s had a spring break when carrying less than 
a previous load, and, on one occasion, we have seen a spring rather suddenly change 
its length and sensitivity. 

Using a gold bucket of 22.6 sq. cm. area and a spring extending 0.694 mm. per 
milligram a t  120°, extension was not definitely noticeable until the vapor pressure of 
toluene was 250 mm., and it was 0.008 cm. when the pressure of the toluene was be- 
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Procedure 
The experimental method required the constant presence of a body of pure liquid 

whose temperature may be arbitrarily adjusted so that the charcoal within the same 
sealed tube, but a t  higher temperature, may be exposed to any desired pressure of the 
vapor. It is vital that the charcoal should be drastically cleansed by heat and evacua- 
tion, and during this process the liquid to be used must remain within a sealed bulb 
(A in Fig. 1). Only after the final evacuation, when the main tube has been sealed, is 
this bulb A broken. 

Preliminary Evacuation.-The charcoal and most of the sorption tube (see Fig. I) 
were heated t o  440' for seventy-five minutes during which a vacuum was very slowly 

applied. Evacuation was continued for three hours after 
the pressure had fallen below mm. a t  440°. (The 
bulb X with supporting hook rests on four projections 
in the glass to  allow free passage.) Thereupon, after 
taking a zero reading of the length of the spring, the 
bottom of the tube containing the sealed bulb of liquid 
B, to which is attached by a solid stem a sealed bulb 
containing iron filings, is cooled with solid carbon dioxide 
or liquid air. The bulb is then raised by an electro- 
magnet and broken. The whole is left a t  room tempera- 
ture for some time to allow the vapor to displace foreign 
gases on the charcoal. 

Final Evacuation.-The Dewar vessel D, filled with 
liquid air, is placed in position very gradually in order 
to avoid blowing charcoal out of the bucket. The tube 
is sealed off a t  K. The whole is then evacuated with the 
same care as before, but i t  takes several hours to  bring 
the charcoal to  440 " without blowing i t  out of the bucket. 
The time taken to attain a high vacuum is now much 
greater. While the vacuum pump is still working, the 
tube is finally sealed off a t  Y and is not reopened until 
the investigation is complete. The sealed bulb of liquid, 
A, is then cooled and broken as previously described. 

Thermostats.-During an experiment the bottom of 
the sorption tube is immersed in mercury containing a 
thermometer. The whole sorption tube is placed within 
a wider glass tube which is heavily covered with asbestos 

Fig. l.-The sorption ap- on the outside and has a narrow slit in front and back 
paratus during evacuation, running the length of the tube for purposes of observa- 
showing enlarged detail of tion. Outside this is wound heavy nichrome wire covered 
the sealed bulb of liquid, B. over again with asbestos. Current is led through the 

nichrome wire, using three terminals, a common one in 
the middle, and one a t  each end. Asbestos packing is placed outside the sorption tube 
a t  the middle terminal and a t  the top of the sorption tube, the furnace being closed 
above. A thermometer is placed between the sorption tube and the outside furnace 
beside the bucket of charcoal. In a blank experiment i t  was found that the thermometer 
placed within the vapor a t  120 O read 1.3" higher than that outside the tube. The whole 
is enclosed in a case with glass windows. 

tween 300 and 600 mm. This corresponds to  5 X 10-6 g. of toluene per sq. cm. of 
gold foil or a film approximately 5 X cm. deep. 
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Commercial air ovens were found unsatisfactory, even although heating coils were 
inserted around the tubes where they passed through apertures. For low temperatures 
the apparatus was modified t o  admit of surrounding the bottom of the sorption tube with 
a Dewar f l a ~ k  containing a freezing mixture whose temperature was read by  a pentane 
thermometer, a thermocouple being used to cheek constancy. All thermometers were 
calibrated against standards supplied by the National Physical Laboratory. 

The charcoal was kept in contact with vapor for several days a t  120' (or 205') 
before any readings were taken, and not less than two hours was allowed between dupli- 
cate readings. Under these conditions Chapman observed but little effect of time. 
He avoided zny co~densrrtion nf liqlid trpon the charcoal. 

TABLE I 

ACETIC  ACID.^ "AIR C" CHARCOAL. 120 ISOTHERM BY P. F. C. 
Experiment 5b 

P x / m  9 x/m P z / m C  

23.1 0 204 88 9 0.334 169.8 0.383 
27.3 ,224 128 6 .359 142 6 .374 
36 9 .255 132.0 365 67.8 .321 
37.9 .264 163 8 379 39 5 .264 
48 1 .280 175 3 ,389 23 8 ,221 
58 6 .304 266.8 ,414 16.4 .I85 
91.6 .329 483 4 ,440 13.5 .I62 

" p, = 794 mm. a t  120°, 6500 mm. a t  205'. Final vacuum mm. " De- 
sorption. 

TABLE I1 
ACETIC ACID. "AIR C" CHARCOAL. 120' ISOTHERMS BY H. P. I,. 

Experiment 1 Experiment 19 
9 x / m  P x / m  P x / m  P x /m 

14.5 0.178 330 0 424 14 0.198 660 0.461 
77 ,326 535 .435 30 .265 590 .457 

125 ,357 245 ,414 58 318 545 .453 
127.5 ,361 695 .450 505 .446 123 .381 
204 .406 26 5 .24 276 .421 3 3 ,082 

Experiment 18 725 .463 
15 0.183 390 0.415 
32 .258 193 .397 
97.5 ,361 

TABLE I11 
ACETIC ACID. "STEAM D" CHARCOAL. ISOTHERMS BY H. P. I,. 

Experiment 2 
At 120° At 205 

i' x /m P x/m P r / m  
13.5 0.111 17.5 0.0269 1070 0.129 
27.5 .I12 41.5 ,0435 202.3 .091 

116 .I41 125 .0770 2900 .I40 
202.3 .I48 730 .I22 4630 .I41 
153 .I46 2195 ,137 5450 .I41 
675 .I56 
330 .I50 
56 .I33 
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TABLE IV 
 TOLUENE.^ "AIR C" CHARCOAL. 120° ISOTHERMS BY P. F. C. * 

Experiment 2c 
P x/m P x/m P x/mb 

81.6 0.267 264.6 0.294 535 8 0.311 
34 5 .238 383.4 ,304 416.8 ,304 
51.1 .252 567.0 ,310 225 2 ,293 

105.8 .276 613.2 .314 95 3 .270 
131.9 .280 746 5 .318 26 3 .228 
183.4 .290 869 .325 7.6 .I99 

Experiment 3d 

68.3 0 296 641 0.354 68.3 0 .  3Oob 
130.0 ,321 752 .359 52.4 . 290b 
207.7 .332 325 .341b 28.4 .272" 
355 .338 279.5 . 340b 25.4 ,263" 
399 5 .342 '144 . 3 ~ 5 ~  7 .8  . ~ 5 2 ~  
528 .349 93.5 .311b 0.006" . 180b 

" fiS = 988 mm. a t  120°, 6451 mm. a t  205'. Desorption. Preliminary evacua- 
tion five hours a t  mm.; final evacuation six and one-half hours a t  2 X 10-4 mm. 
Forty-five readings were taken, all of which fell on a smooth curve. The results are 
omitted from the graph because two turns of the spiral spring were caught in each other. 

Preliminary evacuation seven hours a t  mm.; final evacuation sixteen hours a t  
10-5 mm. " Liquid surrounded by solid carbon dioxide and ether. 

TABLE V 
TOLUENE. "AIR C" CHARCOAL. ISOTHERMS BY H. P. I,. 

Experiment 7 Experiment 10 
At 120 " At  120" At 205 " 

P x/m P x/m P x/m 

25 0.238 27 0.244 32 0.140 
100 .289 62 .272 99 ,190 
178 .302 92 ,283 2234 ,291 
223 .316 155 ,298 263 ,233 
259 .323 230 .309 2583 .296 
778 ,332 460 .326 2965 ,296 
93 5 ,293 790 ,331 690 .272 
74 .291 1020 .335 820 .276 
67 .285 360 .321 850 .285 
47.7 .281 

TABLE VI TABLE VII 
TOLUENE. "AIR AND VACUUM B" CHAR- TOLUENE. "STEAM D" CHARCOAL. 

COAL. 120' ISOTHERM BY H. P. I,. 120' ISOTHERM BY H. P. L. 
Experiment 9 Experiment 8 

P x/m 9 x/m 9 x/m P x/m 
845 0.140 820 0.142 88 0.132 115 0.138 
27 .I11 970 .I41 460 .I39 92 .I33 

107 .I33 990 .I44 610 .I39 80 ,132 
200 .I37 970 .I41 910 .I42 25 ,121 
250 ,139 980 .I41 
720 .I41 560 .I41 
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The data are given in Tables I-XIV where I, is the vapor pressure in 
millimeters, and x/m is the sorption in grams per gram of charcoal. The 
vapor pressures were calculated using Diihring's rule with data obtained 
from Landolt-Bornstein "Tabellen," 1923.8 ps, the saturation pressure, 
is the vapor pressure of the liquid at the temperature of the isotherm. 

TABLE VIII 

TOLUENE. "STEAM E" CHARCOAL. 120 ISOTHERM BY P. F. C. 
Experiment 4" 

P +/m b x/m P d m  

32 0 0.180 493 0 212 223 0 204~ 
22 4 .I74 571 3 .214 98 2 .19fjb 
92 8 ,195 658 214 74.9 ,193~ 

173 7 .202 854 ,215 52 2 . 18gb 
334.1 208 474 . 213b 7 .8  .152" 

" Preliminary evacuation eleven hours a t  mm.; final evacuation sixteen and 
one-half hours a t  lop4  to 10-6 mm. * Desorption. 

TABLE IX 

HEXANE.~ "AIR C" CHARCOAL. 120' ISOTHERM BY H. P. I,. 
Experiment 23 

b d m  P x/m P x/m 

179 0.219 588 0.249 2100 0.268 
279 ,229 1050 ,255 2800 .273 
410 ,239 1600 ,263 1520 ,263 

TABLE X 

HEPTANE.~ "AIR C" CHARCOAL. ISOTHERMS BY H. P. L. 
Experiment 17 Experiment 24 

At 120" At 120" At 120" At  205" 
P x/m P d m  P x/m P x/m 

42 0 226 490 0.269 46 0.219 59 0.150 
285 ,259 735 ,274 90 .234 125 .I66 
618 ,272 153 .251 138 .244 225 .185 
848 ,276 1260 ,282 452 .259 300 .I94 

1080 ,280 578 ,263 1530 .22G 

Experiment 22 
At 120" At 120" 

51 0.219 270 0.262 
108 ,236 370 .2G4 
119 ,239 614 .266 

" p, = 1367 mm. a t  120°, 8000 mm. a t  205O. 

8 Data for toluene were obtained from N. W. ICrase and J. B. Goodman, Ind. 
Eng. Chem., 22, 13 (1930). 
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TABLE X I  
OCTANE." "AIR C" CHARCOAL. ISOTHERMS BY H. P. I,. 

Experiment 12 
At 120" At 120° At 205" At 205" 
P x / m  P x / m  P x / m  P x / m  

20 0.249 515 0.289 340 0.235 1300 0.251 
52 .263 550 .289 1540 .250 2075 ,253 

150 .280 630 .289 1650 .252 590 .238 
380 ,287 615 .289 1720 .252 44 .I87 

Experiment 13 
At 120" At 120" At 205" 

P x / m  P x / m  P x / m  
37 0 259 320 0.286 38 0.185 
47 .264 118 .281 115 .217 

105 .279 87 .276 188 ,227 
180 .284 18 ,243 650 .242 
460 ,288 60 ,265 1290 ,250 
400 .288 200 ,283 2150 ,258 

" p, = 645 mm. at 120 ", 4500 mm. at  205". 

TABLE XI1 
DECANE.' "AIR C" CHARCOAL. ISOTHERMS BY H. P. I,. 

Experiment 16 
At 120" At 120" At 205" 

P x / m  P x / m  P x / m  
2.9  0.226 4 0.233 6 0 166 

71 .273 59 .270 11 .I84 
14 .250 92 .274 165 ,230 
22 .263 158 ,282 560 .247 

115 .276 215 ,291 1310 ,256 

Experiment 20 
At 120" At 205" 

P z / m  P x / m  P x / m  P d m  

26 0.267 44 0.281 265 0 246 314 0.254 
42 ,271 140 .295 2087 .264 110 .234 

120 ,292 177 .301 530 .256 15 .I95 
225 .303 215 .305 750 ,261 10 .I82 
167 .306 875 .262 

" p, = 245 mm. at 120°, 2314 mm. at 205". 

TABLE XI11 
ACETONE." "AIR C" CHARCOAL. 120' ISOTHERM BY F. P. C. 

Experiment 6 
P d m  P x / m  P x / m  

201.4 0.282 383 0.322 1353 0.373 
209.5 .286 487 .335 1741 .388 
253.5 .297 660 .349 1646 .39l 
307.7 ,300 915 .389 2690 .404 
437 .325 938 .366 3420 .411 

" pa = 5000 mm. at 120 O. 



July, 1930 SORPTION OF VAPORS ON ACTIVATED CHARCOAL 267 5 

TABLE XIV 
METHYL  ALCOHOL.^ "AIR C" CHARCOAL. ISOTHERMS BY H. P. I,. 

Experiment 25 
At 40" At 40" At 120" 

P x / m  P 4% 9 =/m 

110 0.325 181 0.350 230 0.0459 
31 ,206 170b ,342 1200 .206 
11 ,082 165 ,346 900 .I74 
90 ,307 105 ,326 2900 .289 
3 1 .Z05 I0i ,324 38GG ,309 
46 ,247 96 .320 2000 .257 

113 ,331 255 ,355 1780 .249 
200 .351 217 ,350 720 .I43 

" p. = 260.5 mm. a t  40'. 4751 mm. a t  120'. ' The experiment was then left for 
one and one-half months before the further readings were taken. 

Discussion 0.51 I 
The most striking result of 

our experiments in this and the 
previous communications is that 
most of the sorption of vapors 
occurs at  pressures amounting 
to only a few hundredths of the 
saturated vapor pressure at  that 
temperature. Indeed, in sev- 
eral cases the sorption is only 
halved when the pressure is but 
one ten-thousandth of satura- 
tion. It needs no emphasis that 
this excludes the hypothesis of 
capillary condensation of liquid 
as a significant factor in the 
sorption of vapors by activated 1 - - . . . . - - - 1  
charcoal. 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Differently activated samples Pl Pv 
Pig. 2.-Sorption of acetic acid on charcoal. 

of the same charcoal exhibit 
0 ,P.  I?. C., Expt.5, 120°, "Air C"; 0, P. F. C. ,  

different be- Expt, 5, 1200, "Air CH, desorption; A, H. p. L., 
havior. In this as in previous E ~ ~ ~ .  1, 1200, "*ir C-. , A, H. P. I,., Expt. 18, 
communications, steam acti- 120°, "Air c"; 0,  H. P. I,., Expt. 19, 120°, 
vated charcoal was not nearlv "Air C"; I, H. P. I,., Expt. 2, 120°, "Steam D"; 
as active as the best air act;- Z, H. P. L., Expt. 2, 205" "Steam D"; X, M. 

C. R.," 120°, "Air and Vacuum B." 
vated charcoal. Qxidation of 

" Data obtained by Miss M. C. Rattue in 1925, 
an fraction the using the method here described, the same con- 

at 11400 yielded a ditions of time and temperature of evacuation 
highly active charcoal, capable and the same vacuum. 
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of sorbing from 30-45% of its own weight of various organic liquids. This 
charcoal, however, definitely does not show a "saturation value," for, with 
the possible exception of octane, the sorption continues to rise distinctly in 
the higher ranges of pressure. 

Our results confirm the independent experiments of those who have 
previously studied the specimen of air activated charcoal that was given 
the long vacuum treatment at high temperature by Bakr. There is for 

practical purposes with a num- 
ber of substances a saturation 
value. Por example, reference 

0.4 to Table VI and Fig. 3 shows 
that when the pressure of the 
toluene vapor is only 23% of the 

0.3 vapor pressure of liquid toluene, 
the amount of sorption x/nz is 

s. -. 0.139, while at  96% of the 
H vapor pressure it is increased 

0.2 merely to 0.141. Indeed, the 

value of the sorption is, within 
the experimental error, 0.141 g. 

0.1 of toluene to 1 g. of charcoal 
throughout the upper half of 
the possible range of pressure. 
Other substances with the same 

0 0.1 0.2 0.3 0.4 0 5 0.6 0.7 0.8 0.9 1.0 charcoal may show far less tend- 
PIP. .  ency to approach a saturation 

Fig. 3.-Sorption of toluene on charcoal. value. This is notably the case 
0, P. F. C., Expt. 3, 120°, "Air C"; @, P. F. 

C., Expt. 3, 120 ", "Air C," desorption; A, P.  F. with methyl alcohol and acetone. 

C., Expt. 4, 120°, "SteamE"; A, P. F. C., Expt. We incline to regard the form 
4, 120°, "Steam E," desorption; X, H. P.  I,., and position of our sorption 
Expt. 7, 120°, "Air C"; 0,  H. P. I,., Expt. 10, curves as being more typical of 
120°, "Air C"; a, H. P. I,., Expt. 10,205°, "Air the true behavior of charcoal 
C" ; 9, H. P. L, Expt. 9, 120°, "Air and Vacuum 
Jj"; V, H. P. L,, Expt. 8, 120°, "Steam D." toward vapors than those ob- 

tained in the best studies from 
other laboratories, such as the results of Coolidge

g 
and of Goldmann and 

Polanyi.lo We base this, first, upon the consideration that in our experi- 
ments the residual impurities still present within the charcoal and the appa- 
ratus are constant throughout, and, second, upon our experience that very 
slight amounts of impurity, such as remain in spite of fairly good evacua- 
tion of the charcoal, suffice to lower the values of sorption observed, most 
notably in the lower range of pressures, so that the graphs assume more 

A. S. Coolidge, THIS JOURNAL, 46, 596 (1924). 
lo F. Goldrnann and M. Polanyi, Z. physik. Chem., 132, 321 (1928). 
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nearly the appearance of those of the authors to whom specific reference 
has just been made. We have gained the impression that, with still more 
perfect evacuation, greatly prolonged, at  the highest attainable tempera- 
tures, the typical sorption curve for charcoal would approach even more 
closely a form showing first a nearly vertical portion with the whole of 
sorption occurring a t  very low relative pressures, followed by an approxi- 
mately horizontal line corresponding to no further increase of sorption over 
all the higher range of pressure. 

Plh. 
Fig. 4.-Sorption of hexane and of acetone by 

"Air C" charcoal at 120°. A, H. P. I,., hexane, 
Expt. 23; 0, P. F. C. ,  acetone, Expt. 6. 

The form of this curve appears to be fairly independent of temperature. 
Throughout the higher range of sorption, the graphs for different tempera- 
tures run approximately parallel. Rise of temperature, as always, dimin- 
ishes the weight of sorbed vapor which the charcoal can contain. The 

TABLE XV 

MEASUREMENTS BY H. P. I,. WITH "AIR C)' CHARCOAL FOR #/A = 0.5 
Vapor 120° 205' Ratio 

Hexane 0.262 . . . . 
Heptane .270 (0.24) 1.125 
Octane .287 .254 1.130 
Decane .293 .262 1.118 
Toluene .327 .296 1.105 
Acetic acid .428 . . . . . 
Acetone .403 . . . . . .  
Methyl alcohol .273 , . . . . 
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extent to which this occurs and the actual values for the sorption by 
Smith's "Air C" charcoal for p/ps = 0.5 a t  120 and 205' are compared in 
Table XV. 

P/P.. 
Fig. 5.-Sorption of heptane by "Air C" charcoal 

(H. P.L.). A, Expt. 17, 120°; 0, Expt. 22,120"; 
0, Expt. 24, 120"; 0, Bxpt. 24, 205'. 

The ratio for acetic acid was 1.21 for Bakr's "Air and Vacuum B" and 
1.08 for Wright's "Steam D" charcoal. For methyl alcohol between 40 
and 120' the ratio is 1.24. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

P/Ps. 
Fig. 6.-Sorption of octane by "Air C" charcoal 

(H. P. L.). 0,  Expt. 12, 120'; 0, Expt. 12,205O; 
A, Expt. 13, 120'; A, Expt. 13, 205'. 

Bakr and McBainl' observed that with Kahlbaum's (unactivated) sugar 
charcoal and their particular technique the weight of acetic acid which 
could be sorbed by 1 g. of charcoal was 1.34 times greater than the weight 
of toluene which could be sorbed under the same conditions. It is in- 

1' A. M. Bakr and J. W. McBain, THIS JOURNAL, 46, 2718 (1924). 
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teresting to note that in the experiments here recorded for activated sugar 
charcoals, "Air C," Wright's "Steam D" and "Air and Vacuum B," the 

0.3 

0.2 r 
W 

0.1 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

PIPE- 
Fig. 7.-Sorption of decane by "Air C" charcoal 

(H. P. I,.). 0, Expt. 16, 120'; a, Expt. 16,205'; 
A, Expt. 20, 120'; A, Expt. 20, 205'. 

corresponding ratios for acetic acid and toluene are 1.35, 1.35 and 1.36, 
respectively. Such comparisons can only be made when the vacuum tech- 
nique for both cases is precisely similar. Likewise, in the present experi- 

#/Pa. 

Fig. 8.-Sorption of methyl alcohol by "Air C" 
charcoal (H. P. I,.). 0, Expt. 25,120'; 0, Expt. 
25, 40'. 

ments (H. P. I,.), the relative maximum amounts which can be sorbed by 
"Air and Vacuum B," Wright's "Steam D" and "Air C" charcoals are in 
the proportion of 1 to 1.04 and 2.38, respectively, for acetic acid and 1 to 
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1.03 and 2.37, respectively, for toluene. Activation thus exerts similar 
effects upon the sorption of both substances. 

Our interpretation of sorption data with charcoal is that there is just 
room at  each temperature 
within the charcoal for the 

3.0 close packed molecules to lie 
each in contact with carbon, 

- fitting in as best they may in 
E 2.0 
\ 
W 

the open structure and incom- - 
2 plete composite lattices of the 
& 
\ charcoal. We should not de- 
3 1.0 scribe the temperature effect 

in terms of expansion of a 
liquid, compressed or other- 
wise, nor of a compressed 

0 0.1 0.20.30.40.50.60.70.80.91.0 atmosphere. 
@/A. It is obvious that, if this 

Fig. 9 .Langmuir  graph, octane data of H. P. I,. conception be true, a. H. 
using "Air C" charcoal. 0,  Expt. 12,120°; m, Expt, 
12, 205'; A, Expt. 13, 120'; A, Expt. 13, 205'. du Bois Reymond's term "ad- 

sorption" is as much of a 
misnomer as when applied to the molecules of water in a zeolite or the 
sodium or calcium atoms in a water softener such as permutite. Nor can 
sorption by charcoal be described as solid solution, because this presupposes 
complete homogeneity. We 
have in another communi- 3.0b 

cation called this type of 
sorption, " persorption." - 

The ordinary empirical 5 2.0 

sorption formula, x/m = y 
kpl'", fails to represent such 3 
data as these. Its loga- 8 1.0 

rithmic graph, instead of be- 
ing a single straight line, be- 
comes a flat curve concave 
downwar., changing rather 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 9 1 0 

suddenly into a nearly hori- @/A. 
zontal line at the upper Fig. 10.-Langmuir graph for acetone and methyl 

alcohol, using "Air C" charcoal. 0, P. F. C., acetone, 
range of pressure' The Expt. 6 ,  120'; A, H. P. I,., methyl alcohol, Expt. 25, 
most adequate formula for 120°; a, H. P. L., methyl alcohol, Expt. 25, 40'. 

representing the ranges here 
investigated is that of Langmuir, x/m = abp/(l + np), which should yield 
straight lines in graphs such as are shown in Figs. 9 and 10, which exhibit 
the same data as Figs. 4, 6 and 8, although these differ greatly from each 
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other. Similar straight lines were obtained in our previous communications,, 
including studies of sorption of nitrogen, nitrous oxide and ethylene up to 
sixty atmospheres. The only exception we have found is with methyl alco- 
hol, for which there is a defect in sorption in part of the lower range of 
pressures. This may provisionally be attributed to the residual impurities 
which have been shown most greatly to affect this part of the isotherm. 
Acetone, like all the other substances, gives practically a straight line on 
the Langmuir diagram. 

Inspection of the results with acetic acid shows that the results w ~ t h  d ~ f -  
ferent portions of a particular charcoal may be made reproducible. A close 
study of the data, as for example those for decane, shows that even with 
the mode of evaluation here employed, the time factor has not been wholly 
eliminated, although it is incomparably less than in experiments pre- 
viously reported with less drastic procedures. 

Conclusions 

The thoroughness in evacuating and freeing activated charcoal from 
previously sorbed material, which is permitted by the use of the McBain- 
Bakr sorption balance in a sealed system, develops sorption isotherms of a 
new type in which nearly all the sorption occurs a t  very low pressures. 

In some cases over the whole of the remaining range of higher pressures, 
there is practically no further sorption. The more drastic the preliminary 
purification of the carbon, the nearer is the approach to this type, which, 
therefore, appears to represent the true characteristic behavior of a pure 
vapor when sorbed by pure carbon. Data such as ours are adequately 
represented only by the Langmuir formula. 
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THE POISONING ACTION OF WATER VAPOR AT HIGH 
PRESSURE ON IRON SYNTHETIC AMMONIA CATALYSTS 

BY P. H. EMMETT AND STEPHEN BRUNAUER 

Introduction 
The mechanism of the poisoning action of water vapor and of oxygen on 

pure and promoted iron catalysts was first studied by Almquist and B1ack.l 
They found that during the passage of mixtures of 3: 1 hydrogen-nitrogen 
gas containing 0.016% or more water vapor over iron synthetic ammonia 
catalysts a t  444', appreciable amounts of oxygen were retained by the 
catalysts. Concurrently with the addition of this oxygen, the activity of 
the catalyst toward the synthesis of ammonia a t  one atmosphere pressure 
decreased. According to an extrapolation from the data of Eastman and 
Evans,2 ordinary massive iron is not oxidized a t  this temperature by a 
water vapor-hydrogen mixture containing less than about 16% of water 
vapor. Accordingly, Almquist3 concluded that oxygen taken up by the 
catalyst was in the form of a "surface oxide" resulting from the interaction 
of water vapor and the active surface iron atoms of high degree of un- 
saturation. By assuming that this oxide phase was the same as ordinary 
FerOr, he calculated that the difference in free energy between crystalline 
iron and the more active surface iron atoms is of the order of 12,000 calories 
per gram atom of iron. By making the further assumptions that the active 
atoms taking part in the surface oxide formation are also responsible for 
most of the ammonia synthesis, and that the combination of active iron 
atoms and oxygen atoms occurs in the ratio of one to one, he calculated 
that in the pure iron catalyst approximately one atom out of every two 
thousand is active toward ammonia synthesis, whereas in the iron catalysts 
promoted with aluminum one atom out of every two hundred is active. 

The investigations described in this paper were undertaken for the 
purpose of extending the experiments of Almquist and Black to higher 
pressures. It is well known that the activity of a synthetic ammonia 
catalyst a t  high pressures cannot be predicted from its activity a t  one at- 
mosphere, since the variation of the efficiency of a catalyst with pressure is 
different for each individual catalyst. As Almquist and Black pointed 
out, catalyst 921, an iron catalyst promoted with aluminum, is slightly 
more active at atmospheric pressure than catalyst 922, an iron catalyst 
promoted with both A1203 and KzO, whereas a t  100 atmospheres' pressure . 

1 Almquist and Black, THIS JOURNAL, 48, 2814 (1926). 
Eastman and Evans, ibid., 46,896 (1924). 

a Almquist, ibid., 48, 2820 (19261. 
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catalyst 922 is 50% more active than catalyst 921. Furthermore, it was 
observed in the previous poisoning work that the higher the activity of a 
catalyst a t  one atmosphere pressure on pure 3:l gas, the greater the 
amount of s.urface oxide it is capable of picking up. Accordingly, i t  seemed 
that a comparison of the activities of several synthetic ammonia catalysts 
with the amounts of oxide formed in the presence of small percentages of 
water vapor in the hydrogen-nitrogen mixture at pressures up to 100 atmos- 
pheres would probably give some clue to the cause of the pressure coeffi- 
cients in synthetic ammonia catalysts and would at the same time furnish 
additional information concerning the mechanism of the poisoning of iron 
catalysts by water vapor. 

Apparatus 
The apparatus used in the present experiments was designed to permit the passage, 

at  a definite rate, of a known mixture of hydrogen, nitrogen, and water vapor over an 
activated synthetic ammonia catalyst at  pressures between 1 and 100 atmospheres, and 
to obtain a complete analysis of the gases leaving the catalyst bomb. The difference 
between the water content of the influent and effluent gases has been considered to be a 
measure of the amount of water vapor reacting with the catalyst to form oxide. 

The high pressure supply of 3:l hydrogen-nitrogen gas was the same as that de- 
scribed in a number of publications from this Laboratory.4 I t  was obtained by burning 
electrolytic hydrogen in a limited supply of air and compressing the resulting 3:l gas 
mixture to 2500 or 3000 Ib. By means of 4n automatic pressure regula te  working in 
conjunction with an especially constructed pressure gage, any pressure between 30 a d  
100 atmospheres could be automatically maintained in the reaction bomb. The com- 
pressed gas mixture was freed of oxygen and carbon monoxide by passage over hot cop- 

Larson and Dodge, TIIIS JOURNAL, 45,2918 (1923). 
Larson and Karrer, J. Ind. Eng. Chem., 14, 1012 (1922). 



per and hot nickel, respectively. I t  was then passed through an ice-bath for condensing 
most of the water, and finally dried by passage through a series of five bombs, the first 
two filled with soda lime, the next with anhydrous aluminum oxide gel and the last two 
with pieces of fused potassium hydroxide. The resulting gas contained only a few 
thousandths of a per cent. of water vapor and was checked for purity during the runs by 
passage over a pilot catalyst maintained a t  444' by a bath of boiling sulfur. 

From the purifiers, the 3:l gas mixture passed into the apparatus shown in Fig. 1. 
By appropriate adjustment of valves, the pure dry gas could be sent either directly into 
the reaction bomb or through a trap into humidifier No. 1 (not shown in diagram), 
then into humidifier No. 2 and finally into the reaction bomb. The first of the two 
humidifiers was maintained at  a temperature approximately 5 O  above that of the 
final humidifier. Temperature was maintained accurately in the latter to *O. lO .  

Calibration runs indicated that complete hn- 
midification was obtained without attendant 

S//ver soldered mist or spray formation. 
The reaction bomb containing the catalyst 

is shown in Fig. 2. It was made of nichrome 
Mach sfeel headkpper) steel and was so designed as to permit the plat- 

ing of the 16-mesh catalyst particles in a thin 
N;cbrome pYromefer we// layer around a thermocouple well extending the 

full length of the bomb. Uniform external 
heating was obtained by packing the bomb 
with mossy copper into an electric furnace as 
shown in Fig. 1. The furnace contained an 

N~chrome ahell 
alundum core wound with nichrome wire and 

S~lver soldered packed with a thick layer of ''857? Magnesia" 
into an outer iron jacket. An auxiliary heater 

head ooWerl 
on the top of the furnace permitted the tem- 
perature gradient along the length of the fur- 
nace to be kept down to 3 ". The temperature 

Fig. 2. of the bomb was measured by an alumel- 
chrome1 thermocouple in conjunction with a 

Leeds and Northrup type K potentiometer and was maintained by hand regulation of 
the furnace to * 3 O  during a particular run. All other temperatures were read by ther- 
mometers checked against calibrated Bureau of Standards thermometers. 

Procedure 
At the beginning of a series of runs the catalyst bomb containing approxi- 

mately 5.3 cc. of the desired catalyst was packed into the electric furnace 
and connected as shown in Fig. 1. The catalyst was reduced with a 3:l 
hydrogen-nitrogen mixture a t  one atmosphere pressure for a number of 
hours a t  temperatures below 450°. It was finally brought to a steady re- 
active state toward ammonia synthesis a t  100 atmospheres' pressure. 

In  each run, a t  a given time, 4 poisoned gas from the humidifiers was 
substituted for the stream of pure g'as that had been passing through the 
reaction bomb at  the desired temperature and pressure. At the same 
time, a stream of the high pressure humidified gas was reduced to one 
atmosphere by valve 3, and passed through a weighed phosphorus pen- 
toxide tube into a wet gas meter. This blank run was used as a check on 



the water vapor content of the poisoned gas. The passage of poisoned gas 
through the catalyst bomb was continued until analysis of the exit gas 
showed a constant percentage of ammonia. Both the blank and poisoning 
runs were then terminated simultaneously. The rate of gas passage was 
regulated to 5000 space velocity. The total volume of gas passing the re- 
action bomb was measured by a carefully calibrated and frequently checked 
wet gas meter. The exit gas from the bomb passed first through an appa- 
ratus for quantitatively determining the water vapor, then through a 
series of boric acid solutions for absorbing all of the ammonia and finally 
into a wet gas meter. At frequent intervals during each run the following 
data were recorded: the temperature of the water in each of the gas meters, 
the barometric pressure, the temperature of the final humidifier, the read- 
ings of the gas meters and the concentration of ammonia in the exit gas. 
The method adopted in the present experiment for analyzing a stream of 
gas for water vapor in the presence of large concentrations of ammonia 
seems of sufficient general interest to merit a rather detailed description. 

Method for the Determination of Small Concentrations of Water 
Vapor in a Gas Containing Large Percentages of NHa.-Ammonia reacts 
with most of the usual chemical drying agents including 
phosphorus pentoxide, dehydrite and calcium chloride. 
Consequently none of these substances is suitable as a 
drying material for determining small quantities of water 
vapor in a gas containing large and variable amounts of 
ammonia. As pointed out by Alrnquist and Black,' fused 
potassium hydroxide will take up water vapor without 
absorbing ammonia. However, for the present experi- 
ments the quantities of water vapor were so small that i t  
was found impracticable to  prepare tubes of fused potas- Fig. 3. 
sium hydroxide that would quantitatively absorb all of 
the water vapor during the hour run and would, a t  the same time, permit 
the free passage of the desired flow of approximately 420 cc. of gas per 
minute. Consequently, U-tubes filled with 20-mesh fused and crushed 
potassium hydroxide particles were used only for removing the water from 
the few samples of gas analyzed for ammonia during each run. The main 
portion of the exit gases was analyzed for water vapor by the apparatus 
shown in Pig. 3. 

A U-tube filled with glass beads was immersed in an alcohol-carbon di- 
oxide bath a t  -7€i0. In each run the first of the gas passing through the 
tube contained sufficient ammonia to permit the condensation of a con- 
siderable amount of liquid ammonia in the bottom of the bead tube. 
The water vapor of the gas passing into the U-tube was found to  be com- 
pletely absorbed by the liquid ammonia. At the end of each run, the 
liquid ammonia remaining in the U-tube was removed by flushing with a 
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few liters of pure dry 3 : 1 hydrogen-nitrogen gas. The tube was permitted 
to come to room temperature, wiped carefully with alcohol and weighed. 
The slight excess gas pressure in the tube was then released, care being 
taken not to blow any liquid particles of water out of the tube. After 
being reweighed, the bead tube was flushed free of all adsorbed and dis- 
solved ammonia. This latter was collected in distilled water and titrated 
against 0.01 N sulfuric acid, using sodium alizarin sulfonate as indicator. 
From these data, the total weight of water passing the catalyst could 
readily be obtained. Blank runs in which as much as 500 mg. of moisture 
was passed into the tube showed quantitative absorption of the water 
vapor. 

Experimental Results 
Data were obtained on fresh samples of three catalysts designated in the 

present work as 922, 921 and 918 and identical with the similarly numbered 
catalysts used by Almquist and Black. All of the catalysts consisted 
essentially of metallic iron. Catalyst 921 contained 1.31% A1203; catalyst 
922 was promoted with 1.05% A1203 and 0.25% KzO; catalyst 918 was a 
sample of pure iron containing no promoter. All were obtained by re- 
ducing with 3 : 1 hydrogen-nitrogen gas FeBOa prepared by a fusion method 
already de~cribed.~ Their activities as ammonia catalysts under various 
temperature and pressure conditions have been described by Almquist 
and Crittenden.' 

The manner in which the percentage of ammonia formed by a catalyst 
varies with time during a poisoning experiment is illustrated in Fig. 4. 
The curves are of the same general type as those shown by Almquist and 
Black for one atmosphere poisoning. A definite and constant activity 
toward the catalytic synthesis of ammonia is reached within a few minutes 
after the change from pure to poisoned gas. The constancy of this level 
was checked in several experiments by running on poisoned gas for as long 
as two hours without obtaining any indication of a further decrease in the 
activity of the catalyst. The activity of a promoted catalyst returns 
practically to its original value within less than an hour after changing 
from poisoned to pure gas. However, a definite decrease in the activity 
of the promoted catalysts on repeated poisoning and reduction could be 
detected. Thus in the course of twelve poisoning runs of approximately 
one hour duration each and the reduction of the oxide formed, the doubly 
promoted catalyst 922 gradually decreased from an activity corresponding 
to 12.5% ammonia produced at  100 atm., 450' and 5000 space velocity 
to one corresponding to 9.96% ammonia produced under similar condi- 
tions. The singly promoted catalyst 921 also became less active though 
not so rapidly as catalyst 922; during eighteen poisoning runs it decreased 

Larson and Richardson, Ind. Eng. Chem., 17,971 (1925). 
Alrnquist and Crittenden, ibid., 18, 1307 (1926). 
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from a conversion of 8.8870 ammonia to one of 7.56% ammonia. The 
catalytic activity on poisoned gas also decreased. In  the above-men- 
tioned runs on catalyst 922 in the presence of 0.32% water vapor, the per- 
centage of ammonia in the exit gas dropped from the value 2.3 to  1.34, 
whereas that produced by catalyst 921 decreased from 2.92 to  2.27y0 
ammonia. This decrease in activity with long exposure to poisoned gas is 
probably a manifestation of the same property by virtue of which a doubly 
promoted catalyst is found to be much less active if reduced a t  100 atmos- 
pheres' pressure than if reduced at  one atmosphere, the high partial pressure 
of water vapor present during reduction acting effectively the same as a 
long-continued poisoning run. 
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Fig. 4.-Effect of 0.32% water vapor on the activity of catalyst 
922 at various pressures. 

In Fig. 5 are shown curves based upon measurements made at 33, 66 
and 100 atmospheres, representing the change of efficiency with pressure 
for catalysts 921 and 922, both when operating on pure and on poisoned 
gas. I t  is evident that the presence of 0.32% water vapor caused the 
doubly promoted catalyst 922 to decrease by not only a larger percentage 
of its activity than did the singly promoted catalyst 921, but to an actually 
lower level than catalyst 921. However, since the slope of the pressure 
efficiency curve for catalyst 922 is based upon an average of several suc- 
cessive runs during which the catalytic activity changed materially, no 
significance can be attached to the apparent similarity between the slopes of 
the pressure efficiency curves on poisoned gas runs of catalysts 921 and 922. 
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Unfortunately, the activity of the pure iron catalyst 918 decreased very 
rapidly. It was possible to make only two 100-atmosphere poisoning runs 
on a given charge of the catalyst and even in these the catalyst was effecting 
only a ly0 conversion to ammonia a t  100 atmospheres, 450° and 5000 space 
velocity. 

The results of the poisoning experiments are summarized in Table I. 
Here are shown the average amounts of oxide formed on the 5 cc. of catalyst 
used under the different experimental conditions encountered. The aver- 
age of several blank runs is also shown. During these latter runs the pro- 

Pressure in atmospheres. 
Fig. 5.-Variation with pressure of the efficiency of singly and 
doubly promoted iron catalysts on pure and poisoned 3: 1 gas. 

cedure of the regular poisoning experiments was followed, though no 
catalyst was placed in the reaction bomb. All blank values were within 
the range -0.6 mg. and $0.4 mg. There are also shown a few runs at 
temperatures other than 450'. 

It is estimated that each individual reading might involve an error as 
large as +3  mg. The values obtained as an average of several readings 
are, however, more reliable. The maximum deviation from the mean in 
the four blank runs was 0.6 mg.; in the two runs on catalyst 918 i t  was 
0.8 mg. 

The results recorded in Table I seem to warrant the following conclu- 
sions. 
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1. The amount of oxygen picked up by a particular catalyst a t  450' is 
approximately proportional to the &/a2 throughout the range of 
PH20 and PH2 values used in the present experiments. 

2. At high pressure promoted synthetic ammonia catalysts take up 
much more oxygen than do pure iron catalysts. It will be noted that  the 
experimental errors were too large to permit a decision as to whether the 
singly or doubly promoted catalyst picked up the more oxygen. 

3. The temperature coefficient of the surface oxide formation is small. 
Only two runs were made a t  400 and one at 500'. The sign of the tern- 
perature coefficient is accordingly uncertain. 

4. The oxygen content of the catalyst is present as oxide arid not as 
"adsorbed" water molecules, since the number of the latter would doubt- 
less be a function of the absolute PHso and not of ~ P ~ , ~ / P ~ ~ ~ .  

TABLE I 
SURFACE OXIDE RETAINED BY VARIOUS CATALYSTS 

5000 Space Velocity 
Ratio of total Fe atoms to 

Mg. of H z 0  active Fe  atoms 
H 1 0  in Press., No. retained by Present 1 atmosphere. 

Temp., 3:1 gas, (atm. of expts. catalyst as expts., Almquist and 
Catalyst "C. % abs.) averaged oxide 1-100 atm. Black 

918 450 0.34 100.0 2 0 .3  11,000 1680 
921 450 .08 100.0 1 4.1 810 404 

450 .33 100.0 8 11.3 294 218 
450 .48 100.0 1 13.1 253 183 
450 .33 66.6 2 10.1 328 218 
450 .32 33.3 2 7 .5  443 218 
400 .33 100.0 2 7.3 455 . . . 
470 .33 100.0 1 8.0  415 . . . 
500 .33 100.0 1 10.4 319 . . . 

922 450 .08 100.0 1 5.0 636 441 
Sample I 450 .33 100.0 6 12.3 259 253 

450 .32 66.6 3 11.9 267 253 
450 .32 33.3 2 10.1 315 253 

922 450 .08 100.0 1 5.3  590 44 1 
Sample I1 450 .33 100.0 4(1)" 10.6(8.0)" 295(391)" 253 

450 .48 100.0 1 13.7 228 . . .  
450 1.23 33.3 1 2 1 9  143 . . . 
450 0.33 1.0 2(3)a 7.0(8.2)a447(381)n253 

Rlankruns 450 .32 100.0 4 -0.2 . . .  . . . 
" In a number of runs the oxide retained by the catalyst was also determined by re- 

duction. The quantity of oxide so determined is given in parentheses. 

Discussion 

The oxide formed on the promoted iron catalysts in the present experi- 
ments is believed to be due predominantly to the production of a surface 
oxide only and not to the formation of solid solutions of oxygen or iron oxide 
in iron. The evidence in favor of this conclusion is two-fold. I n  the first 
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place, the rate of formation and of removal of a large part of the oxide in 
the poisoning experiments is very rapid. Experiments showed, in fact, 
that most of the oxide was formed during the first seven or eight minutes 
after the initial contact of the poison with the catalyst and removed in a 
similar period after the replacing of the poisoned gas by pure gas. No 
oxide was formed during that period in which the exit ammonia value had 
attained the constant low value. This is certainly not characteristic of the 
manner in which water would distribute itself throughout the mass of 
catalyst as a uniform solution of oxygen or iron oxide in iron. In the sec- 
ond place, the amount of oxide is some ten-fold greater in the case of the 
promoted catalysts than in the case of pure iron catalysts, in spite of the 
fact that the rate of reduction and hence presumably also of oxidation of 
the pure iron at 450' is several fold greater than that of promoted iron. 
Were the oxide present in the form of solid solution, it would seem logical 
to expect the pure iron sample to reach saturation more rapidly than the 
promoted iron samples, and to retain an equal amount of oxygen. 

It is interesting to note that the 0.1% surface oxide fprmed on doubly 
promoted catalysts in the present experiments a t  450' with 0.32% water 
vapor is about the same as reported recently by Krings and Kempkens8 

t o  be formed at 700' by the exposure of pure iron samples to a mixture of 
steam and hydrogen containing approximately 30% water vapor, a per- 
centage slightly smaller than is necessary to form the stable ferrous oxide. 
I n  view of the fact that the ten-fold greater in their experiments 
as compared to ours would tend to compensate for their using pure iron a t  
700' in contrast to promoted iron a t  450°, i t  seems very probable that the 
0.1% oxygen content reported by them to be the maximum amount of 
oxide formed on the iron samples without converting them partially to the 
ferrous oxide phase is a surface oxide. 

In Table I are compared the ratios of total iron atoms to iron atoms 
picking up oxygen atoms under the various conditions of pressure and water 
vapor concentration used in the present experiments. It is here assumed 
that no more than one oxygen atom is picked up by a single iron atom. 
The ratios similarly calculated from the work of Almquist and Black for one 
atmosphere poisoning experiments are shown in the same table. Con- 
sidering the difficulties involved in the oxide determination in the high 
pressure experiments, the agreement is satisfactory. 

Almquist and Black conclude that the percentage of ammonia obtained 
in their experiments is inversely proportional to  the oxide content of the 
catalyst. Furthermore, they point out that the oxide content of a par- 
ticular catalyst varies approximately as the square root of the partial 
pressure of water vapor to which it is exposed. If these statements are 
true, i t  follows that a t  any given temperature and pressure the product of 

Krings and Kempkens, 2. anorg. allgem. Chem., 183,225 (1929). 
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the percentage of ammonia and either the oxide content of the catalyst 
or the square root of the partial pressure of water vapor must be a constant. 
In Table I1 such products have been calculated both for the poisoning 
results of Almquist and Black and for our own high pressure results. 

TABLE 11 
VARIATION OP CATALYTIC A c T r v ~ m  WITH WATER CONCENTRATION 

Mg.  o f  H z 0  
Pressure, PH~O, retained 

Catalyst atm. 
K - (G) K' - ( X )  

atm. as oxide = X % NH3 X (% NHa) X (% NH3) 

921 1 
1 
1 
1 
1 

100 
100 
100 

922 1 
1 

Sample I 100 
922 100 
Sample I1 100 
922 100 

100 

Since deviations from constant values do not exceed the experimental 
errors, the results may be significant. It does not seem desirable to 
attempt to construct an ad hoc explanation to account for this peculiar 
relationship, for no reliable kinetic data have yet been obtained to account 
for the rate of synthesis of ammonia either at high or low pressures. It 
may be of interest to point out, however, that if the rate of ammonia forma- 
tion is assumed proportional to some function of the hydrogen and nitrogen 
pressure, and inversely proportional both to the partial pressures of am- 
monia and partial pressures of water vapor as expressed by the equation 

then on integration, assuming the partial pressures of nitrogen and hydro- 
gen constant during the short time of contact, one obtains the relationship 
PNH3 = k t  d/ m, in agreement with the results shown in Table 11. 
Equation 1 is also in accord with the known inhibiting action of ammonia 

. on the rate of synthesi~.~ I t  is intended, of course, to apply over only a 
limited range of partial pressures of water vapor. Such an equation is 
consistent with the assumption that the surface atoms responsible for 
most of the ammonia synthesis are covered a large fraction of the time by 
either ammonia (or its resulting nitride) or water (or its resulting oxide). 

Benton, Ind. Eng. Chem., 19,494 (1927). 
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The time during which such points would be free to participate in the 
synthesis of ammonia would then be inversely proportional both to the 
ammonia and water vapor partial pressures as expressed in the above 
equation. The known increase in oxide content of the surface with the 
partial pressure of water vapor would on this basis have to be accounted 
for by assuming that most of the oxide formed by the catalyst in the 
presence of high percentages of water vapor is located on other than 
those atoms active toward ammonia synthesis. 

The excess free energy attributed by Almquist to  the active surface atoms 
may be an important factor in the mechanism of ammonia synthesis. 
Frankenburgerlo has calculated that an excess free energy of 12,000 calories 
or more per gram atom of active iron would permit the formation of FezN 
on the active iron atoms on the catalyst surface by a pressure of three or 
four atmospheres of nitrogen a t  377O, assuming the dissociation pressure 
of Fe2N to iron and nitrogen to be 50,000 atmospheres. It should be 
pointed out that the calculation of Frankenburger yields the above result 
only if one assumes one active iron atom for each nitrogen molecule react- 
ing, as for example would be the case in the reaction 

Fe(,,ti,) + 3Fe + NZ = 2FezN 

We have made similar calculations for the formation of surface Fe4N a t  
444O using the recently determinedll value for the dissociation pressure of 
Fe4N into nitrogen and Fe of 5000 atmospheres. They show that to 
form surface Fe4N according to the equation 

Fe(,ti,,) + 7Fe + NZ = 2Fe4N 

pressures of 100 atmospheres of Nz would be necessary when the active iron 
atoms concerned are those requiring 0.32% water vapor in 3 : 1 hydrogen- 
nitrogen gas to produce surface FeO. These results are consistent with 
the hypothesis advanced above that most of the oxide formed on the cata- 
lyst in the presence of high percentages of water vapor is located on other 
than those atoms active toward ammonia synthesis. 

The reduction by hydrogen of surface Fe2N formed by the reaction of 
nitrogen and surface iron atoms possessing sufficiently high excess free 
energies was advanced by Frankenburger as a possible mechanism of the 
catalytic synthesis of ammonia. This type of mechanism still seems very 
probable. However, in view of the results of the recent studyll of the 
dissociation pressures of various iron nitrides, i t  is much more likely that 
the intermediate nitride is Fe4N than Fe2N. 

Summary 
The poisoning of synthetic ammonia catalysts by water vapor has been 

studied a t  450' at pressures as high as 100 atmospheres and a t  various 
lo Frankenburger, Ullmann, "Enzyklopadie der Technischen Chemie," Berlin, 

1928, VoI. I, p. 393; also 2. Elektrochem., 34, 632 (1928). 
1' Emmett, Hendricks and Brunauer, THIS JOURNAL, 52, 1456 (1930). 
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partial pressures of water vapor between 0.08% and 0.64%. The amount 
of oxygen retained by the catalyst is proportional to dpHZ0/pH2. Very 
active catalysts are capable of retaining more oxygen than less active cata- 
lysts. The poisoning of both doubly and singly promoted catalysts by 
water vapor is almost entirely reversible, though a slight permanent injury 
to the catalyst results. A probable mechanism of ammonia synthesis 
consists in the reduction by hydrogen of surface FeBN formed by the re- 
action of nitrogen molecules with surface iron atoms having average free 
energies sufficiently in excess of those of normal iron atoms. 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

ACETAMIDE AND FORMAMIDE AS SOLVENTS FOR THE 
ELECTRODEPOSITION OF METALS 

The possible application of formamide and acetamide as suitable media 
for the electrodeposition of metals from solutions of their salts has been 
suggested by various investigators,' but has thus far been given only little 
attention. That such a suggestion is based upon excellent theoretical 
considerations becomes evident from a survey of the physical and chemical 
properties of both of these substances. That such an investigation is highly 
desirable becomes increasingly apparent from the stress which has recently 
been laid upon solvent chemistry and solvents, in particular, non-aqueous 
ones. 

Their differentiation on the basis of their acidity and basicity, as de- 
veloped by Conant and has thus far been limited to a consideration 
of liquid ammonia, water, alcohol and glacial acetic acid. Ammonia is re- 
garded as the most basic of these in view of its great tendency to unite with 
the hydrogen ion or proton to form the ammonated hydrogen ion, the 
ammonium ion. Consequently, ammonium salts3 and acid amides4 act as 
acids in liquid ammonia. Glacial acetic acid, because of its tendency to  
part with the proton more readily, is considered the most acidic of the 
four above-mentioned solvents. This characteristic of acetic acid accounts 
for two of its most unexpected properties. Certain acids, such as per- 
chloric acid, have been found to be "stronger" in acetic acid solution than 
in a less acidic solvent, such as water. On the other hand, compounds 
such as acetamide, which are usually considered as neutral substances re- 

' Walden, 2. physik. Chem., 46, 103 (1903); 54, 129 (1905); 55, 683 (1906). 
Conant and Hall, THIS JOURNAL, 49,3047, 3062 (1927). 

3 Franklin, ibid., 27, 820 (1905); Browne and Houlehan, ibid., 33, 1742 (1911). 
4 Franklin and co-workers, J. Phys. Chem., 24, 81 (1920); THIS JOURNAL, 44, 486 

(1922); 47, 1485 (1925). 



2694 L. F. YNTEMA AND I,. F. AUDRIETH Vol. 52 

ferred to water, yield well-defined salts and may even be titrated by acids 
when dissolved in glacial acetic acid. The character of substances may 
change completely depending upon the solvent employed. Semicarbazide 
and guanidine are usually regarded as aquo-bases, but from their behavior 
in liquid ammonia may also be looked upon as ammono-acids. 

These considerations concerning the nature of ionizing solvents and the 
behavior of dissolved solutes therein are all the more striking since such 
long accepted criteria as the dielectric constants find no place in such a 
classification. 

Formamide and Acetamide as Parent Solvents.-The substitution of 
an amide group for the hydroxyl radical in formic and acetic acid affects 
very profoundly the chemical and physical properties of these substances. 
The dielectric constants are increased, and, as preliminary studies show, 
the solvent properties are accentuated. Applying the criteria suggested by 
Conant and Hall, it  is obvious that the acidity of the resulting amides 
as solvents is less than that of the acids from which they are derived. That 
formamide is the more acidic of the two amides in so far as their solvent 
action is concerned, is indicated by the following chemical evidence: (1) 
metallic derivatives of formamide are more stable toward water than those 
of acetamide; (2) addition products or solvates are formed much more 
readily by acetamide; (3) the acid addition products of acetamide are the 
more stable. 

That both of these substances may be considered as parent solvents seems 
evident (1) from the solvent properties which both exhibit, (2) from the fact 
that both yield conducting solutions, (3) since they enter into combination 
with various inorganic salts to form solvates. A large number of compounds 
has been prepared which bear a relationship to these two substances analo- 
gous to that existing between the ordinary acids and bases, and water. 

Like water, formamide is miscible in all proportions with alcohol, and 
only very slightly soluble in ether. Metallic derivatives have been pre- 
pared which are related to formamide in much the same way as the metallic 
hydroxides are to water, even in such respects as solubilities in the corre- 
sponding solvents. I t  is an excellent dissociating solvent.5 The con- 
ductivities6 of salts in it indicate a behavior which parallels that observed 
in water. Molar conductivities are decidedly smaller. A study of the 
conductance of sodium formamide in formamide indicates the fact that the 
anion, HCONH-, common to both solvent and solute, possesses an un- 
expectedly low ionic mobilityJ7 only about one-tenth of that of the hydroxyl 

6 Walden, Bull. St. Petersburg Acad. Sci., 1911; cf. C. A., 6, 1394 (1912). 
6 Davis, Putnam and Jones, J. Franklin Inst., 180, 567 (1915) ; cf. C. A ., 10, 305 

(1916); Davis and Johnson, Carnegie Inst. Wash. Pub., 260, 71 (1918); cf. C. A.,  13, 
3061 (1919). 

' Rijhler, Z. Elektrochem., 16,419 (1910). 
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ion a t  similar concentrations in water. Formamide, like water, acts upon 
bismuth and antimony halides to produce solvo-basic  compound^.^ 

Investigations concerning acetamide have been very much more prolific 
and extensive. Metallic derivatives of acetamide have been found to be 
unstable in water, but quite stable in liquid ammonia. In this connection 
it is interesting to note that their character varies from that of salts in 
liquid ammonia, by virtue of the behavior of acetamide as an ammono- 
acid. to what may formally be considered as bases in the parent solvent. 
Numerous addition compounds of salts with acetamide have been prepared. 
Their existence is all the more marked, because of the limited number of 
such solvates formed by formamide. Formamide has a more powerful 
"amidohydrolytic" effect, as evidenced by the fact that many metallic 
salts react directly with the solvent to yield the corresponding metallic 
formamides. Although observations are, as yet, far too limited to permit 
of any definite generalization, it would seem that the tendency toward the 
formation of solvates decreases as the acidity of the solvent increases. 
Acetic acid apparently forms few solvates. 

The behavior of both amides as cryoscopic solvents has been investigated 
by Bruni and Man~el l i .~  Both solvents react with various mercury salts 
to give solvo-basic products. 

In consideration of the above facts and in line with a series of investiga- 
tions which are being conducted in this Laboratory,lo the suitability of 
these substances as solvents for the electrodeposition of metals was be- 
lieved to have sufficient theoretical background to warrant the experi- 
mental procedure outlined below. 

Electrodeposition of Metals from Solutions of Their Salts in Form- 
amide.-A preliminary study of this subject was made by R ~ h l e r , ~  who 
employed the following compounds as electrolytes for the deposition of the 
respective cations: Pb(NO&, PbC12, CuS04, Cu2C12, ZnO, ZnClz, SnC12. 
Metallic anodes composed of the metals to be deposited were used. Anodic 
losses were invariably found to be greater than the weight of the metal 
deposited. These differences were ascribed to the solvolysis of the re- 
spective electrolytes with the resultant formation of the metallic form- 
amides and free acid. Subsequent chemical action of the acid thus formed 
upon the metallic anodes was postulated to account for these discrepancies. 
The character of the discharged metals was found to be influenced by dis- 
solved oxygen, and by exposure of the solution to air, necessitating the use 
of a closed electrolytic vessel. Rohler made unsuccessful attempts to 

Bruni and Manuelli, 2. Elektrochem., 11,554 (1905). 
9 Bruni and Manuelli, ibid., 10, 601 (1904). 

10 The authors have studied the electrodeposition of metals from solutions of their 
salts in liquid ammonia and find that the results closely parallel those obtained in 
aqueous solution. The low temperature of deposition, however, does affect the character 
of the deposited metal. 
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deposit magnesium, aluminum, nickel, cobalt and iron from solxtions of 
their respective chlorides. 

These results were checked by the authors and supplemented by addi- 
tional observations. For purposes of comparison all experiments were 
carried out a t  100'. Fifteen cc. of formamide, purified by vacuum dis- 
tillation, was placed in a closed electrolytic cell fitted with a platinum 
anode of one sq. cm. surface area and a copper cathode of varying size. 
A stirring device was employed to prevent impoverishment of the solution 
in the neighborhood of the electrodes. A 110-volt direct current, in series 
with a lamp-bank for variable resistance, was used. Results of typical 
runs are given in Table I. 

Grams solute Current 
per 15 cc. density per 

Compound solvent sq. cm., amp. 

1 .0 .04 
2.0 .04 
2.0 .02 

. 05 
Satd. ,018 
2.0 ,025 

Type of deposit 

Adherent deposit. Continued elec- 
trolysis yielded spongy material 

Smooth, adherent deposit 
Non-adherent 
Crystalline. Deposit is not uniform, 

but adheres only in spots 
Smooth, adherent 
Excellent deposition 
Poor deposit 
Better deposition; adherent 
Fair, adherent deposit 
Good, adherent deposit 

Where cyanides were used as electrolytes the odor of hydrogen cyanide 
soon became very apparent, indicative of the interaction of the solute with 
the solvent in accordance with the equation 

Zn(CN)2 + 2HCONHz = Zn(HCONH)2 + 2HCN 

This checks with previous observations made by Rohler, who noted that 
the solvolytic action of formamide upon dissolved metallic salts resulted in 
many cases in the formation of the free acid and the metallic formamide. 

Cobalt and nickel plates were readily obtained. Even such complexes as 
nickel hexammino bromide were found to give very satisfactory results. 
The lesser stability of nickel complexes, noted previously from their behav- 
ior in aqueous solution, again differentiates these from the more stable 
cobalt complexes. In the hope that formamide might facilitate secondary 
dissociation of complex ions, such compounds as potassium cobaltic cya- 
nide, potassium chromic chloride and potassium ferrocyanide were also 
investigated. No decisive results were obtained.11 

l1 Preliminary experiments would seem to indicate that the stability of complex 
cations varies with the character of the solvent molecule which is associated. Franklin 



Electrodeposition of Metals from Solutions of their Salts in Acet- 
amide.--No work has been reported in which metals have been deposited 
from solutions of their compounds in fused acetamide. It has been shown 
by Bruni and Manuelli

g 
that potassium iodide is almost completely dis- 

sociated in acetamide and that anhydrous manganous chloride, cobaltous 
chloride and cupric chloride are highly dissociated. When hydrated salts 
are dissolved, water is completely split off. Walker and Johnson12 meas- 
ured the electrical conductance of potassium chloride, iodide and cyanide 
and found them to be good conductors. Solutions of mercuric chloride 
were also found to conduct, but not as well as those of potassium chloride. 
Belladen13 showed that the specific conductances of the halides of sodium, 
the chlorides of barium and calcium and potassium iodide bore the same 
general relationships to each other as in aqueous solution. I n  the case of 
cadmium iodide i t  was shown that stepwise dissociation took place with 
formation of the complex CdId- ion. 

The electrolytic cell was the same as that described in the work with 
formamide. All the experiments were carried out a t  100°. The acet- 
amide was purified by vacuum distillation. Ten grams of acetamide and 
an amount of salt to make the solution approximately molar were used in 
each case. 'She average run was one or two minutes in duration. 

T A B ~ E  I1 
ELECTRODEPOSIT~ON O F  METALS FROM ACETAMIDS AT loo0 

Grams solute Current 
per 10 g. density per 

Compound solvent sq. cm., amp. Type of deposit 

Zn(CN)z 0 117 0 05 Deposit localized 
Cd(CN)z ,164 03 Smooth, adherent 
SnI4 ,624 .05 Smooth, bright 
(NH4)zsnCl~ ,368 .04 Smooth, bright, "treeing" after two 

(not corn- minutes 
pletely 
soluble) 

PbClz .278 ,037 Spongy, non-adherent 
Ni(NH&Brz ,320 .03 Good, adherent; higher current densi- 

ties give a black powdery deposit 
Co(NH3) sC1z ,250 No deposit 
K~CO(CN)G ,332 No deposit 
CoClz .... .02 Smooth deposit; higher current densities 

give a black powdery deposit 
TIC2H302 .263 .025 Some adherent deposit, marked "treeing" 

has already shown that complex cations form much more readily in liquid ammonia 
than in water. Evidence already on hand in the chemical literature indicates that the 
more basic the donor molecule or solvent, the more stable the complex cation which is 
formed and the greater the tendency and the greater the number of such solvates 
probably capable of existence. 

l2 Walker and Johnson, J. Chem. Soc., 87, 1597 (1905). 
l3  Belladen, Gazz. chinc. itel., 57,407 (1907). 
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The solution of the nickel salt was an intense green and that of the cobalt 
a deep blue. In every case there was some evolution of gas a t  the cathode. 

A number of experiments were performed using hydrated salts of the 
metals given in Table I1 and unpurified acetamide that contained consider- 
able water. The deposition was good in each case. When 1 cc. of water 
was added to the solution of ZII(CN)~ in the purified acetamide, an excellent 
deposit was obtained. 

Summary 
I. Zinc, cadmium, lead, tin, cobalt and nickel were deposited electro- 

lytically from solutions of their salts in formamide. Current densities 
were of the order of 0.02 to 0.04 amp. sq. cm. The temperature was 100°. 

2. Zinc, cadmium, tin, lead, cobalt, nickel and thallium were deposited 
from solutions of their salts in acetamide, under similar conditions. 

3. Metals higher than zinc in the electromotive series were not deposited 
from solutions in either solvent. 

URBANA, ILLINOIS 

[CONTRIBUTION FROM THE CHEMICAL ~ABORATORY O P  TKe UNIVERSITY OF NEBRASKA] 

T H E  VOLUMETRIC DETERMINATION OF THIOCYANATE WITH 
IODINE AND WITH IODATE 

BY H. ARMIN PAGBL AND OLIVER C. AMES 
RECEIVED MARCH 21, 1930 PUBLI~HED JULY 3, 1930 

It has long been known that the quantitative oxidation of thiocyanate 
with iodine is extremely slow in neutral or in acid solution. The reaction is 

NCS- + 312 + 4Hz0 ----t SO4- + CN- + 8Hf + 61f (A) 
I n  slightly alkaline solution the above reaction is comparatively rapid, and 
a consecutive reaction occurs, 1 2  4- CN- -+ ICN + I-, giving the final 
quantitative relation 

NCS- + 412 + 8OH- -+ S o b  + 71- + 4HzO + ICN (B) 
Upon acidification the iodocyanogen again instantly and quantitatively 
reacts with iodide to form free iodine and cyanide. In the presence of a 
suitable buffer, Reaction B should go to completion rapidly with a moderate 
excess of iodine. Upon acidification the iodine in excess of that required 
for Reaction A may then be determined by back titration with standard 
thiosulfate, using starch as indicator. 

During the past year we have investigated the iodimetric determination 
of zinc as zinc pyridine thiocyanate. Since pyridine interferes with the 
iodine titration it was hoped that a suitable non-volatile buffer might be 
found which would expel the pyridine on boiling and subsequently serve as 
a buffer for the oxidation reaction. Disodium hydrogen phosphate proved 
somewhat unsatisfactory, but borax served both purposes admirably. 
The suitability of borax as a buffer was studied with respect to time re- 
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quired for complete oxidation, the quantity of borax required and the mini- 
mum of excess iodine permissible for quantitative oxidation. Tables I 
and I1 show the results of this study. Table 111 shows the results obtained 
by using iodine liberated from standard iodate solution. While this work 
was in progress, Alfred Schwickerl published a paper in which he showed 
that ammonium borate is a very desirable buffer for the oxidation reaction. 
Schwicker gives a review of the proposed methods; therefore these will be 
omitted in this paper. Although ammonium borate would be unsuitable 
for our work, we have nevertheless very carefully checked his work and 
found it to be sound in principle, but certain details have undoubtedly been 
overlooked. Schwicker carried out his oxidation reactions using 5 to  
10 cc. of 1 N ammonium borate with a considerable excess of free iodine, 
in total volumes apparently ranging from 20 to 90 cc. The amount of 
ammonium borate required for larger volumes and the means of judging the 
minimum excess of iodine when the quantity of thiocyanate is not known, 
are not given. We have found that 10 cc. of 1 N ammonium borate in 
150 cc. of reaction mixture is sufficient, provided that 4 or 5 cc. of iodine is 
added in excess of the amount required for Reaction B. This excess can 
easily be determined with sufficient accuracy by adding 5 cc. of the iodine 
solution to a volume of water equal to that of the oxidation mixture and 
comparing the colors. Unless this precaution is taken, errors may arise 
due to coincidence, for if the calculated amount of iodine is added, the solu- 
tion still remains very distinctly colored with free iodine, even a t  the end of 
three minutes (Schwicker states that one to two minutes is sufficient), giving 
all appearances of the reaction being complete. Upon acidifying and deter- 
mining the excess iodine, the results may be nearly 2% low. Table IV 
shows the results of various amounts of excess iodine. Schwicker seems 
to have attempted the use of borax, and states that two hours is required 
for complete reaction. His experience is probably explained by Table I, 
since we likewise found that insufficient borax gave low results. 

Materials and Apparatus 
Bureau of Standards certified burets, pipets, and volumetric flasks were used in all 

precision measurements. A 25-cc. buret was used for the thiosulfate back titrations. 
The oxidation reactions were carried out in 250-cc. glass-stoppered pyrex Erlenmeyer 
flasks. Conductivity water prepared with a large, specially constructed all-pyrex still, 
was used throughout. Highest purity chemicals were used, except the borax (Na2B40r- 
lOH20) which was Mallinckrodt c. P. grade. Samples of the recrystallized material, 
however, gave identical results. All standard solutions were kept in opaque bottles 
fitted with buret supports which permitted automatic filling by suction. To  reduce 
errors, pipetted portions were used wherever possible. Eighteen liters of 0.1 N iodine 
(in 0.2 N potassium iodide) was prepared in a 20-liter bottle. This solution remained 
unusually constant in strength; nevertheless, it was standardized daily with arsenious 
oxide. The iodine solution was tested for iodate and cyanogen with negative results. 

Alfred Schwicker, 2. anel. Chem., 77, 278 (1929). 
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Approximately 0.1 N potassium thiocyanate was volumetrically standardized with 0.1 N 
silver nitrate, using ferric alum as indicator. The silver nitrate was gravimetrically 
standardized as silver chloride, both a t  the beginning of the work and again a t  the close. 
Likewise, the silver nitrate-thiocyanate ratio was redetermined, both with identical 
results. The different strengths of thiocyanate given in the tables were prepared by 
diluting measured amounts of the 0.1 N solution (actual 0.1010 molar or 6 X 0.1010 N as 
reducer in Reaction A). Standard potassium iodate solution was prepared by dissolving 
and diluting the calculated weight of the pure dried salt. The thiosulfate-iodine ratios 
were run under the same conditions that were present in the actual determinations-- 
tha t  is, the thiosulfate into the measured portion of iodine with corresponding acidity. 
It was noticed, however, that identical results were obtained in neutral solution. Starch 
indicator was used throughout. Temperature corrections for the standard solutions 
were taken into account. 

Procedure 
I n  all data given in Tables I and 11, the iodine was added to pipetted 

portions of thiocyanate to which had been added the given amounts of 
borax dissolved in sufficient water to give a volume of 150 cc. during the 
oxidation reaction. After the addition of the iodine the containers were 
placed in a dark cupboard until the reaction was thought to be complete. 
The solution was then acidified with 10 cc. of 6 N hydrochloric acid and the 
excess iodine immediately titrated slowly with thiosulfate until almost 
colorless, before the starch indicator was added. The time given in these 
tables excludes the time required for adding the iodine. The normality of 
thiocyanate is given as reducer in acid solution (Reaction A). Iodine in 
excess to Reaction B is the difference between "iodine added" and 4/3 times 
the "calcd. iodine." 

TABLG I 
EFFECT OF TIME AND THE QUANTITY OF BORAX 

0 06733 N Time, -----Iodine, 0 1008 N---. 
KSCN, cc. Borax, g. miu. Added, cc. Reduced, cc. Calcd., cc. Error. % 

50 1 10 50 00 31.52 33.40 - 5.6  
50 3 10 49 52 33.26 33.40 - 0 .4  
50 3 30 50 00 33 36 33.40 - .1 
50 3 30 50.00 33.38 33.40 - .1  
50 5 5 49 .50 33.10 33 .40 - 9 
50 5 5 49 50 33.06 33.40 - 1 .0  
50 5 10 49 50 33.37 33.40 -0 .1  
50 5 30 50 00 33 38 33.40 - .1  
50 5 105 50 00 33.37 33.40 - . 1  
25 5 3 27.30 16.65 16.70 - . 3  
25 5 5 27.30 16.67 16.70 - . 2  
25 5 5 27 31 16 66 16.70 - .2 
25 5 11 27 30 16.67 16.70 - . 2  
25 5 30 27.32 16.68 16.70 - . 1  

These results show that with 5 to 5.5-cc. excess iodine in a volume of 150 
cc., i t  is necessary to use 5 g. of borax to insure complete reaction in ten 
minutes. With smaller amounts of thiocyanate the reaction is complete 
in five minutes but ten minutes is recommended in all cases. The following 
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table shows the consistency of results obtained under the above conditions, 
and also that larger excess of iodine causes no error on long standing. 

T ~ B L E  11 
EXPERIMENTAL RESULTS 

0 06733 N Time, , Iodine, 0 1008 N - 
KSCN, cc. mln. Added, cc. Excess, cc. Reduced, cc. Cafcd., cc. Error. % 

50 10 49.52 5.0 33.38 33.40 - 0.1 
50 10 40.50 5 0 33.39 33.40 .0 
50 10 50 00 5 6 33 39 33 40 0 
30 10 50 00 5 5 33 38 33.40 - .I  
25 10 27.30 5 0 16. 66 16.70 - .2 
2.5 i n  27.27 5 0 16.65 16.70 - .3 
25 30 5 0 0 0  27.7 16.66 16.70 - .2 

A reference solution for judging the minimum excess of iodine should 
be prepared before starting the titration. A 5-cc. portion of iodine is added 
to a volume of water about equal to that of the solution to be titrated. 
During the early stages of the titration the iodine is reduced almost in- 
stantly, but later the color begins to fade slowly. At this point about 10 
cc. more should be added. If at  the end of two minutes the color is as 
dark or darker than that of the reference solution, the mixture is allowed 
to stand for at  least eight minutes longer to insure complete oxidation; 
otherwise, more iodine is added until the proper excess is assured. 

Instead of using 0.1 N iodine solution, the equivalent amount of 0.1 N 
iodate solution may be treated with 2 g. of potassium iodide followed by 
10 cc. of 1 N hydrochloric acid. The thiocyanate solution containing 6 g. 
of borax is then added. 'The regular procedure as given for iodine is then 
followed. If the reaction mixture shows less than the required excess of 
iodine a t  the end of two minutes, a second portion of iodate is treated as 
above and the oxidation mixture is poured into the latter. It is advisable 
to add another gram of borax if a second portion of iodate is required. 

Table 111 shows the accuracy of this modification. 

TABLE I11 
RESULTS USING STANDARD IODATE -- Iodate, 0 1000 N . 

KSCN, cc. Added, cc. Reduced, cc. Calcd., cc. Error, % 
25 (0.06733 N )  25 16 81 16.83 - 0.1 
50 (0 06733 N )  50 33.70 33.66 f .I 
50 (0.06733 N )  50 33.66 33.66 .O 
25 (0.06060 N )  25 15.14 15.15 - .1 
50 (0.06060 N )  (25 + 25)" 30.35 30.30 f .2 
50 (0.06060 N )  (25 -I- 25)a 30.33 30.30 f . I  

" Indicates a second portion of iodate. 
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Table IV shows the possible errors that may arise from coincidence, due 
to insufficient excess of iodine in following Schwicker's procedure. To 50- 
cc. portions of thiocyanate, the indicated amounts of iodine in excess for 
Reaction B were added and the mixture was diluted to 140 cc. Ten cc. of the 
ammonium borate (prepared according to Schwicker) was then added and 
the reaction allowed to proceed for two minutes before acidification, as 
Schwicker directs. 

TABLE IV 
Excessiodine,cc ....... 0 0  0 .0  0 .2  0 . 5  2 .0  4 .0  4 0  5 0  
Error, % . . . . . . . . . . . . .  -1.7 - 1.2 - 0.9 - 0.7 -0 3 - 0.2 -0 2  -0 2  

The possibility of this error has already been discussed in the introduction 
of this paper. The results were found to be quite accurate with very slight 
excess of iodine in the presence of 15 instead of 10 cc. of ammonium borate 
in a 150-cc. volume. A minimum of 4 to 5 cc. of excess iodine is, never- 
theless, recommended. 

Summary 
It has been shown that under suitable conditions borax gives the proper 

alkalinity for the rapid volumetric determination of thiocyanate with 
iodine. 

LINCOLN, NEBRASKA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF CALIFORNIA] 

THE EXISTENCE OF ELECTRONIC ISOMERS IN THE SOLID 
STATE AND IN SOLUTION. THE MAGNETIC 
SUSCEPTIBILITY OF Smz(S04)3.8H20. AND ITS 

VARIATION WITH THE TEMPERATURE 

The quantum theory of Bohr and also the quantum mechanics1 lead to 
the following relation connecting the paramagnetic susceptibility of a 
monatomic gas with the temperature 

Sommerfeld, "Atombau," 4th ed., pp. 630-648; Van Vleck, Phys. Rev., 31, 604 
(1928). 

2 Formula I is the quantum analog to the formula derived by Langevin on the 
classical theory . = Ma/3RT = C/T 
where M is the magnetic moment generated by the unbalanced electrons in their orbits. 
C = M2/3R is known as Curie's constant. This formula expresses Curie's law, which 
states that the paramagnetic susceptibility is inversely proportional to the absolute 
temperature. The magnetic field is more effective in orienting the elementary magnets 
when the thermal agitation is less violent. 
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x is the susceptibility per mole, B is the Bohr magneton per mole, i. e. ,  
Neh /4~mc  (where N is Avogadr~~s number, e l m  is the charge divided by 
the mass of an electron, h is Planck's constant, and c is the velocity of 
light), R is the gas constant per mole, T is the absolute temperature, 
j is the net angular momentum of the atom (i. e., the vector sum of the spin 
moments of the electrons and their orbital moments), g is LandC's splittmg 
factor, which indicates that a resultant between the magnetic moment due 
to the spins of the electrons and that due to their orbital moment has been 
taken. 

The magnitudes g,j are determined by the characteristics of the elec- 
tronic state of the atom (or atomic ion) ; that is, given the quantum num- 
ber designating the net spin moment of the electrons, their net orbital 
moment, and the resultant angular momentum of the atom or ion as a 
whole, the values of g and j are known and the susceptibility is determined 
by I. Ordinarily one might expect that if several electronic configurations 
(electronic isomers) are present, the susceptibility of the mixture would be 
the sum of the partial susceptibilities of the two configurations as given by I. 
Van Vleck3 has shown on the quantum mechanics that when more than one 
electronic form is present, another term must be added to  I. This term 
is independent of the temperature (aside from the Boltzmann factors) and 
corresponds to the component of the magnetic moment perpendicular t o  
the axis of the angular momentum. I takes only the parallel component 
into account. On the model employed by Van Vleck, the precession of the 
perpendicular component is identified with the frequency of the light at- 
tending the transition from one state to the other. 

When the writer began these experiments the results derived from the 
quantum mechanics were not known. It appeared highly probable then 
that any marked deviation from Curie's law shown by atoms implied the 
presence of several electronic forms whose relative amounts were a function 
of the tem~erature ,~  for each electronic form has associated with i t  a mag- 
netic moment. If Curie's constant, &12/3R, varies with the temperature, 
it means that &f is varying with the temperature. However, the magnetic 
moment cannot vary with the temperature since electronic motions are 
unaffected by thermal agitation. M must then be a composite magnetic 
moment which includes the concentrations of several forms having different 
magnetic moments and these relative concentrations are varying with 
the temperature. 

The approach to this investigation was the following. Hund5 and others 
in their elucidation of the spectra of complex atoms and ions showed how to  

Van Vleck, Phys. Rev., 31, 587 (1928). 
4 Laporte and Sommerfeld, 2. physik, 40,333 (1926). 
Hund, ''Linienspectren und Periodisches System der Elemente," Julius Springer, 

Berlin, 1927. 
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predict the value of g and j from the number of electrons in the various 
shells of the atoms or ions. The electronic distribution employed was the 
one proposed by Stoner and by Main Smith in their work on the Periodic 
System. Having the values of g andj,  Hund was in a position to calculate 
the magnetic moments and the susceptibilities of the ions of the rare 
earths in the gaseous state. Such data, however, do not exist, so he com- 
pared his results with the experimental values obtained with the ions in 
the solid state and with their solutions. The agreement was extraordi- 
narily good for all ions except Sm+++ and Eu+++, as may be seen from the 
table (I). Eu+++ being very rare and difficult to purify was at  once sus- 
pected of being contaminated with paramagnetic impurities. Sm+++, 
however, can be obtained very pure, as is attested by the accepted atomic 
weight, 150.43, and the good agreement in this value obtained by various 
experimenters. However, the susceptibility expected by Hund was much 
less than that actually found. 

Materials 

It was decided to measure the susceptibility of Sm+++ as in the salt 
Smz(S04)3.8H20. This salt is of such stability as to have warranted several 
investigators, in particular Urbain and I ,ac~mbe,~ to base their determi- 
nation of the atomic weight of samarium upon it. Their value of 150.46 
for its atomic weight was practically identical with that obtained by Stew- 
art  and James17 who employed the ratio SmCI3:Ag. 

The Sm2(S04)3-8H20 used in the present investigation was prepared 
from a sample of Sm2(Cz04)3.10H~0 of exceptional purity kindly furnished 
the writer by the late Professor C. James of the University of New Hamp- 
shire. I t  contained a trace of bismuth (the salts of bismuth are diamag- 
netic) used in its fractionation and this was removed with hydrogen sulfide 
after a procedure outlined by Professor James. The oxalate was again 
precipitated following the method of Stewart and James7 in their deter- 
mination of the atomic weight of samarium. The oxalate was converted 
into the oxide by ignition, and then into the chloride with redistilled hydro- 
chloric acid. The crystals of SmC13.6Hz0 obtained by evaporating the 
water were dissolved in alcohol and pure sulfuric acid was slowly added. 
The Smz(S04)3.8Hz0 which precipitated was twice recrystallized from con- 
ductivity water and then dried in an electric oven a t  80°. The sulfate was 
then put in an evacuated desiccator, together with its saturated solution, 
until i t  came to a practically constant weight. The sulfate was then re- 
moved and placed in a balance case, to avoid an excess of water being taken 
up by the pores of the sulfate. The weight became practically constant 
after several days. The loss of water from the pores was slight. 

6 Urbain and Lacombe, Compt. rend., 138, 1166 (1904). 
Stewart and James, THIS JOURNAL, 39, 2605 (1917). 
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An analysis of the crystals showed that there were 8He0 for every mole 
of Smz(S04)s to within 1%. As the analysis was not deemed more accurate 
than this uncertainty, the composition was taken as Smz(S04)3-8Hz0. 

The susceptibility of the salts of trivalent samarium has been measured 
many timess and a rough attempt at determining its temperature coefficient 
was made by Zernike and Jan~es .~  They gave as the fractional change in 
the susceptibility per degree change in temperature as '/I700 plus or minus 
100%. 

It was the aim in the present investigation to attain considerable pre- 
cision and to achieve this a new sensitive method was devised for measuring 
susceptibilities a t  low temperatures. 

Apparatus and Method 

The best known method for measuring the susceptibilities of solids a t  
low temperatures is that employed repeatedly a t  the Leiden Cryogenic 
Laboratory? After considerable experimentation G 

that laboratory adopted the Gouy principle. The 
latter is employed as follows. A glass tube G with 
a glass partition P is placed in a magnetic field 
(MM are the pole pieces of the magnet) so that P 
is in the center of the pole gap. The portion of the 
tube above P is evacuated and that below P is filled 
with the crystals of the substance to be investi- 
gated. The extremities of G usually extend to 
regions where the magnetic field is of negligible 
intensity. The force which a magnetic field exerts 
on such a tube is 

F = 3 AK(H 2 - HoZ) 

where F is the force, A is the net cross section of 

>r / 

Fig. 1. 
the substance, K is the susceptibility per unit 
volume, H is the magnetic field at the center of the pole gap and H, is the 
intensity of the field a t  the end of the tube, in this case practically zero. 

Reducing the temperature of the tube has generally been accomplished 
by putting i t  in contact with condensed gases such as boiling liquid nitro- 
gen, liquid methane, etc. Intermediate temperatures have been obtained 
by reducing the pressure under which these liquids boiled. Such a reduc- 
tion in pressure led to enclosing the entire apparatus in a vacuum-tight 
container and elaborate devices were resorted t o  for manipulating the 
enclosed system. The present method avoids these complications and 
permits the weighing of the tube to take place just as easily as if i t  were 
suspended in air a t  atmospheric pressure and a t  room temperature. 

Zernike with C. James, THIS JOURNAL, 48,2827 (1926). 
Woltjer and Onnes, Comm. Phys. Lab. Unw. Leiden, No. 167C. 
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The glass tube G containing the Sms(S04)3.8H20 was suspended in the copper tube A 
(about 12 mm. in diameter and about 60 crn. long) from a stirrup of an analytical balance. 
The glass tube was surrounded by a gas a t  a known temperature with which it came in 
equilibrium. The gas streamed slowly through the small copper tube B of about 1 mm. 
bore into the bottom of A (there were actually two such tubes, B) and then out into the 
atmosphere a t  the upper end of A. The copper tubes B waved back and forth along the 
outside of A and not around it. C is the Dewar tube which contained the liquefied gases 
employed for cooling. It had a flattened constriction a t  D which fitted in between the 

-. . - pole pieces of the magnet. A rubber tube R fitted tightly around 
a wooden stopper F and also around the Dewar tube C. F was 
covered with a mixture of beeswax and rosin. TTT are double 
junction manganin-copper thermocouples on whose cold junctions 
there were fused little buttons of lead which obtruded slightly 
into A. The buttons were thermally and electrically insulated 
from the copper tube A by means of little wads of asbestos. The 
temperature calibration for these thermocouples was taken from 
the comparison of such couples with a hydrogen thermometer 
carried out in this Laboratory.10 

The thermocouples registered constant temperatures for hours 
at a time. A glass tube such as G having a thermocouple im- 
bedded in salt was suspended in the copper tube A to see if the 
temperature of the thermocouples T actually read the temperature 
of the salt being studied. The temperature of the salt (at the 
temperature of liquid air) shown by the thermocouple was within 
less than 0.1 the same as that shown by the thermocouples T. 

Sufficient regularity in the flow of the gas stream was achieved 
by means of a capillary tube about 0.001 mm. in diameter which 
delivered about 30 cc. of hydrogen gas per minute under normal 
conditions of temperature and pressure wh6n the pressure at the 
hydrogen tank was about one atmosphere above the external 
pressure. 

The upper 15 cm. of A is composed of German silver to lessen 
the heat leak and screwed to its upper end is a copper tube about 
20 cm. long. The cold dry gas having passed through A has suffi- 
cient time to become warmed through the copper tube so that it 
leaves the apparatus above the dew point. Otherwise, moisture 
would condense upon the suspension and .alter the weight. The 
suspension consists a t  its lower half of a very light brass chain. Its 
upper half is a silk fishing line, braided and lacquered in the usual 

Fig. 2. manner. The brass chain is employed in the region of lowest tem- 
perature because the thermal contraction of brass is negligibly small 

and silk is used to minimize the heat leak to the chain. The same suspension was em- 
ployed for all the runs including the calibration. Its length was adjusted a t  the be- 
ginning of the experimentation so that the glass partition P of the glass tube came in 
the center of the pole gap. 

The operation is carried out as follows. Liquid air, for example, is introduced 
through G into C. A stream of dry hydrogen passing through B into A reaches the 
temperature of the liquid air and then comes in contact with the glass tube containing 
the Smz(SOr)a.8HzO which is suspended in A. The gas finally passes out into the 
atmosphere through the top of A. TO reduce the temperature of the Smz(SOd)3.8Hz0, 

lo Giauque, Buffington and Schulze, THIS JOURNAL, 49, 2343 (1927). 
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a large vacuum pump is connected to G and the temperature is lowered since the liquid 
air is now boiling under a lower pressure and in turn it further cooIs the hydrogen gas 
streaming through B. Now the S ~ I ~ ( S O ~ ) ~ - ~ H Z O  comes into thermal equilibrium with 
the colder hydrogen and the magnetic susceptibility is measured a t  this temperature. 

The magnet was of the Weiss type employed in an earlier magnetic 
investigation.ll The highest field used was about 19,000 gauss. The 
intensity of the field could be kept constant for considerable periods of 
time by a steady current from large storage batteries. 

Method of Measurement 

The tube A was magnetically calibrated a t  room temperature with a 
solution of nickel chloride (identical in purity with that employed in the 
investigation referred to).ll The lower part of the tube A was filled with 
a solution of nickel chloride of known concentration. The change in 
weight suffered by the tube was observed as definite amperages were going 
through the coils of the magnet. (The diameter of the tube A had t o  be 
known and it was determined by measuring with a microscope the lengths 
of the tube which known weights of mercury would fill.) 

The change in weight was plotted against the corresponding amperages. 
The solution of nickel chloride was then replaced by fine crystals of Smz- 
(S04)3.8Hz0. The tube was now evacuated until the air between the crystals 
was a t  a pressure of about 20 mm. of mercury and i t  was then sealed off. 
Again the change in weight a t  fixed current strengths was observed and 
compared with the change experienced a t  the same current by the tube 
when i t  contained nickel chloride. Similar comparisons were made a t  the 
different temperatures. Bqual currents imply equal field strengths. The 
method of calculation is as follows 

F, = 4 A,K,H2 where F is the change in weight a t  the field strength H, 
Fn = i AnKnHZ A is the cross section of the material, K is the susceptibility 

Fa A.K, - - -- per unit volume. s refers to Smz(S04)3+3Hz0; n refers to  
F, AUK,' Or the solution of NiC12. 

F, ASKs = A,Kn - = known magnitude 
Fn 

(11) 

KB = ~ S X S  where d is the density, x is the susceptibility 
per gram 

grams Smz(S04)3.8Hz0 in the tube, where 1 is the length of the tube 
A,  = 

d.1 filled with the salt 

Substituting in (11) - 
grams Smz(S04)s'8H20 . dx. = known magnitude. Hence x, is known dl 

The susceptibility per mole is equal to the susceptibility per gram xs times the 
molecular weight of the sulfate octahydrate. To obtain the molal susceptibility of 
Sm+++ it  is necessary to subtract the contribution (diamagnetic) of So4 and Hz0 to  the 

11 Freed, THIS JOURNAL, 49,2456 (1927). 
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susceptibility of the salt. The diamagnetic susceptibility (the susceptibility due to the 
balanced electrons) of Sm+++ was neglected. It is undoubtedly very small.12 

TABLE I 
MAGNET MOMENTS OF THE RARE EARTH IONS 

No. of 44 Calcd. Observed no. of Weiss magnetons 
elec- Basic no. of Weissc Zernike 

Element tronsa Levelb j g magnetons Cabrera St. Meyer and James Decker 

Laif + 0 lS 0 010 diamag. diamag. diamag. diamag. 
Ce+++ 1 2F 512 617 12.5 11.4 . . 11.7 10.5 
P r f + +  2 3H 4 415 17.8 17.8 17.3 17.2 17.0 
N d f + +  3 9/2 8/11 17.8 18.0 17.5 17.4 17.1 
114++ 4 6J 4 315 13.4 . . . . . - 
Sm+++ 5 6H 5/2 217 4.2 8.0 7.0 7.6 8 .1  
Eu+++ 6 ?F 0 0/0 0 17.9 15.5 . . 19.7 
Gd+++ 7 SS 712 2 39.4 40.0 40.2 38.6 39.1 
T b f + +  8 ?F 6 312 48.3 47.1 44.8 46.3 4 8 5  
Ds f++  9 6H 1512 413 52.8 52.2 53 0 . . 54.0 
Ho+++ 10 6J 8 514 52.8 52.0 51.9 51 2 51.6 
Er+++ 11 9 1512 6/5 47.7 47.0 46.7 47.6 47.4 
Tuf++ 12 $H 6 716 37.6 35.6 37.5 . . . . 
Yb+++ 13 2F 7/2 8/7 22.5 21.9 23 21.9 2 2 4  
I,u+++ 14 IS 0 0/0 0 diamag. diamag. 6.1d 

EXPLANATORY 

" It is assumed that the only uncompleted electronic shell is 44. A few electronic 
assignments according to the Stoner-Main Smith procedure are given. 

Electronicshell 11 21 22 31 3 2  33 41 42 43 44 5r 52 
Electrons La+++ 2 2 6 2 6 10 2 6 10 0 2 6 

Ce+++ 2 2 6 2 6 10 2 6 10 1 2 6 
Gdt++ 2 2 6 2 6 10 2 6 10 7 2 6 
Ybi++ 2 2 6 2 6 10 2 6 10 13 2 6 
Lu+++ 2 2 6 2 6 10 2 6 10 14 2 6 

The electrons in the completed shells have neutralized each other's magnetic mo- 
ments. The resultant moment of the ion is then due to the incomplete shell which is 
finally filled in I,u+++ and this ion is actually found to be diamagnetic. 

The character of the basic spectroscopic level is obtained from the configurations 
indicated above by the Hund procedure. These levels with the accompanying j values 
give the net orbital moment, the net spin moment and the resultant angular momentum 
of all the electrons in the 44 shell and hence of the ion as a whole (since completed shells 
do not contribute to the moments). 

The Weiss magneton is an empirical unit of magnetic moment which has been of 
great service in magneto-chemistry. It is based upon the formula of Langevin and is 
equal to 

The susceptibility of a substance obeying Curie's law is sufficient to express the 
moment in Weiss units. However, other magnitudes such as j, g, etc., must be known to 

l2 The diamagnetic susceptibility is proportional to the sum of the areas swept out 
by the electrons in their orbital motion. In the case of a triple charged ion, the electrons 
are so strongly attracted by high positive charges that the average radii of the electronic 
orbits are very small. 
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obtain the actual magnetic of the ion which is usually expressed in terms of the funda- 
mental Bohr unit. 

Decker states that his Lu++ + was contaminated with Yb + + +.I" 

TABLE 11 

EXPERIMENTAL R E s m T S  

Smz(S04)3.8H20 in tube, 3.570 g. Cross section of inside of tube, 0.1032 cm. Length 
of tube filled with the sulfate, 18.03 cm. Concentration of NiClz solution, 1.3660 M. 
Susceptibility per cc. of solution a t  17.5', 5.332 X Force on Smz(S04)3.8Hz0 a t  
290:6"K. divided by the force on the NiClz solution at 290.6"K., 0.9134. Average 
deviation it: 0.9134 for fields from 15,000 to 19,000 gsirss is O 26% 

Force on Srne(SO4)~.8HzO 
as compared with that 

found at 290 O°K. 
Temperature, Ratio of Average deviation 

O K .  forces for fields to 19,000, % 
240.2 1.037 0.15 
205.0 1.076 0.20 
169.8 1.128 0.22 
112.5 1.255 0.35 
84.6 1.345 0.22 
73.8 1.392 0.40 

Av., 0.26 

TABLE 111 

SUSCEPTIBILITIES OP SM+ + + AT VARIOUS TEMPERATURES 

Temperature, x of 3 Sm*(S04)a.SHzO 
O K .  X 106 of Srn+++ 

290.6 93 1 1038 
240.2 965 1072 
205.0 1001 1108 
169.8 1050 1157 
112.5 I168 1275 
84.6 1252 1359 
73.8 1295 1402 

The figures in the third column were computed from the corresponding 
ones of the second by subtracting the diamagnetic susceptibility of 
$(S04)3.8HzO, which was taken as - 107. This susceptibility was based 
upon the valuell -37 for the susceptibility of one mole Sod" and - 13 
for one mole HzO. 

Perhaps it should be recalled that diamagnetic susceptibilities do not 
vary with the temperature. 

It is obvious that Curie's law is not obeyed, for a four-fold change in 
temperature produces only about a 40% change in the susceptibility of 
Sm+++. 

The pull obtained within a few minutes at  any particular temperature 
was the same as that observed after ten hours. Hence we may conclude 
that equilibrium is attained rapidly. 

l3 Cabrera, J. phys., 6, 252 (1925); St. Meyer, Physik. Z., 26, 51 and 479 (1925); 
Zernike and James, THIS JOURNAL, 48,2827 (1926); Decker, Ann. physik, 79,324 (1926). 
Decker measured the ions in solution; the others measured the solid salts. 
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The accuracy of the relative values is probably within 0.3%. The abso- 
lute value found for the susceptibility of Sm+++ at  room temperature is 
about 4% higher than that obtained by Zernike and James and about 10% 
lower than that either of Cabrera or Decker. 

Conclusions 
It should be recalled that on the quantum theory the angular momentum 

j is a constant of the motion of the atomic system; that is, for a fixed 
energy there is a fixed angular momentum. Hence a change in j implies a 
change in the energy of the atom, in other words, an electronic jump. 
Associated with this change in j there is a change in the magnetic moment p. 
In the simple case carried over from the classical theory 

~ = & j  

The above reasoning applies also to systems of more than one electron. 

10 

Pig. 3. 

Conversely, a change in the magnetic moment is accompanied by a 
change in j and hence by an electronic jump or rearrangement. The ex- 
perimental results show that Sm+++ does not have a constant Curie 
"Constant" (C in the relation T = C/x, is not independent of the tem- 
perature). Such a variation implies that there is a mixture of several (two 
in the first approximation) substances of different magnetic moments 
whose relative amounts are varying with the temperature. In other 
words, there are two electronic isomers of Sm+++ whose relative con- 
centrations are varying with the temperature. 

The actual amounts of the two forms cannot be calculated by assuming 
that each form obeys Curie's law. As has been mentioned in the intro- 
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duction, the existence of more than one electronic configuration immedi- 
ately carries with it, according to the quantum mechanics, a term in the 
susceptibility which is independent of the temperature. '&is term may be 
appreciable, as Van Vleck and Frank14 have been led to believe, from 
considerations based upon screening constants from x-ray data. 

The fact that the effective Curie constant of Smt++ decreases with 
diminishing temperature suggests its approach to the low value expected 
by Hund for the configuration 

Sm+++ 11 21to43 44 Fjl 52 
2 full 5 2 6 

The existence of this isomer a t  the lowest temperature would bring the 
electronic configuration of Sm++ + in line with the regular sequence of the 
other rare earths whose magnetic moments agree with Hund's theoretical 
calculations. If the presence of this form is assumed, i t  appears that  the 
susceptibility contains a term independent of the temperature also. (The 
existence of such a term could be more readily decided by a determination 
of the susceptibility a t  the temperature of liquid hydrogen, which i t  is hoped 
to make soon.)16 

A striking confirmation of the existence of a mixture of electronic isomers 
was obtained in collaboration with Dr. Frank H. Spedding,16 from the ab- 
sorption spectra of a crystal of trivalent samarium taken a t  different tem- 
peratures, from that of liquid hydrogen to room temperature. Certain 
lines in the spectrum of Sm+++ prominent a t  room temperature became 
faint a t  the temperature of liquid air and practically disappeared a t  that  of 
liquid hydrogen. On the other hand, lines which were intense a t  the tem- 
perature of liquid hydrogen became much fainter a t  room temperature. 
This variation in relative intensity reveals the presence of different elec- 
tronic isomers whose relative concentration is varying with the tempera- 
ture. The isomer stable a t  the lowest temperature becomes more plentiful 
a t  lower temperatures and its increased concentration manifests itself in 
the increased intensity of the light it absorbs. 

The magnetic susceptibility of Sm+++ in solution17 is practically identi- 
l4 Van Vleck and Frank, Phys. Rev., 34,1494,1625 (1929). 
l5 The experimental values do not agree with assumptions of Van Vleck and Frank 

that Av between the configurations of different values of j can be calculated from the 
Goudsmit generalization of the Sommerfeld relativity formula. The latter leads t o  a 
Av of 940 cm. between the two Iowest energy levels and the corresponding Boitzmann 
factor shows that only 1% of Sm+++ is electronically activated a t  room temperature 
(with a contribution to  susceptibility of about 4%) and even less, of course, a t  lower 
temperatures. Hence the difference between the measured susceptibility and the part 
obeying Curie's law should give values which are practically the same for all tempera- 
tures. Such is not the case. 

l6 Freed and Spedding, Nature, 123, 525 (1929). The magnetic results on Sm+++ 
were first referred to here. 

l7 Decker, Ann. Physik, 79, 324 (1926), see Table I. 
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cal with that in the crystal. Hence the electronic isomers are present in 
solution to  the, same concentration as in the crystal a t  the same tempera- 
ture. 

Summary 

The magnetic susceptibility of Sm2(SOa)3-8H20 was measured from 73.8 
to 290.6OK. by a new accurate method. 

It was found that Sm+++ both in the solid state and in solution consists 
of a mixture of electronic isomers. These isomers appear to be in thermal 
equilibrium. 

The variation of the susceptibility with the temperature suggests that 
the isomer stable at the lowest temperature has the electronic configuration 

Srn+++ 11 21t049 44 51 5ae le~tr0ni~~hel l  
2 full 5 2 6 number of electrons 

but such a configuration is not yet completely established. 
The conclusion that Sm+++ consists of a mixture of electronic isomers 

varying in concentration with the temperature carried with i t  the pre- 
diction that its absorption spectrum would consist of lines whose relative 
intensities would vary with the temperature. Such a variation in the 
intensities of the lines was actually found (in collaboration with Dr. F. H. 
Spedding)16 in the absorption spectrum of SmC13.6H20 taken from room 
temperature to that of liquid hydrogen. 

BERKELEY, CALIFORNIA 

[CONTRIBUTION FROM THE PACIPIC EXPERIMENT STATION, BUREAU OF MINES, UNITED 

STATES DEPARTMENT OF COMMERCE, IN COOPERATION WITH THE UNIVERSITY OF 

CALIFORNIA] 

THE HEAT CAPACITIES AT LOW TEMPERATURES OF 
ANTIMONY, ANTIMONY TRIOXIDE, ANTIMONY 

TETROXIDE AND ANTIMONY PENTOXIDE' 

In a previous paper from the Pacific Experiment Station of the United 
States Bureau of Mines the author presented low-temperature thermal 
data for arsenic and its oxides. The present paper deals with the heat 
capacities of antimony and its oxides. The third and last of this group on 
bismuth and its oxides will appear later. 

The method and apparatus have been described previ~usly.~ 
' Published by permission of the Director, U. S. Bureau of Mines. (Not subject 

to copyright.) 
Assistant Physical Chemist, Pacific Experiment Station, U. S. Bureau of Mines, 

Berkeley, California. 
Anderson, THIS JOURNAL, 52,2296 (1930). 



July, 1930 HEAT CAPACITIES OP ANTIMONY AND ITS OXIDGS 2713 

Materials 
The sample of antimony used was analyzed for arsenic, Iead and insoluble matter, 

and contained less than 0.2% total of these materials. I t  was therefore of sufficiently 
high purity. I t  had a density of 6.74 a t  24.1'; 388.5 g. was usedfor the determinations. 
The antimony trioxide was material of c. P. grade, which was resublimed, yielding or- 
thorhombic crystals. Each particle was definitely crystalline. The portion used was 
exceptionally pure, analyzing better than 99.9Yo Sb203. Its density was found to be 
5.99 a t  27.4". The calorimeter was filled with a 284.0-g. sample. 

The antimony tetroxide was made by boiling a mixture of the antimony oxides 
with concentrated nitric acid for some time. The sample was washed free from nitric 
acid, dried, and heated in a silica flask, which was continuously evacuated a t  850°. 
The resulting product was analyzed for tri- and pentavalent antimony and had the cor- 
rect ratio for Sb204. It had a density of 6.47 at 23.8'. A 236.6-gram sample was 
studied. 

Two samples of antimony pentoxide were used. They were prepared by the hy- 
drolysis of antimony pentachloride. About 1 kg. of antimony pentachloride was twice 
distilled in an atmosphere of chlorine and once in vacuo. The resulting pure antimony 
pentachloride was then poured, very slowly, into a very large volume of cold water. 
The hydrolyzed precipitate of antimonic oxychloride was allowed to settle and washed 
by decantation ten to fifteen times. The precipitate was then dialyzed for several 
months until chlorides were undetectable, and finally filtered and dried. According to 
Simon and Thaler4 it is impossible to prepare pure dry antimony pentoxide in this 
manner. The air-dried material contains between 4.4 and 4.6 formula weights of water 
per formula weight of antimony pentoxide. Therefore, the sample of hydrated oxide 
obtained was divided into two parts. One part was heated in a silica flask and was 
evacuated continuously for three days a t  360'. The analysis of the resulting material 
was as follows: water, 1.5%; SbzOs, 6.45%; SbzO5, 92.05y0. Assuming that the 
Sbz03 is combined with the Sbz05 to form Sbz04, we have SbzO4, 13.6% and Sbz06 
84.9%. This gives a sample of SbZOa containing 0.317 formula weight of water per 
formula weight of SbzOs, which corresponds very well with the analysis of Simon and 
Thaler for their oxide, which had been heated a t  this temperature. In calculating the 
specific heats a correction was made for the 13.6% of SbeO4 which was present in this 
sample. The density of the Sbz06.0.317 Hz0 was 5.14 at 24.8'; 100.8 g. of the material 
was used for making the measurements. 

The other portion of hydrated antimony pentoxide was dried in air a t  130' for 
several days. No detectable decomposition of the antimony pentoxide takes place a t  
this temperature. The resulting sample analyzed 11.0275 of Hz0 and 88.98% of Sbz06, 
which gives 2.224 formula weights of water per formula weight of antimony pentoxide. 
These values are also in excellent agreement with those of Simon and Thaler. The 

TABLE I 
SCREEN SIZES (TYLER) OE" SAMPLES 

Screen size Sb, % Sbz08, % SbzO,, % 
i- 35 . . 27.0 . . + 48 3.5 7.0 . . + 65 24.0 8 .5  . . 
+lo0 20.0 9.5 3 .0  
+I50 10.0 5.5 16.0 
+200 15.5 10.5 38.0 
- 200 27.0 32.0 43.0 

Simon and Thaler, 2. anorg. allgem. Chem., 162,113,253 (1927). 
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density of this sample of oxide was 4.32 at  26.2'. The calorimeter was filled with 
138.7 g. of the material. 

Screen tests using Tyler screens were made on these materials, except 
the antimony pentoxide, which was extremely finely divided. The results 
are shown in Table I. 

The Specific Heats 
No previous measurements have been made a t  low temperatures on any 

of the oxides of antimony. Several determinations, however, have been 
made on antimony metaL5 

0 50 100 150 200 250 300 
Temperature, degrees Kelvin. 

0, Anderson; 0, Ewald; 0, Simon and Ruhemann; @, Richards 
and Jackson; X, Schimpff; +, Giinther; A, Dewar. 

Fig. I.--The heat capacity of antimony and antimony trioxide 
in calories per gram formula weight. 

With the exception of those of Giinther and of Simon and Ruhemann, 
the determinations were mean specific heats. Of the true specific heats, 
Giinther and Simon and Ruhemann have several determinations, but 
over a very small temperature range. While their determinations are 
within a few degrees of one another, the values they have obtained are far 
from being in agreement. 

Richards and Jackson, Z. physik. Chem., 70, 414 (1910); Schimpff, ibid., 71, 
257 (1910); Dewar, Proc. Roy. Soc. (London), A89, 158 (1913); Ewald, Ann. Physik, 
44, 1213 (1914); Giinther, ;bid., [4] 63, 476 (1920); Simon and Ruhemann, Z. physik. 
Chem., 129, 321 (1927). 
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The results obtained in this research for the pure substances are shown 
graphically in Figs. 1 and 2. The various values obtained by other in- 
vestigators on the heat capacity of antimony are also shown for comparison. 

The experimental determinations of heat capacities for antimony, anti- 
mony trioxide, antimony tetroxide and the two samples of antimony pent- 
oxide expressed in g. calories (15') per gram formula weight are given 
in Table 11. The Sb20s.0.317 HzO has been corrected for the SbzOdpresent 
in the sample. In changing joules to calories the factor6 1/4.184 was used. 
The calculations were made on the basis of Sb = 121.77 and 0 = 16. 

Fig. 2.-The heat capacities of antimony tetroxide and antimony 
pentoxide per gram formula weight. 

The temperature scale is probably accurate within + 0.1 O. On the aver- 
age the heat capacity measurements a t  55'K. have an error of about 1%. 
This is due largely to the diminishing resistance and the decrease of tempera- 
ture coefficient of the copper resistance thermometer. As the temperature 
increases above 55' the error decreases to about 0.5% a t  100°K. From 
this temperature the error slowly increases to about 1% a t  300°K. 

The results for the anhydrous antimony pentoxide were obtained from 
measurements of two hydrated samples. The uncertainty of composition 
may be greater than the error of measurement, exclusive of the fact that 
two series of measurements are involved. 

6 "International Critical Tables," Vol. I, p. 24. 4.185 abs. joules = 1 cal. = 
4.1837 Int. joules. 



27 16 c. TRAVIS ANDERSON Vol. 52 

TABLE I1 
HEAT CAPACITY PER GRAM FORMULA WEIGHT 

Sb Sbz03 SbaO4 Sbz05.0.317 Hz0 SbzOs.2.224 HxO 
T, OK. Cp T, O K .  Cp T ,  O K .  Cp T, O K .  Cp T, OK. Cp 
. . . . . . 59.8 6.893 72.8 8.317 63.6 7.283 60.6 10.46 
66 0 3.917 63.2 7.189 77.3 9.157 68.0 8.138 64.8 11.60 
69.6 4.083 74.7 9.114 80.1 9.061 72.9 9.125 86.7 16.94 
75.7 4.337 82.6 10.06 85.6 9.723 77.8 10.01 101.9 20.45 
85 8 4.602 90.6 10.97 90.6 10.02 82.1 10.83 125.6 26.16 
93.1 4.700 97.2 11.64 94.4 11.02 89.5 11.36 150.3 30 86 
104.6 4 982 108.7 13.11 98.5 11.00 101.5 13.31 184.1 36.94 
114.8 5.224 125.9 14.79 104.3 11.83 112.7 15.55 209.9 41.41 
127.7 5.351 137.4 15.76 115.7 13.64 127.6 17.49 248.1 46.23 
139.7 5.431 152.3 16.97 122.6 14.72 133.3 18.19 272.5 49.28 
157.9 5.598 167.0 18.18 59.8 6.942 142.9 19.25 280.5 51 07 
169.4 5.691 180.4 19.05 70.8 7.756 153.9 20.57 292.1 52.27 
181 9 5.726 196 6 20.06 134.5 15.50 162.4 21.57 
193.0 5.789 206.8 20.69 143.8 16.57 171.1 22.69 
2026 5834 223.7 2254 165.6 18.74 181.7 23.42 
214.5 5.878 241.8 22.15 193.7 21.37 197.2 24.70 
227.0 5.893 252.9 22.59 209.7 22.20 201.8 25.05 
240.6 5.943 265.2 23.32 226.1 23.94 210 3 25.21 
252.9 5.923 274.6 23.57 1001 11.00 221.8 27.05 
2645 5.940 278.9 23.72 103.7 11.51 233.1 27.89 
278.4 6.043 282.8 23.83 109.0 12.41 241.3 28.02 
293.2 6.073 290.5 24.49 114.8 13.25 256.3 28.96 

2944 24.11 118.8 13.75 269.6 2962 
123.1 14.17 282.1 28.42 
131.3 14.11 289.7 31.29 
153.1 17.44 287.8 30.53 
172.7 19.37 
200.9 21.74 - 229.3 23.70 
247.8 28.84 
256.4 25.23 
266.9 26.01 
271.9 26.10 
278.8 26.50 
284.9 27.17 

In Table I11 are shown in Columns (a) and (b) the values for the heat 
capacities per gram formula weight of Sb205.2.224 H20  and Sb2O6.0.317 HzO, 
respectively, which were read at  even values of the temperatures from 
smooth curves representing the experimental data. In (c) the differences 
between these heat capacities are tapulated, representing 1.907 formula 
weights of water, corresponding to the difference in the composition of 
these two oxides. The values in Column (d) represent the heat capacities 
per formula weight of anhydrous antimony pentoxide, which were calcu- 
lated as follows. 

0 317 
Cp(Sb20,) = CP(SbzO6.O.317 HzO) - % [Cp(SbzOr.2.224 HzO) - CP(SbzO6'O.317 HzO) I 
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This obviously assumes that the heat capacity per formula weight of the 
water present in these two samples is independent of the amount, up t o  
2.224 formula weights of water per formula weight of antimony pentoxide. 
In (e) are shown the heat capacities per formula weight of this combined 
water, which are compared graphically in Pig. 3 with the known heat 
capacity of ice as given by Simon.? Values in Columns (a) and (b) are 
also shown on this graph. 

TABLE I11 
THERMAL DATA ON ANTIMONY PENTOXIDE 

id) (b) (c) (dl (el CpSb206.- CpSbzOo.- 
T, OK. 2.224 Hz0 0.317 Hz0 Difference Cp(SbzO,) Cp(Hz0) 

60 10 30 6 48 3 82 5 75 2 00 
70 12 83 8 54 4 29 7 83 2 25 
80 15 33 10 47 4 86 9 66 2 55 
90 17 78 * 12 21 5 57 11 28 2 92 

100 20 14 13 73 6 41 12 66 3 36 
110 22 42 15 20 7 22 14 00 3 79 
120 24 61 16 52 8 09 15 17 4 24 
130 26 76 17 78 8 98 16 29 4 71 
140 28 85 19 02 9 83 17 39 5 15 
150 30 79 20 22 10 57 18 46 5 54 
160 32 67 21 32 11 35 19 43 5 95 
170 34 50 21 34 12 16 20 32 6 38 
180 36 26 23 33 12 93 21 18 6 78 
190 38 02 24 24 13 78 21 95 7 23 
200 39 71 25 10 14 61 22 67 7 66 
210 41 28 25 89 15 39 23 33 8 07 
220 42 77 26 67 16 10 23 99 8 44 
230 44.13 27 38 16 75 24 59 8 78 
240 45 43 27 99 17 44 25 09 9 15 
2 50 46 74 28 58 18 16 25 56 9 52 
260 48 05 29 17 18 88 26 03 9 90 
270 49 38 29 80 19 58 26 54 10 27 
280 50 70 30 44 20 26 27 07 10 62 
290 52 03 31.10 20.03 27 62 10 98 
300 (28 23) 

Calculation of Entropies 
The conventional method was used in calculating the entropies. The 

experimental heat capacity curves were extended below the lowest measure- 

TABLE 1V 
ENTROPI~S FROM EXPERIMENTAL DATA 

Sh Sb& SbzOa Sbz06 

Extrap. (0-56 2) OK. 1 91 4 09 4 31 2 54 
Graph (56 2-298 1) 8 59 25 35 26 04 27 32 - - - - 
S "zss 10 5 * O  2E.U.29.4.tO.4E.U. 3 0 3  * 0 5 E . U . 2 9 . 9 * 1 E . U .  

Simon, "Handbuch der Physik," Verlag Julius Springer, Berlin, 1926, Vol X, 
p, 360. 
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ments to approach and finally coincide with Debye functions having the 
following parameters (8): for Sb, 201; Sb2O3, 126; SbzOh, 121 and Sb205, 
183. In Table IV are given the results of the entropy calculations. 

0 50 100 150' 200 250 300 

Temperature, degrees Kelvin. 

Fig. 3.-Curve A, sb205.2.224 H20; Curve B, Sbz06.0.317 HzO; Curve 
C, combined HzO; +, values for Hz0 given by Simon in "Handbuch der 
Physik." 

The following combinations of Debye and Einstein functions were found 
to fit the specific heat curves per formula weights for the three oxides 

(126) (557) + 2 0  - (542) Csb20s = D y + ZE -- T T 
(lZ1) + Z& (314) $ 3E - 

CSb20r = D - (757) 
T T T 

+ 2E (303) + 2E - Caw, a D - (1504) (532) + 2E - 
T T T T 

The Sb203 combination fits the experimental results up to 298OK., the 
Sbz04 combination to above 260°K., and that for Sb205 to about 160°K, 
Above 260°K. for Sb204 and 160°K. for SbzOb the experimental curves 
rise above those of the function sums, which is due in part to the increase 
in Cfi - C,. 

To demonstrate the average agreement between the experimental data 
and these combinations the entropies of the oxides a t  298OK. were calcu- 
lated by use of these function sums. The results obtained are: for Sbz03, 
28.9 E. U. ; for SbO4, 29.6 E. U. ; and for SbzOs, 30.4 E. U. It was neces- 
sary to add 0.03 unit to the result obtained by the Sb204 combinations and 
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0.32 unit to the value obtained by the Sb205 functions for the rise in C, 
above the values given by the function sums. These results agree very 
well with the experimental values given in Table IV. 

A comparison of the general trend of the specific heat curves, the en- 
tropies at 29s0K., and the theoretical functions which have been used to fit 
the data empirically indicates (but, of course, does not prove) that the 
crystalline oxides of antimony have similar structures. 

Related Thermal Data 
The heats of formation of the three oxides have been determined by 

Mixter8 by the combination of antimony and its oxides with sodium per- 
oxide. Biltz9 has calculated the heat of formation from decomposition 
pressure measurements by the use of Nernst's approximation formula. 
Simon and Thalerlo from their decomposition pressure measurements have 
similarly calculated the heats of formation. The various values, however, 
are in very poor agreement. Owing to Mixter's method of preparation of 
antimony pentoxide, there is considerable doubt as to the purity of his 
material, and consequently no reliance can be placed on his results, as they 
are all based on thermal measurements on his antimony pentoxide. It is 
also a well-known fact that the Nernst approximation formula often leads 
to the calculation of very erroneous thermal data. Consequently no at- 
tempt will be made to utilize any of these values in the calculation of free 
energies. 

Schuhmannn and Roberts and Penwick12 have calculated the free energy 
of Sbz03 from all measurements. Schuhmann gives AF;, for Sbz03 = 
- 148,600 Cal. While he does not so state, he probably worked with the 
orthorhombic form or a mixture. Roberts and E'enwick give - 149,690 
Cal. for the cubic. For the change Sbz03 (orthorhombic) = Sbz03 (cubic), 
the latter gives AF;, = - 1800 Cal., so that the free energy of the ortho- 
rhombic form would be - 147,900 Cal. Since the orthorhombic form was 
used in the present work, the value - 147,900 Cal. may be used in combina- 
tion with the measured entropies of Sb and SbzO3 and the accepted entropy 
of O2 to calculate the heat of formation of Sb203 as mi9, = - 167,300 Cal. 
This value is in rather poor agreement with the value of -165,000 Cal. 
obtained by Mixter. This value has been corrected for the newer value 
for the atomic weight of antimony. 

In conclusion the author wishes to thank R. W. Millar for making the 
measurements on antimony trioxide, C. G. Maier for his many helpful 
suggestions and material assistance, and K. K. Kelley for his assistance in 

Mixter, Am. J. Sci., [4] 28, 103 (1909). 
9 Biltz, Nach. kgl .  Ges. Wiss. Gottingen, Math.-physik. Klasse, 293 (1908). 
lo Simon and Thaler, 2. anorg. allgem. Ciiem., 162,253 (1927). 
l1 Schuhmann, THIS JOURNAL, 46, 52 (1924). 
l2 Roberts and Fenwick, ibid., 50, 2125 (1928). 



2720 c. TRAVIS ANDERSON Vol. 52 

calibrating thermocouples, making a new temperature scale, and in check- 
ing the numerous calculations necessary in the determination of the 
entropies. 

Summary 
The heat capacities of antimony, antimony trioxide, antimony tetroxide 

and antimony pentoxide, from about 60 to 300°K., have been determined 
and their corresponding entropies calculated. The heat of formation of 
antimony trioxide has been calculated. 

[CONTRIBUTION FROM THE PACIFIC EXPERIMENT STATION, BUR& OF MINES, UNITED 

STATES DEPARTMENT OF COMMERCE, IN COOPERATION WITH THE UNIVERSITY OF 

CALIFORNIA ] 

THE HEAT CAPACITIES OF BISMUTH AND BISMUTH TRIOXIDE 
AT LOW TEMPERATURES1 

BY C. TRAVIS ANDERSON~ 
RECEIVED MARCH 27, 1930 PUBLISHED JULY 3, 1930 

This is the third of a series of papers from the Pacific Experiment Station 
of the United States Bureau of Mines dealing with thermal data of the 
metals and oxides of the fifth group of the periodic system. Two previous 
articles3 have dealt with the metals arsenic and antimony and their oxides. 
This paper presents the results for bismuth metal and bismuth trioxide. 

Materials 
The bismuth metal used was a sample of high purity kindly furnished by 

the American Smelting and Refining Company. No detectable amounts 
of lead, arsenic, or antimony were found on analysis. It had a density of 
9.86 a t  20.6". The calorimeter was filled with a 552-g. sample of granular 
metal. 

TABLE I 
SCREEN SIZES (TYLER) OF BISMUTH AND BISMUTH TRIOXIDE 

Screen sizes Bi, % Biz03, % 

+ 35 . . 1 5  
+ 48 . . 12 5 + 65 17 0 12.0 
+ 100 29 .5  13.5 
+ 150 14.5 8 . 5  
4-200 17.5 16.5 
- 200 21.5 35 .5  

Published by permission of the Director, U. S. Bureau of Mines. (Not subject 
to copyright.) 

Assistant Physical Chemist, Pacific Experiment Station, U.  S. Bureau of Mines, 
Berkeley, California. 

Anderson, THIS JOURNAL, 52,2296, 2712 (1930). 
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The sample of bismuth trioxide was of C. P. grade. On reduction with 
hydrogen it was found to consist of 99.6% Biz03 and was of sufficiently high 
purity. Its density was found to be 9.33 at 23.3'. A 356-g. sample was 
used for the determinations. 

Screen tests, using Tyler screens, were made on the bismuth and bismuth 
trioxide, and the results are sliown in Table I. 

The Specific Heats.--No measurements have been made on bismuth 
trioxide a t  low temperatures. Several determinations, ho~rexrer, have been 
made on bismuth metal.4 

Temperature, degrees Kelvin. 

0, Anderson; X, Jaeger and Diesselhorst; +, Ewald; , Giebe; 
A, Dewar; 0, Richards and Jackson. 

Fig. 1.-The heat capacities of bismuth and bismuth trioxide in 
calories per gram formula weight. 

All of the determinations are mean specific heats. The various values 
obtained by these investigators on the heat capacity of bismuth are shown 
in Fig. 1. The results obtained in this Laboratory on the heat capacity of 
bismuth and bismuth trioxide, expressed in gram calories (15') per gram 
formula weight, are given in Table I1 and are also shown graphically in 

Jaeger and Diesselhorst, Wiss.  abh. Phys.-Tek. Reich, 3, 269 (1900); Giebe, 
Verhandl. deut. physik. Ges., 5,  60 (1903); Richards and Jackson, 2. physik. Cham., 70, 
414 (1910); Schimpff, ibid., 71, 257 (1910); Dewar, Proc. Roy. Soc. (London), A89, 
158 (1913); Ewald, Ann .  Physik, 44, 1213 (1914). 
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Fig. 1. In changing joules to calories the factorV/4.184 was used. The 
calculations were made on the basis of Bi = 209.0 and O = 16. 

The accuracy of the measurements has been discussed previously6 and 
will apply to both bismuth and bismuth trioxide. 

TABLE 11 

HEAT CAPACITY PER GRAM FORMULA WEIGHT 
Bi Bi BieO3 BipOa 

T ,  OK. C p  T ,  OK. CP T ,  OK. CP T ,  O K .  CP 

60.8 4.631 176.8 5.899 289.3 26.25 118.6 16.86 
64.7 4.771 187.7 5.924 262.1 26.17 129.2 17.80 
63.4 4.851 198.9 5.976 271.4 26.29 143.1 18.93 
71.1 5.040 208.8 5.974 279.7 26..54 155.7 19.96 
74.6 5.216 218.8 5.980 60.6 9.50 166.4 20.85 

101.3 5.464 258.1 5.874 63.7 10.89 175.8 21.49 
111.2 5.674 266.3 6.058 68.7 11.24 188.5 22.35 
125.1 5.813 272.8 6.083 73.6 11.64 198.2 22.95 
137.2 5.761 285.3 6.139 82.6 12.85 134.7 18.24 
150.2 5.817 295.2 6.089 89.3 13.32 213.3 23.87 
162.5 5.869 298.2 6.104 101.4 14.72 238.4 24.88 

113.0 16.31 

Calculation of Entropies.-The entropies were determined by the usual 
graphical method. The experimental heat capacity curves were extrap- 
olated from the lower points so as to coincide with Debye functions having 
the parameters (8) for Bi 147, and for BizOa, 97. In  Table I11 are given 
the results of the entropy calculations. 

TABLE I11 

ENTROPIES FROM EXPERIMENTAL DATA 

Bi Biz03 

Extrap. (0-56 2) OK. 3.13 6 22 
Graph (56.2-298.1) 9.31 21) 96 - - 
s '298 12.4 =t 0.3 a. U. 36.2 =t 0.4 E. U. 

The following combination of Debye and Einstein functions was found 
to  fit the experimental specific heat curve per gram formula weight of 
Bi203 up to 17S°K. 

Above 17S°K. the experimental curve rises above that of the function 
sum. 

The entropy of Biz03 by use of this function sum was calculated to be 
36.4 E. U. It was necessary to add 0.24 unit to the results obtained by the 
combinations for the rise in C, above the value given by the function sum. 

6 "International Critical Tables," Vol. I, p. 24. 4.185 abs. joules = 1 cal. = 
4.1837 Int. joules. 

Anderson, THIS JOURNAL, 52, 2712 (1930). 
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It was not found possible to prepare samples of Bi204 or Biz05 of sufficient 
purity to determine their specific heats. However, by comparison of the 
entropies of arsenic and antimony it is suggested that until the entropies 
are actually determined, the value 35.0 =I= 2 E. U. may be used for each, 
with reasonable assurance. 

Related Thermal Data.-The heat of formation of Bi203 has been de- 
termined by Mixter7 and Ditte and M e t ~ n e r . ~  Mixter gives - 136,000 
cal., and Ditte and Metzner gives - 137,800 cal. 

Using Mixter's values of - 136,000 cal. with the measured entropies of 
Bi and and the accepted entropy of 0 2 ,  the free energy of Biz03 is 
calculated as - 118,000 cal. 

In conclusion the author wishes to thank K. K. Kelley for his assistance 
in making the new temperature scale and in checking the calculations in 
the determinations of the entropies. 

Summary 
The heat capacities of bismuth and bismuth trioxide from about 60 to  

300°K. have been determined and their corresponding entropies calcu- 
lated. The free energy of Bi203 has been calculated. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THB UNIVERSITY OP UTAH] 

THE SURFACE TENSION OF LIQUID NITROUS OXIDE 

Many investigators find carbon dioxide and nitrous oxide an interesting 
pair of compounds largely because of the similarity of their physical 
properties. The close agreement between the densities, vapor pressures, 
critical temperatures, molecular weights, etc., is very remarkable, and i t  is 
not uncommon to group them together when considering questions per- 
taining to their physical make-up. The fact that such an agreement does 
not extend to the chemical behavior of these two substances, enhances 
this interest as i t  indicates that the physical properties are related more 
to the arrangement of the atoms in the molecules than to  the ultimate 
constitution of the atoms. 

Nivenl gives reasons quite sufficient for concluding that carbon dioxide 
and nitrous oxide have the same electronic arrangement. Rankine2 shows 
from crystal structure data and viscosity data, the similarity in structure 
of molecules of the two compounds. Many other investigators have dealt 

hlixter, Am. J. Sci , [4] 28, 103 (1909). 
8 Ditte and Metzner, Compt. rend., 115, 1303 (1892). 

Niven, Phil. Mag., 17 ] 3, 1314-1334 (1927). 
Rankine, Proc. Roy. Soc. (London), A98, 369-374 (1921). 
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with this problem in various ways, and in all cases their results indicate a 
remarkable similarity in the structure of the two kinds of molecules. 

It seemed to the authors that any data on the forces acting between the 
molecules of carbon dioxide and nitrous oxide might be of interest, not 
only as affecting these compounds, but also from the general point of view 
of surface tension and solubility. This paper will be devoted to the study 
of the surface tension of liquid nitrous oxide, from which an attempt to 
estimate its internal pressure will be made, while a later publication will 
deal with the internal pressure from a determination of the solubility of 
various solutes in liquid nitrous oxide. Carbon dioxide has already been 
studied from this point of view. 

The surface tension of liquid nitrous oxide was first determined by Ver- 
schaffelt3 over a temperature range from 25 to -25', and later by Grun- 
m a ~ h , ~  who made four determinations over a temperature range from 20 
to  -90°. Verschaffelt used the capillary tube method while Grunmach 
used the so-called capillary wave method. The original paper of Ver- 
schaffelt was not available to the authors, so it was not possible to determine 
just what was done about the density of the saturated vapor over the liquid 
nitrous oxide. As far as the authors are aware, no reliable determinations 
of the densities of the gaseous and liquid phases of nitrous oxide below 0' 
have ever been made previous to those recently publ i~hed.~ 

Preparation of Tubes 
The capillary tubes used in these measurements were drawn from soft "soda glass" 

tubing. Before drawing, the larger tubes were carefully cleaned and dried. A large 
number of such tubes were made and pieces from these were carefully selected in order 
t o  insure a circular cross section and a uniform bore. The ends of these capillaries were 
measured with a microscope and the variation in the length of a thread of mercury, 
moved along the tube, was used to indicate uniformity of bore. The exact diameter of 
each tube selected was determined, a t  a point to  which it  was estimated the liquid would 
reach, during the capillary measurements, by the usual method of weighing a thread of 
mercury of known length. These measurements were checked after the measurements 
of capillary rise by cutting the capillaries a t  the average height reached by  the liquid, 
and measuring the internal diameter of the cut ends with a microscope. The agreement 
between the results of these two methods of measurement was quite satisfactory. 
Before the capillary tubes were placed in the jackets in which the liquid nitrous oxide 
was t o  be condensed, they were boiled with a cleaning solution of chromic acid, washed 
many times with distilled water and finally dried in a current of dry, dust-free air. 
Each capillary was supported in the center of a larger outer jacket by means of platinum 
wires. The outside tubes were very carefully made from thick-walled pyrex glass 
tubing having an internal diameter of about 16 mm. and a wall thickness of 3 mm. It 
was desirable to have the diameter of these tubes large in order to  keep any correction 
occasioned by them as low as possible. These tubes proved to be very satisfactory and 
none of them failed during the period of this investigation. 

Verschaffelt, Comm. Phys. Lab. Univ. Leiden, No. 18, 640 (1895). 
Grunmach, Ann. Physik, [4] 15,401 (1904). 
Quinn and Wernimont, THIS JOURNAL, 51,2002 (1929). 
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The nitrous oxide was obtained from a commercial cylinder of the liquid manufac- 
tured by the Ohio Chemical Company. A very careful qualitative analysis showed that  
it  was free from other oxides of nitrogen. halogens, carbon dioxide, sulfur compounds 
arid ammonia. In  some preliminary tests the gas was distilled into the pyrex tubes 
from the liquid through a calcium chloride tower 55 cm. long. When the temperature 
of this liquid was lowered to about 10 or 20' below zero, a few very fine crystals separated. 
It was assumed that  this impurity was water so a glass trap filled with short pieces of 
aluminum wire was placed in the line. Into this trap the nitrous oxide was distilled 
after passing through the calcium chloride. I t  was condensed t o  a liquid, a t  a tem- 
perature close to the freezing point of the nitreus oxide, and vaporized again a t  a tem- 
perature of about -50". This vapor was conducted to the pyrex tube containing the 
capillary and again condensed to a liquid, then frozen to a solid and while in this state 
the tube was sealed. After this treatment, no solids ever separated a t  any temperature 
from the liquid nitrous oxide and this was considered evidence that  the water had been 
successfully removed. The distillation method of purification, which has already been 
described,& is considered by the authors to  be superior to  this, but  the work on surface 
tension had already been completed before this distillation process was developed. 
There are many reasons for believing, however, that the liquid nitrous ovide used in this 
investigation was very pure. 

To facilitate the handling of the pyrex tube containing the liquid nitrous ouide, 
i t  was placed in a larger tube sealed a t  one end and about 65 cm. (2 feet) long. A ring of 
paper a t  the top and a wad of cotton on the bottom held this tube firmly in position. 

The thermostat used and the method of measuring the capillary rise has already 
been described by one of us6 and this procedure was modified only slightly in the present 
investigation. 

Calculations 

Calculation of surface tension from the liquid rise in a capillary tube 
placed in the center of a larger tube makes several corrections necessary 
and some of these are difficult to evaluate. The effect of the weight of the 
liquid in the small meniscus above the point of measurement has been 
pretty well worked out and in a small tube of capillary size the measured 
height is usually corrected by the addition of r /3 ,  where r is the radius of 
the capillary. The effect of the outer jacket on the rise of the liquid in the 
capillary tube is somewhat more difficult to determine. This question has 
received considerable attention from Richards and his co-workers a t  Harvard 
University but the apparatus used by these workers could not be adapted 
easily to this investigation because of the high pressures used. The method 
and apparatus used by Sugden7 could have been employed but certain diffi- 
culties, especially those of obtaining accurate readings of the very small 
capillary rise near the critical temperature, made it seem unwise. It was 
believed, however, that Sugden's method of calculation could be used t o  
calculate the effect of the outer jacket on the capillary rise, especially as i t  
seemed very likely that any such effect would be much below the experi- 
mental error. It was found that the meniscus of the liquid in the outer 
jacket was sufficiently flat even a t  the lowest temperatures to be read easily 

Quinn, THIS JOURNAL, 49, 2704 (1927). 
Sugden, J. Chem. Soc., 119, 1483 (1921). 
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and that the capillary tube, standing in the center, caused no serious dis- 
tortion of the surface. 

It should be noted that Sugden's method of calculating the effect of the 
larger tube on the capillary rise in the smaller one is based on two tubes 
standing parallel to each other and connected a t  the bottom. The system 
used in this work is somewhat different and the capillary tube itself is 
bound to  have some effect on the action of the larger tube, but, as will be 
shown later, this effect must be so small that i t  need not be considered here. 
Verschaffelt8 has worked out a graphical method of treating a system such 
as was used h this work but as his original paper was not available to the 
authors, no attempt was made to use it. 

Table I gives the values for the capillary constant a2 in mm.2 for tube 
No. 7 a t  nine temperatures. The first values of a2 were calculated from 
the equation a2 = r(ho + r / 3 ) ,  in which r is the radius of the capillary, ho is 
the measured height in mm. above the meniscus in the outer jacket and 
r / 3  is the correction for the liquid in the small meniscus in the capillary 
tube. In  this calculation the effect of the outer jacket on the height of the 
liquid in the capillary is not taken into consideration. In the third column 
the values for a2 are calculated by means of Sugden's method, which takes 
this effect into consideration. I t  will be noted that the agreement be- 
tween the two sets of values is quite remarkable and indicates that no cor- 
rection is necessary when dealing with tubes of the sizes used in this in- 
vestigation, and when using liquids with such low surface tensions. As 
there might be some question about neglecting the effect of the capillary 
tube in reducing the effective diameter of the larger tube, one calculation 
was made on the same tube a t  the lowest temperature, where any such 
effect would be greatest, and the absurd assumption was made that the 
capillary decreased the effective diameter of the tube by one-half. This 
calculation gave a value for a2 which was only 1% above that actually 
obtained. 

SHOWING THE EFFECT OF THE OUTER JACKET ON THE CAPILI,ARY RISE 

Measurements on Tube No. 7 were used for these calculations 
Temp,, O C .  a2 = r(ho + r/3) a2 (Sugden's method) Difference, % 

30 0.2443 0.2437 - 0.20 
20 0.6495 0.6490 - .10 
10 1.0123 1.0126 + .03 
0 1.334 1.335 + .10 

- 10 1.635 1.635 . 00 
- 20 1.983 1.983 . 00 
- 30 2.255 2.256 + .05 
- 40 2.508 2.508 . 00 
- 50 2.847 2.848 + .03 

Verschaffelt, Bull. acad. roy. mkd. Belg. Cl. Sci., 574 (1921). 
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In Table I1 the values of a2 were calculated from r(h0 f r /3 )  for each 
reading. The average of these values at each temperature was taken and 
the surface tension y was calculated from the equation y = 0.5 a2g(D - d) 
in which g is the acceleration due to gravity, D is the density of the liquid 

TABLE I1 
SURFACE TENSION MEASUREMENTS OE. LIQUID NITROUS OXIDE 

Surface 
Teomp , Tube ho, h, a2, a2, tension 7, 

C. no. cm. cm. mm average D - 6 dynes/cm. 

30 3 0.1127 01191 0.2296 
4 ,1912 .I955 ,2506 
6 .I448 .I506 .2640 
'7 ,1334 ,1392 ,2443 0.2471 0.456 0.552 

20 3 ,3398 ,3462 ,6675 
4 .4713 ,4756 .6097 
6 3637 .3695 ,6477 
7 .3643 .3701 .6495 .6436 .638 2.012 

10 3 ,5019 ,5083 ,9800 
4 .7163 .7206 ,9238 
6 .5730 .5788 1.0146 
7 .5710 .5768 1.0123 .9827 .755 3.636 

0 3 ,6730 .6794 1.310 
4 .9385 ,9428 1.209 
6 ,7511 .7569 1.327 
7 .7545 .7603 1.334 1.295 .851 5.400 

-10 3 ,8231 ,8295 1.599 
6 .9310 .9368 1.642 
7 ,9261 ,9319 1.635 
8 .6857 .fig34 1 616 1.623 .926 7.364 

-20 4 1.4182 1.4225 1.824 
6 1.1080 1.1138 1.952 
7 1.1240 1.1298 1.983 
8 0.7902 0,7979 1.858 1.904 .979 9.134 

-30 4 1 6522 1 6565 2.124 
6 1 2705 1.2763 2.237 
7 1.2793 1.2851 2 255 
8 0.9128 0,9205 2.145 2.190 1.014 10.88 

-40 3 1.2880 1.2944 2.496 
6 1.3919 1.3977 2.450 - 
7 1.4230 1.4288 2.508 
8 1.0600 1.0677 2.488 2.485 1.037 12.63 

-50 3 1.4060 1.4124 2.723 
6 1.5908 1.5966 2.799 
7 1.6164 16222 2.847 
8 1.1881 1.1958 2.787 2.789 1.053 14.39 

INTERNAL RADIUS OF CAPILLARY TUBES 
Tube No.. . . . . . . 3 4 6 7 8 
Radius, cm., . . . . 0.01928 0.01282 0.01753 0.01755 0.02330 
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and d the density of its saturated vapor. The values for these densities 
were obtained by plotting on large-scale cross-section paper the results 
obtained by the authors in a previous investigationlg and from the curve 
thus obtained, the density values for both liquid and vapor were read. 

Discussion of Results 

Much interest has been shown in recent years in the relations between 
surface tension, liquid and gaseous densities and internal pressures. Some 
years ago van der Waals,Io by a theoretical consideration of the forces acting 
between the molecules of a liquid, developed the equation y = K ( l  - 
T/TJn.  In this equation y is the surface tension a t  the absolute tempera- 
ture T, n is an exponent having a value of about 1.2 for all non-polar liquids 
and Tc is the critical temperature of the liquid. The constant K is sup- 
posed to hold over a large temperature range and is characteristic of the 
liquid. As in most equations involving the surface tension, it fits the ex- 
perimental values much better a t  temperatures well removed from the 
critical temperature. 

Recently, Macleodll developed an empirical equation for the relation 
between the surface tension and the densities of a liquid and its saturated 
vapor. This equation, when put in the form y / ( D  - = C, represents 
the experimental results very well in most cases. Here D is the density of 
the liquid and d the density of its saturated vapor, while C is a constant 
characteristic of the liquid in question. 

Another interesting equation is that proposed by Sugden,12 which he 
writes in the form D - d = Do(l - T/Tc)0.3. DO in this equation repre- 
sents the density of the supercooled liquid a t  absolute zero. 

By combining the equations of Macleod and Sugden, the following 
equation is obtained: y = C X Do4(l - T/T,)1.2. This is evidently van 
der Waals' equation in such cases as the exponent n may be 1.2. I t  is 
perhaps interesting to note that van der Waals' constant K is equal to C 
X Do4 and as C is equal to the ratio of the surface tension to the fourth 
power of the difference in density of the liquid and vapor, i t  is quite possible 
to make use of it in calculating the volume occupied by a molecule of the 
liquid. 

From the surface tension measurements made during this investigation, 
i t  seems that van der Waals' equation gives the highest degree of accuracy 
when written in the form y = 72.8 (I - T/311.8)1.26. The exponent n 
was calculated from the readings a t  fifteen pairs of temperatures and the 
average was found to be 1.26. The value of K was determined a t  all 
temperatures at which surface tension measurements had been made, using 

Quinn and Wernimont, THIS JOURNAL, 51,2007 (1929). 
lo Van der Waals, 2. physik. Chem., 13,716 (1894). 
l1 Macleod, Trans. Faraday Soc., 19,38 (1923). 
l2 Sugden, J. Chenz. Sac., 130, [Part 21 1780 (1927). 
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the exponent 1.26. The average of these values, excluding the one ob- 
tained a t  30°, was 72.8. 'I'he agreement between the observed values ob- 
tained in this investigation for the surface tension of liquid nitrous oxide 
and those calculated from the above equation is shown in Table 111, while 
the observed and calculated values obtained from Ver~chafTelt's'~ work are 
given in Table IV for comparison. 

OBSERVED AND CALCULATED VALUES FOR THE SURPACE T E N ~ I C ) N  OL NITROUS OXIDE 
OBTAINED IN THIS INVESTIGATION 

T e m p ,  "C. K Observed Calculated Diff. Yo dlff. 

30 49 3 0 552 0 816 $0 26 1 4 7  8 
20 69 3 2 01 2 11 $ .10 + 4 9  
10 73 0 3 64 3.63 - .O1 - 0 3  
0 74.6 5 40 5.27 - .13 - 2 4  

- 10 76.2 7.36 7 03 - .33 - 4 4  
- 20 74.7 9.13 8 90 - .23 - 2 5  
- 30 73.0 10.88 10.84 - .04 - 0.4  
- 40 71.5 12.63 12.86 + .23 + I 8  
- 50 70.0 14.39 14.95 + .56 + 0 9  

Average percentage difference (disregarding sign) 2 .6  

NOTE.-Values obtained a t  30" are not used in averages because this temperature 
is so near the critical temperature. 

OBSERVED AND CALCULATED VALUES FOR THE SURFACE TENSION OF LIQUID NITROUS 

OXIDE OBTAINED BY VERSCHAFFELT 
T e m p ,  'C .  Observed Calculated Diff. % Diff. 

25 1 07 1 36 +0 29 1-27.1 
20 1.75 2 05 + .30 +17 1 
15 2 50 2 81 + .31 +12 4 
10 3 30 3 62 + .32 +10 0 

- 25 10.10 10.40 + .30 + 3 0  

Average percentage difference 13.8 

NOTE.-These results seem to indicate that the constants as given by Verschaffelt 
could be changed so as to  greatly improve the agreement between the  calculated and 
observed values. 

The Internal Pressure of Nitrous Oxide 

No very satisfactory method for calculating internal pressure from sur- 
face tension measurements exists, in spite of the fact that one would expect 
this to be one of the best ways of dealing with the question. According to 
Hildebrand14 the values of y/vl'hre useful for indicating the relative 
internal pressures where v is the molal volume of the liquid. Calculating 

l3  "International Critical Tables," McGraw-Hill Book Co , Ins., New York, Vol. 
IV, p. 447. 

l4  Hildebrand, "Solubility," The Chemical Catalog Co., Inc., New York 1924, 
p. 111. 
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the values for y/v1" at  20' for carbon dioxide and nitrous oxide, we get 
0.355 and 0.528, respectively. Now if we arrange these compounds in the 
Hildebrand series according to the decreasing order here indicated, we find 
that  carbon dioxide is the first member, then nitrous oxide, and )after a big 
gap we come to nickel carbonyl. According to the theory of solubility 
this can only mean that carbon dioxide and nitrous oxide in the liquid 
state are poor solvents for the common solutes and that of the two com- 
pounds we would expect nitrous oxide to be the better. 

Summary 

1. Surface tension measurements of liquid nitrous oxide have been 
made over a temperature range of 30 to -50'. 

2. The equation of van der Waals for the change of surface tension with 
a change of temperature, when put in the form of 7 = 72.S (1 - T/  
31 1 .8)1.a6 gave values for y which were in fairly good agreement with those 
determined experimentally. 

3. From the position of nitrous oxide in the internal pressure series of 
Hildebrand, it was predicted that i t  would be a poor solvent for the common 
solutes but that it was somewhat better than liquid carbon dioxide. 

SALT LAKE CITY, UTAH 

THE COAGULATION OF FERRIC OXIDE SOLS BY GAS BUBBLES1 

BY HENRY M. STARK 

A ferric oxide sol of great purity has been prepared by C. H. Sorum2 
in this Laboratory. Due to its extremely low chloride content this sol has 
rather special properties. While making conductivity measurements 
on this sol Sorum observed that if streams of air bubbles were used as a 
stirring agent coagulation took place. Other gases were tried and the 
phenomenon seemed to be general. Since no mention had been made any- 
where in the literature concerning the coagulation of colloid systems by gas 
bubbles, this phenomenon presented an interesting problem for investi- 
gation. 

Coagulation of colloids such as ferric oxide is usually considered to be due 
either to  destruction or neutralization of the charge on the particle by the 

1 An extract from a thesis presented in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy, University of Wisconsin. The problem was suggested 
by Dr. C. H. Sorum and carried out under the supervision of Professor J. H. Walton. 
The author wishes to express his indebtedness to Mr. A. G. Jacques for many valuable 
suggestions. 

Sorum, THIS JOURNAL, 50, 1263 (1928). 
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oppositely charged ion of the coagulating electrolyte or to destruction by 
dehydration of the orientation of the molecules of the stabilizing layer of 
dispersion medium. Coagulation of a colloid by gas bubbles, because of the 
obvious difference in the nature of the process, cannot be attributed t o  these 
causes. Several possible factors might be considered as the direct cause of 
the coagulation, viz. (1) the neutralization of the charge on the ferric oxide 
particles by that on the gas bubbles, (2) the increased frequency and force 
of collision of the sol particles due to the agitation produced by the gas 
bubbles, or (3) adsorption of the colloid into the interface gas-liquid with 
consequent surface concentration. These factors will be discussed in detail 
after the experimental results have been described. The influence of such 
factors as the presence of impurities or of free electrons in the gas used for 
coagulation was reduced to as nearly a minimum as possible in the experi- 
mental part and will be given no further consideration. 

Experimental 

The ferric oxide sol used in this work was prepared and purified according 
to the method outlined by Sorum. A large volume of sol was prepared 
a t  one time and stored in 24-liter pyrex flasks. The sol used in most of 
this work contained 2.98 g. of iron per liter. Its flocculation value was be- 
tween 5.5 and 6.0 millimoles of sodium chloride per liter, which is ab- 
normally low for ferric oxide sols. The sol was so stable that  neither its 
iron content nor its flocc~~lation value changed appreciably on standing for 
one year. The average size of the particles of this sol as determined by the 
ultramicroscope-count method with a slit ultramicroscope was 5 9 ~ p . ~  

Cataphoresis Measurements.-A rather surprising property of this 
sol was that the charge on the particle, obtained from measurements of 
velocity of cataphoresis, was not abnormally low. Using the apparatus 
described by Burton4 a large number of measurements of velocity of cata- 
phoresis were made. In order to obtain uniform values for the ascending 
and descending boundaries, i t  was necessary to produce what Mukherjee5 
calls a "uniform ionic environment." This was done by adding t o  the 
liquid to  be used above the ferric oxide layer, small quantities of an equi- 
molecular mixture of ferric chloride and hydrochloric acid until the con- 
ductivity of the liquid and of the sol were equal. The results obtained 
from these cataphoresis measurements are compiled in Table I. 

These values were obtained by direct substitution into the equation of 
Helmholtz for the relation between particle charge and velocity of cata- 
phoresis, V = 4anv/DX, where V is the so-called zeta-potential, D is the 
dielectric constant of the liquid, n its viscosity, X the applied voltage and 

3 Ayres, J. Phys. Chem., 34, 875 (1930). 
Burton, Phil. Mag., [6] 11, 425 (1906); [F] 11, 44 (1906). 
Mukherjee, J. Ind. Chem. SOC., 5,  593 (1928). 
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 TAB^ 1 
VELOCITY OF CATAPHORESIS OF FERRIC OXIDE PARTICLES 

Cat. vel. in Charge in 
cm./hr. Temp., OC. Volts Cm./sec./volt/cm. millivolts 

2.65 23.0 108 46.4 X 61.6 
2.72 23.4 106 48.5 X 10-5 65.0 
2.88 22.3 107 51.0 X 69.0 
2.68 23.1 107 47.4 x lo-6 62.3 
2.35 17.6 107 41.6 X 10-5 62.0 

Average 63.98 

.a the velocity of movement of the particles. If, in the above formula, 
Debye's6 correction for spherical particles is made, in which 6a is substi- 
tuted for 4a, the values for zeta-potential would be 50% higher. The value 
of 64 millivolts agrees fairly well with values determined by other investi- 
gators; Whitney and Blake7 give 42 millivolts while BurtonS gives 73 milli- 
volts. Neither of these investigators made any special effort to make a sol 
of great purity. 

On the basis of the results given in Table I, it appears that the low chlo- 
ride content of this sol does not materially reduce the charge of its particles 
and that  therefore the very low flocculation value must be accounted for in 
some other way. 

Method of Coagulation.-Inert gases, after being carefully purified, 
were emitted as streams of small bubbles a t  the bottom of 8-inch pyrex 
tubes each containing 40 cc. of the sol. The volume of gas passing through 
was measured by means of a calibrated flowmeter and the number of 
bubbles forming per minute was counted. From these two values the size 
of the bubble was determined. Various kinds of tubes were used to con- 
duct the gas to the bottom of the tube of sol and to serve as an emission tip, 
but in the greater portion of the work described below capillary tubing with 
one millimeter bore was used. When the gas was passed through the sol 
a t  rates varying from 0.63 to 6.80 liters per hour, noticeable coagulation 
took place within two to four hours, but complete coagulation required 
twenty-four to thirty-six hours. 

Samples were removed a t  arbitrarily chosen intervals and the degree of 
coagulation was determined by centrifuging the sample of sol to separate the 
coagulated from the uncoagulated portion. Centrifuging for ten minutes 
a t  2300 r. p. m. served to throw the larger particles to the bottom to such 
an extent that the supernatant liquid was again clear. Longer centrifuging 
caused no further reduction in the iron content of the supernatant liquid. 
Also, the same centrifuge treatment of the original sol caused no settling. 

Debye and Huckel, Physik Z., 25, 49 (1924). 
Whitney and Blake, THIS JOURNAL, 26, 1339 (1904). 
Burton, "The Physical Properties of Colloidal Solutions," Longmans, Green 

and Co., London, 2d ed., 1921, p. 143. 
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The iron content of the supernatant liquid was determined by titrating the 
reduced iron against potassium dichromate using diphenylamine as an inside 
indicator. In the calculation of the degree to which coagulation had 
taken place the iron content of the supernatant liquid after centrifuging was 
assumed to be proportional to the uncoagulated portion of the sol. This 
method of determining degree of coagulation is certainly open to  criticism 
because of the "broom" effect of the larger particles sweeping down with 
them some of the smaller uncoagulated particles. It is doubtful, more- 
over, if the centrifuging would cause settling of aggregates only partially 
coagulated and containing two or three original particles. The values 
when obtained under constant conditions, however, do serve as an arbi- 
trary measure of the extent of coagulation in the experiments described 
below. 

Results 

Effects of Different Gases.-Five different gases were used and the 
coagulating power of each determined. The values given in Table I1 indi- 
cate that the nature of the gas was not a very important factor except in 
the case of carbon dioxide, in which case the hydrogen-ion concentration of 

COAGULATING POWER OF VARIOUS GASES 
F e  precipitated by 1 liter 

Gas of gas, g. 

Oxygen 453 X 10-7 
Nitrogen 273 X 10-7 
Air 317 X 10-7 
Hydrogen 428 X lo-' 
Carbon dioxide Caused no coagulation 

the sol was changed by the presence of the gas. The values are not the 
same for all gases but do not show the wide variations that are obtained for 
the coagulating action of electrolytes. That the reason for the failure of 
carbon dioxide to cause coagulation lay in its effect on the hydrogen-ion 
concentration was established by the following experiment. By means of 
a quinhydrone electrode apparatus for determination of hydrogen-ion 
concentrations, i t  was shown that the PH of a so1 saturated with carbon 
dioxide was about 4.3 a t  room temperature. Different members of a series 
of tubes of sol were brought to different PH values by adding varying 
quantities of molar acetic acid and molar sodium acetate. The samples 
having a PH value farther toward the alkaline side than 4.6 were very un- 
stable toward air bubbling, while those with a PH lower than 4.6 were not 
coagulated by air bubbles. The PH of the sol alone was about 6.4. It 
appears, therefore, that carbon dioxide in dissolving in the water and lower- 
ing the PH from about 6.4 to  4.3 causes the sol to pass from the region of in- 
stability toward gas bubbling to that of great stability. 
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As stated above, the gas was carefully purified before it passed into the 
tube of sol. However, in order to eliminate such factors as impurities in 
the gas or free electrons from consideration as possible causes of the co- 
agulation, the following experiment was carried out. A given volume of 
gas was passed through a series of six tubes containing equal quantities of 
sol and arranged in such a manner that the gas emerging from the top of one 
tube was led to the bottom of the next. After the gas had passed a t  the 
rate of 0,29 liter per hour for thirteen hours, samples were withdrawn, 
centrifuged and the supernatant liquid analyzed. Table I11 shows that 
no loss in coagulating power of the gas took place as it passed through the 

Fe per liter after bubbling 
Tube Fe precipitated, g. and centrifuging, g. 

series of six tubes. Since in passing through such a series of tubes impuri- 
ties and free electrons would be largely absorbed in the first members of the 
series, we may infer from these data that these two factors are not re- 
sponsible for the coagulating action of the gas. 

Influence of Non-Electrolytes.-Janek and Jirgensons
g 

found that in 
low concentrations, alcohols decrease the stability of ferric oxide sols but 
when present in higher concentrations they increase the stability, as meas- 
ured by the quantity of electrolyte required to cause complete precipita- 
tion in an arbitrarily chosen interval. Alcohols of high molecular weight 
had greater influence on stability than lower members of the alcohol series. 
In  this investigation a study was made of the influence of various alcohols 
on the stability of ferric oxide sol toward gas bubbling. Ethyl and methyl 
alcohols had very little effect on the amount of colloid precipitated in a 
specified time, but higher members affected stability more markedly. The 
relationship between proportion of alcohol present and stability of the sol 
was similar to that found by Janek and Jirgensons. In Table IV are given 
the results obtained when small quantities of isopropyl, isobutyl and n- 
butyl alcohols were added to 40-cc. portions of sol just previous to coagu- 
lation by bubbling gas through them. Equal volumes of gas were passed 
through the different tubes. The data indicate that very small propor- 
tions of alcohol cause sensitization but that this sensitizing action de- 
creases as more alcohol is added. 

9 Janek and Jirgensons, Kolloid-Z., 41, 40 (1927). 
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TABLE IV 
EFFECT of  ALCOHOLS ON STABILITY of  FERRIC OXIDE SOL TOWARD GAS BUBBLING 

Isopropyl alcohol Isobutyl alcohol n-Butyl alcohol 
Volume Iron Volume Iron Volume Iron 

per cent. of precipitated, per cent. of precipitated, per cent. of precipitated, 
alcohol added % alcohol added % alcohol added % 

0.0 10.0 0.0 3.4 0.0 30.4 
0.2 30.0 0.2 25.8 0.2 49.4 
1.0 28.1 0.4 28.0 0.4 67.3 
4.0 17.0 1 .O 17.0 1 .O 54.0 

2.0 9.0 2.0 47.2 
4.0 5.5 4.0 37.0 

Influence of Electrolytes on Coagulation by Gas Bubbles.-Investi- 
gations carried out by Sorum and Juddl0 in this Laboratory have shown 
that the specially purified sol used in this work may be coagulated by a 
lower concentration of electrolyte than ordinary ferric oxide sols. In  this 
investigation i t  has been shown that coagulation of this ferric oxide sol 
takes place in still lower concentrations of electrolyte when streams of gas 
bubbles are passed through the sol. Determinations were made of the 
minimum concentrations in millimoles per liter of various electrolytes re- 
quired to  cause complete coagulation of the sol during twenty hours of gas 
bubbling. The gas was passed through the tubes of sol a t  the rate of 0.29 
liter per minute. Complete coagulation was assumed to have taken place 
when after twenty hours' bubbling and ten minutes' centrifuging there 
remained less than 1% of the original iron of the sol in the supernatant 
liquid. In Table V this minimum concentration is called the "coagulation 
value." 

TABLE V 

COAGULATION VALUES FOR VARIOUS ELECTROLYTES 
Flocculation Flocculation 

Coagulation value Coagulation value 
Electrolyte value (Judd) Electrolyte value (Judd) 

NaCl 2 0 3.8 NazSO4 0.10 0.46 
KC1 4.0 13.0 KZSOI .30 .59 
BaCls 10 0 . . .  KzCrz0.r .375 .399 
MgClz 5.0 . . .  MgSG .10 . . . 
Th (Nod4 Above 300 . . . NaaPOa .025 . . . 
ThCla . . 395 0 .050 . . .  
AgNOa 10.0 47.0 lGFe(CN)e .05 .084 
NaNOs 2.5 56 0 K4Fe(CN)a .025 .033 
Al(N03)a 62.5 182.0 

The values given in the third column are the flocculation values, i. e., 
the concentrations of electrolyte required to cause complete coagulation in 
two hours without agitation, obtained by Judd in an investigation of this 
sol. It is obvious that the concentrations of electrolyte required t o  cause 
complete coagulation were uniformly lower when the sol was stirred with 

lo Judd and Sorum, THIS JOURNAL, 52, 2598 (1930). 
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gas bubbles than when it was a t  rest. The amount of gas bubbling applied 
in this experiment was sufficient to coagulate approximately 25% of the 
particles of the sol in the absence of electrolyte. The values given in the 
second column represent the additive effects of gas bubbling and addition 
of electrolyte, which accounts for their being uniformly lower than the 
flocculation values given in the third colamn. 

Coagulation Velocity.-Smoluchowskill developed the following equa- 
tion to represent the decrease in the number of particles of a sol during the 
process of coagulation 

n n  n = 
1 + 4rrDmn t 

where n is the total number of particles present a t  any time t, no is the num- 
ber originally present, D is the diffusion constant and r is the radius of 
the sphere of attraction of the particles. For the number of single particles 
present after a time t, the expression becomes 

or setting 4zDr = k the expression becomes 

Smoluchowski is of the opinion that the laws of rapid coagulation should 
also apply to the phenomenon of slow coagulation except that there should 
be inserted a factor in the above expression, representing the proportion of 
the collisions between particles which are fruitful in producing coagulation. 
Freundlich and Basu12 found that the decrease in the number of particles of 
copper oxide sol could be calculated from the Smoluchowski equation. 

Coagulation velocity curves have been obtained for this ferric oxide sol 
in the presence of various electrolytes a t  different concentrations. The 
curves obtained by using potassium sulfate in varying concentrations are 
shown in Fig. 1. Curves for other electrolytes were similar to these except 
that ions of higher valence caused more rapid coagulation as is shown by the 
results recorded in Table V. Values of k were obtained by using the 
Smoluchowski equation. The iron content of the supernatant liquid a t  
time t was assumed to be proportional to the number of single particles no. 
These values of k for arbitrarily chosen intervals of time are given in Table 
VI. 

It will be seen from this table that for low concentrations of electrolyte 
the coagulation velocity increases slowly with increasing electrolyte con- 
centration, but for higher concentrations the velocity increases rapidly. 
This is shown graphically in Fig. 2, where the log, of (k X 100) is plotted 
against the concentration of electrolyte. It is evident from this figure that 

l1 Smoluchowski, 2. physik. Chem., 92, 129 (1917). 
lZ Freundlich and Basu, ibid , 115, 203 (1926). 
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TABLS VI 

COAGIJLATION VELOCITY CONSTANTS $OR SOL CONTAINING KtSOr 
Values of k a t  &SO4 concentrations indicated 

Hours of concentrations given in millimols per liter 
agitation 0 0 0.02 0 04 0 06 0.08 0.10 

5 0 0126 0.014 0 014 0.018 0 045 0 29 
10 .012 ,014 ,015 .018 .055 .39 
15 012 ,014 ,015 ,019 .070 
20 ,013 .014 .015 ,020 .090 
25 .013 015 ,016 ,022 
30 ,013 ,015 017 .024 
40 ,015 ,017 ,020 .031 

for lower concentrations of electrolyte a linear relation exists between the 
concentration of electrolyte and the logarithm of the coagulation velocity 

Time in hours. 

Fig. 1.-Influence of potassium sulfate on the velocity of coagu- 
lation of Ierric oxide sols by gas bubbles. Coagulation velocity 
curves for: 1, sol alone; 2, sol containing 0.02 mml. per liter; 
3, 0.04; 4, 0.06; 5, 0.08; 6, 0.10. 

constant. This relation was expressed by Schalek and Szegvari13 in the 
form of the equation 

log, k = nc - 1 

where n and 1 are new constants. Freundlich and Basu12 found that this 
'3 Schalek and Szegvari, Kolloid-Z., 33, 326 (1923). 
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equation was valid for the coagulation of the copper oxide sol agitated by a 
mechanical stirrer. 

In an effort to gain some knowledge concerning the mechanism of this 
coagulation phenomenon a study was made of the influence of such factors 

as height of column, rate of bub- 
bling gas through the sol, size 
of bubble and others. The in- 

3.0 fluence of the height of the col- 
umn through which the gas was 
bubbled is shown in Table VII. 

A constant amount of gas was 
h 

0 0 passed through each of the four 
-' 2.0 tubes. I t  appears from these 
X 
54 data that the height of the col- - umn influences the amount of 
d 
S coagulation taking place only to 

the extent that it affects the vol- 
1.0 ume of liquid through which the 

gas passes. The total amount 
of sol coagulated in the above 
series was roughly proportional 
to the volume of sol present. 

Rate of Flow of Gas.-The 
0.02 0.04 0.06 0.08 influence of the rate at  which 

Concn. of K2S04, mml. per liter. the bubbles of gas were passed 
Fig. 2.-Relation between concentration of 
electrolyte and coagulation velocity constant. 

through the tube of sol is shown 
in Table VIII. 

These data indicate that up to a certain point increasing the rate of flow 
of the gas increases the rate at  which the sol is coagulated, but that beyond 

TABLE VII 
INFLUENCE OF HEIGHT OF COLUMN ON AMOUNT OF CO~~GULATION 

Height of Fe per liter after 
Sol, cc. column. cm. agitation by gas bubbles, g. 

140 45 2.25 
100 30 2.08 
60 15 0 95 
20 5 0 51 

TABLE VIII 
INFLUENCE OF TIXE RATE OF FLOW OF THE GAS ON IT9 COAGULATING ACTION 

Rate of flow in Fe precipitated by 1 liter Rate of flow in Fe  precipitated by 1 liter 
liters per hour of gas, g. liters per hour of gas, g. 

0.63 0 052 10.63 0 018 
1.06 .060 21.2 ,010 
2.51 .I04 31.8 .009 
6 80 035 
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this point a further increase in rate of gow causes a decrease in the co- 
agulating power of the gas. 

Size of Bubble.-Variations in the size of the bubble such as were 
produced by the use of tips ranging from 1 to 17 millimeters in diameter 
caused no appreciable difference in the rate of coagulation. 

Mechanical Agitation.-The sol was coagulated by any form of me- 
chanical agitation. Thus, shaking vigorously, either in the presence of air 
or in a tube from which the air above the sol had been removed, caused 
coagulation to take place a t  a rate approximately the same as with gas 
bubbles. Stirring with a glass stirrer in the absence of carbon dioxide 
caused coagulation. The same forms of coagulation velocity curves were 
obtained for stirring in this manner as when the bubbling method was used. 

Discussion of Results.-The coagulation phenomenon described in the 
preceding pages might appear to be caused by one or more factors, such as 
those mentioned in the introductory paragraphs of this article. The sug- 
gested causes of the coagulation mentioned are discussed below in the light 
of the experimental evidence presented. 

(1) Neutralization of the Charge on the Colloid by the Charge on the 
Bubble.-The work of a large number of investigators supports the view 
that bubbles of inert gases suspended in water are negatively charged. 
I,enard14 found that a t  the bottom of waterfalls the water or mist is posi- 
tively charged and the air through which i t  has fallen is negatively charged. 
Thomson, McLean and Galt15 and later Coehn and MozerL6 by means of 
the quadrant electrometer, measured the charge produced by bubbles of 
inert gases as they rose through water and solutions of electrolytes. Mc- 
Taggartn measured the charge on gas bubbles while they were immersed in 
a liquid by observing the rate of cataphoresis of small bubbles in water and 
solutions of electrolytes and non-electrolytes. He showed that  all the inert 
gases which came under his investigation carried in water a negative charge, 
but that the magnitude and even the sign of this charge might be changed 
by the addition of small quantities of electrolytes. Also, the charge could 
be lowered by the addition of small quantities of alcohols and other non- 
electrolytes which lower the surface tension of water. Undoubtedly the 
electric charges encountered in these two instances are not of identical 
origin, and any charge gained by the bubbles in the experiments carried 
out in this investigation must be attributed to the same cause as in the case 
of McTaggart's work. The results obtained by adding small quantities of 
alcohols to  the sol previous to coagulation, which are summarized in Table 
IV, indicate that the coagulation phenomenon here observed is not due 

l4 Lenard, Ann. Physik, [3] 46, 584 (1892). 
l5 Thornson, MtLean and Galt, Proc. Roy. Soc. (London), 57, 335 (1895). 
l6 Cvehn and Mazer, Ann. Physik, [4] 43, 1048 (1914). 
l7 McTaggart, Phil. Mag., [6] 27, 297 (1913); [6] 28,367 (1914); 44, 386 (1922). 
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primarily to a neutralization of the charge on the colloid by that on the gas 
bubble; for as McTaggart has shown, the addition of small proportions of 
alcohols to a liquid continually lowers the negative charge on a bubble of 
inert gas suspended in the liquid, which would decrease its power to co- 
agulate a positively charged colloid. In this investigation, however, the 
addition of small amounts of alcohols actually caused greater amount of 
coagulation, The influence of the charge on the bubble probably is over- 
shadowed by some other stronger factor. 

(2) Coagulation by mechanical agitation produced by gas bubbles, in 
spite of its apparent feasibility, is probably relatively unimportant. The 
bubbles used in this work were relatively large (average, 0.1 cc.) and moved 
through the sol rather sluggishly. Under these conditions definite flow 
portions would be set up in which both water and sol particles move in a 
direction governed by the resultant of forces acting on the various discrete 
portions produced by the haphazard agitation of the gas bubbles. In  
order for the agitation to produce the increased frequency and force of 
collisions necessary to cause coagulation, it would be necessary for the 
particles of one flow portion to meet those of another flow portion going in 
an opposite direction; but the only place where two oppositely directed 
flow portions can meet is at the edges where the particles are moving a t  a 
very slow rate in comparison with the rate nearer the center of the flow 
portion. Collisions between particles in the same flow portion are unlikely 
because all are moving in the same direction. 

The results obtained in the investigation substantiate the statements 
made above to the effect that mechanical agitation is not the chief factor 
in the coagulation phenomenon by gas bubbles. Thus variation in two 
factors which influence the intensity of agitation, viz., the height of the 
column and the rate of bubbling, failed to give proportionate variations in 
coagulation. In Table VII i t  is shown that the iron content of the super- 
natant liquid increased with the height of the column. It may appear from 
this that coagulation increased with decreasing height of column and, 
therefore, with increasing agitation, but when account is taken of the fact 
that  the volume of sol also increased with increasing height of column, it is 
apparent that approximately the same total quantity of sol was coagulated 
in each case. Again in Table VII the amount of coagulation decreases with 
increase in the rate of bubbling over most of the range. If coagulation were 
due primarily to mechanical agitation, increase in rate of bubbling would 
give rise to  increased coagulation. 

(3) Adsorption of the Colloid into the Interface Gas-Liquid with 
Consequent Concentration.-It is well known from the work of McTag- 
gart that bubbles of inert gases suspended in solutions of electrolytes adsorb 
on their surfaces the ions present in solution. In like manner colloids are 
adsorbed from dilute sols, such as those of thorium hydroxide. McTaggart 
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obtained experimental evidence of a relation between curvature of the sur- 
face of the bubble and its adsorptive power. Kenrick" long ago worked 
out the potential difference relations for the interface gas solution and 
found that adsorption of anions was the cause of the potential difference 
between the two phases. EIe also showed that the potential difference was 
independent of the nature of the gas. Numerous other references might be 
cited in support of the view that ions and colloid particles are adsorbed on 
the surface of gas bubbles. 

The phenomenon described above of the coagulaiion of a positively 
charged sol by gas bubbles might be attributed to adsorption a t  a gas- 
liquid interface as described above. We might picture the coagulation 
process as taking place in the following manner. The bubble in rising 
sluggishly through the sol adsorbs particles of colloid, carrying them to  the 
surface of the liquid where the bubble collapses. The concentration of 
colloid particles in the interface gas-liquid a t  the surface of the bubbles is 
greater than in the remainder of the liquid and when these bubbles burst 
there is formed a very thin layer of liquid containing a much higher con- 
centration of colloid particles. In these local areas a t  the upper surface of 
the sol, the concentration exceeds that at which the sol is stable and co- 
agulation takes place by ordinary kinetic methods. 

The data obtained in this investigation are in substantial agreement with 
the explanation of coagulation outlined above. Thus according to  this 
view we would expect all inert gases to have approximately the same co- 
agulating power, for the work of McTaggart and of Kenrick cited above and 
of Prumkinlg indicates that adsorption a t  the surface of gas bubbles and 
hence the charge 011 the bubble are independent of the nature of the gas. 
The values given in Table I1 for the relative effects of different gases in co- 
agulating the sol indicate that no wide differences exist for the inert gases. 
Gases exerting a chemical action come under a different category and un- 
doubtedly show wide differences in their action toward this sol such as are 
shown in Table V to exist for electrolytes. The fact that the gas loses none 
of its coagulating power in passing through a series of tubes shown by the 
data in Table I11 would be expected as a result of the proposed mechanism 
of coagulation. 

The effect of alcohols on the coagulation of ferric oxide by gas bubbles is 
similar to their effect on coagulation by electrolytes, i. e., small quantities 
cause increased coagulation while larger amounts cause stabilization. Ex- 
planations offered for this anomalous effect of alcohols are not wholly con- 
cordant. In  case of coagulation by gas bubbles the first small addition in- 
creases coagulation probably by increasing the size of the bubble and hence 
the adsorbing surface due to the decrease in surface tension of the liquid 

l8 Kenrick, Z. physik. Chem., 19, 625 (1896). 
lg Frumkin, ibid.,  109, 34 (1924). 
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caused by t5e addition of the non-electrolyte. Further addition of alcohol 
while lowering the surface tension still more decreases the specific adsorp- 
tion of the liquid-gas interface and in this manner decreases the amount 
of colloid carried to the surface to become coagulated. 

In case of coagulation by gas bubbles in presence of small quantities of 
electrolytes, the colloid is sensitized by the electrolyte and coagulation 
takes place in the same way as outlined above. We also should expect 
coagulation to take. place at  a lower electrolyte concentration when gas 
bubbles are passed through than when they are not. The coagulation 
values given in Table V indicate the additive effect of electrolyte and co- 
agulation by adsorption on the gas bubbles. 

The data obtained in studies on velocity of coagulation support the view 
that the relation of Smoluchowski, which was originally developed for a sol 
a t  the isoelectric point, holds also for this sol which still has considerable 
charge on its particles. Freundlich and Basu12 have shown that copper 
oxide sol when agitated by a glass stirrer coagulates in such a way as to 
follow the Smoluchowski equation. The velocity constants given in Table 
VI for coagulation of ferric oxide in presence of small quantities of potas- 
sium sulfate are undoubtedly larger than would have been obtained with 
no gas bubbling and with the same electrolyte concentration since the 
coagulation process is the combined effect, first, of lowering of zeta-poten- 
tial by the electrolyte and thus increasing the frequency of collision of the 
particles and, second, of adsorption of the particles in the gas-liquid inter- 
face and subsequent concentration of the sol particles at  the surface of the 
liquid. 

Mechanical agitation such as shaking and stirring causes the formation 
of large areas of gas-liquid interface on which temporary adsorption and 
concentration of particles beyond the limits of stability take place and in 
this way bring about coagulation. 

Summary 

1. Experiments have been carried out on the coagulation of ferric oxide 
sol by the following gases: oxygen, nitrogen, hydrogen, air and carbon 
dioxide. 

2. The influence of various electrolytes and non-electrolytes on the 
coagulation by air bubbles has been determined. 

3. Coagulation velocity studies have been made and the Smoluchowski 
equation for rapid coagulation found to hold. Also, the relation of Schalek 
and Szegvari was found to hold over a limited range of concentration of 
electrolyte. 

4. An explanation concerning the mechanism of the coagulation process 
has been offered and discussed in the light of the data obtained. 

MADISON, WISCONSIN 
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"Ion cluster" mechanisms, postulated for reactions taking place under 
alpha particle bombardment, could not explain the hydrogen-chlorine 
rea~ t ion .~  Here the secondary step was an atomic chlorine chain, as in the 
corresponding photochemical reaction.* Inasmuch as no other photo- 
chemical chain reactions had ever been studied under alpha particle bom- 
bardment, such a comparison seemed timely, to ascertain how generally a 
chain mechanism, instead of ion clustering, might succeed the initial 
process of alpha particle ionization. The criterion for such a chain process 
would be a large number of molecules reacting per ion pair produced, and 
this, in turn, should be compared with the corresponding photochemical 
yield. 

This was done for the reactions of (1) the hydrogen-chlorine com- 
b i n a t i ~ n , ~  and (2) the synthesis of phosgene from carbon monoxide and 
~ h l o r i n e . ~  The reader is referred to the citations, where experimental 
methods and results for these two reactions under both light and alpha 
radietions are discussed in detail. 

(3) The Chlorination of Benzene.-c. P. benzene saturated with 
chlorine was sealed in a tube together with a thin capillary containing 
a known amount of radon. Nitrogen was bubbled into the tube before 
sealing, although the benzene still contained a certain amount of dissolved 
atmospheric oxygen which was not removed. The tube was shaken rno- 
mentarily to break the capillary, which distributed radon throughout the 
solution, and it was then allowed to stand in the dark for several hours, by 
which time all of the chlorine had reacted. Blank runs were likewise made. 
The formation of hexachlorobenzene was measured by titration of the free 
chlorine with standard thiosulfate solution6 a t  the beginning and conclusion 
of a run. A typical run with 0.0046 curie of radon gave 1.4 millimoles of 
chlorine in 20 cc. of benzene reacted in one hour. This represents a total 
of 6.06 X 1020 (= the number of chlorine rnoIecules in one rnillirnole of 

I am indebted to Professor S. C. Lind for his kindly interest and helpful sugges- 
tions during this research. 

National Research Fellow. 
S. C. Lind, "The Chemical Effects of Alpha Particles and Electrons," The 

Chemical Catalog Co., New York, 1928, American Chemical Society Monograph No. 2, 
2d ed., p. 139. 

S. C. Lind and R. S. Livingston, TIIIS JOURNAL, 52, 593 (1930). See also F. 
Porter, D. C. Bardwell and S. C. Lind, ibid., 48,2603 (1926). 

H. N. Alyea and S. C. Lind, ibid., 52, 1853 (1930). 
A. Slator, 2. physik. Chem., 45,540 (1903). 
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chlorine) X 1.4/60 X 60 X 3 (since three chlorine molecules src consumed to 
give one molecule of hexachlorobenzene) = 7.9 X 1016 molecules formed 
per second = M. While Rn and RnA attain equilibrium quickly and had 
exerted practically full ionizing activity during the one-hour reaction 
period, Rae '  was able to contribute only about 15% of the ionization i t  
normally causes a t  equilibrium. This effect is allowed for by assuming 
only 2.15 instead of 3.0 sets of alpha particles from the original radon. 
Using these values, N = the number of alpha particles per curie of radon X 
radon concentration in curies X the number of ions produced by one alpha 
particle = (2.15 X 3.72 X 101°) X (0.0046) X (2.37 X lo5 X 1.30), assum- 
ing the specific ionization of the mixture to be 1.30; or N = 1.1 X 1014. 
Therefore 

M C ~ H ~ C I ~  
= 7.9 x i016/1.1 x 1014 = 720 

NcCH~C~~ + C6H6 f CIZ 

I n  similarly conducted experiments by Luther and Goldberg, a minimum 
photochemical chain length of 75 is indicated by the fact that the photo- 
chemical rate is that many times slower in the presence of oxygen, an in- 
l~ibi tor .~  Prom the nature of the induction period which they obtained, i t  
can be conjectured that the actual photochemical chain length is probably 
rather large, although no definite value can be assigned to it in this note. 

(4) Oxidation of Sodium Sulfite in Solution.-The photochemical 
measurements have been previously described8 and consisted in shaking 
20 cc. of 0.6 molar aqueous sulfite solution in a bottle filled with oxygen. 
The sulfite disappearing was determined titrimetrically a t  the end of the 
shaking period. For the alpha-particle reaction the experimental proce- 
dure was identical, but in addition a thin capillary containing a known 
quantity of radon was placed in the sulfite solution. Immediately upon 
beginning to shake, the capillary broke and distributed the radon 
throughout the system. In the absence of radon 1.40 millimoles of sodium 
sulfite oxidized in five minutes; 0.0043 curie of radon increased the rate 
0.20 millimole. The calculation of M / N  carried out as above for the 
chlorination of benzene yields a chain length greater than 5000 molecules 
per ion pair produced. 

Exponentially following each yield in the table is a reference to the origi- 
nal source of the value quoted. The yield 200,000 has no great significance 
in itself, since it depends on the purity of the gases. Of greater importance 
is, that  simultaneous measurements on the same gas mixture give a ratio 
of M/N:M/hv of 1:l. The same ratio is also obtained for the phosgene 
synthesis. Here, an additional factor makes the absolute value of 5000 
of still less importance: the yield depends on the intensity of the radiation, 
and under more favorable conditions has been as high as 85,000 molecules 

R. Luther and E. Goldberg, 2. physik. Chem., 56, 43 (1906). 
H. N. Alyea and H. J. Backstrom, THIS JOURNAL, 51, 90 (1929). 
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TABI,E I 

RESULTS OF EXPSRKMENTS 
Calculation o f  M / N  N/hu 
M / N  values on Alpha light 

Reaction studied the basis of reaction reaction 

( I )  H, + C1, ---+ 2HCl M ~ C I / N H %  G I %  2 0 0 , 0 0 0 ~ 0 0 , 0 0 0 ~  
(2) CO $ Clz --+ COClz Mrocl,/Nco t ci, Ei,O0O6 5,0006 
(3) C6H6 (liq.) + 3Clz --+ 

~ e , ~ e C l ~  M C ~ H ~ C ~ , / N C ~ B ~ C I ~  + CI, i- C*,HO > 700' large7 

(4) NalSO? (soln.) + l /z  O2 + 
NasSOa J J R ~ ~ ~ o ~ I N H ~ o  + X ~ , S O ~  + xapso4 > 5,000' 100,0008 

M /  N = number of molecules formed per ion pair produced. 
Nlhu = number of molecules formed per quantum absorbed. 

per ion pair. The values 700 and 5000 are only semi-quantitative, the 
impurities in the materials and experimental errors being much greater in 
the alpha-particle runs. For this reason, the M / N  values have been calcu- 
lated for Reactions 3 and 4 by assuming that all cluestionable factors are 
operating in that direction which would lead to shorter chains. Thus, in 
calculating N, i t  is assumed that ionization not only of the reactants, but  of 
the products as welllo leads to reaction. The A4/N value so derived repre- 
sents a minimum chain length; more accurate determinations with care- 
fully purified materials might give a much  large^ yield per ion pair (and un- 
doubtedly would), but certainly no snzaller. 

The results point undeniably to the fact that in these four photochemical 
chain reaction, alpha-particle bombardment gives rise to chains instead of 
ion cluster reactions. No doubt many other photochemical chain reactions 
would give analogous results, and we wish in particular to emphasize this 
as another method for the identification and study of chain reactions. 

Values taken from data in this paper. 
10 Compare the decomposition of hydrogen iodide in aqueous solutions by radon, 

S. C. Lind, Le Radium, 8, 289 (1911); and by p- and -prays, Kailan, Sifzb. Akad. JYiss. 
Wien, 121, 1351 (1912). 
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THE DECOMPOSITION OF MALIC ACID BY SULFURIC ACID 

Although Dobereinerl showed that carbon monoxide resulted from the 
decomposition of malic acid by concentrated sulfuric acid, it remained 
for v. Pechmann2 to demonstrate that the reaction was quantitative and 
that a-pyrone-0'-carboxylic acid was also formed in accordance with the 
equations 

HOOCCHL!HOHCOOH -4 CO + Hz0 + HOOCCHsCHO 

then 
CHO 

I C 
2 c H 2  -+- 8 \ C c o o H  

I I II + 2Hz0 
COOH O=C CH 

Whitford3 studied this reaction quantitatively, and found that it was an 
apparent first-order reaction, had a very high temperature coefficient and 
was inhibited by sodium, potassium and silver sulfates, acetic acid and 
dimethylpyrone. This investigator proposed an explanation for the mecha- 
nism of the reaction by postulating an unstable intermediate addition 
compound between malic and sulfuric acids, while the action of inhibitors 
was explained on the basis of a theory of negative catalysis formulated by 
Tay10r.~ It was suggested that an inhibitor such as dimethylpyrone, for 
instance, was effective because it combined with the sulfuric acid and so 
prevented the latter compound from taking part in the reaction. 

The present investigation was undertaken with the object of making 
a study of the action of several more inhibitors a t  different temperatures 
and a t  more than one concentration in order to obtain the temperature 
coefficients of the inhibited reaction, which, in turn, might be used in 
gaining an insight into the mechanism of the inhibition. 

Experimental 
Preparation and Purification of Materials 

Malic Acid.-Inactive malic acid obtained from Kahlbaum was used after being 
dried a t  75' at a pressure of 2 mm. of mercury. The acid melted a t  130.8' (con.). 

Sulfuric Acid. -One hundred per cent. sulfuric acid was prepared by adding C.  P. 

95% sulfuric acid to  a given quantity of fuming sulfuric acid until the resulting solution 
melted a t  10.42', a value which was in good agreement with tha t  obtained by other 

1 Dobereiner, J. fzir Chem. Phys., 26, 276 (1819). 
2 V. Pechmann, Ber., 17,936 (1884). 

Whitford, THIS JOURNAL, 47, 953 (1925). 
4 Taylor, J. Phys. Clsem., 27, 322 (1923). 
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investigators. A chemical analysis was also made by dissolving samples weighed 
by means of a weighing pipet in water and precipitating as barium sulfate. Two de- 
terminations gave 100.08 and 100.15% of sulfuric acid. 

Phenol.--c. P. phenol (Mallinckrodtf was twice redistilled. The fraction which 
boiled at  182" (corr.) was used. 

pCreso1.-p-Cresol labeled "practica~" (Eastman) was twice redistilled. The 
fraction which boiled a t  201 " (corr.) was employed. 

Phosphoric Acid.-Pure crystalline orthophosphoric acid was used which melted a t  
42.3 ". This acid was prepared by Mr. A. Weber in this Laboratory. 

The other substances, which were the purest obtainable from reliable sources, 
were carefully dried before being used. The ethyl alcohol was dehydrated by calcium 
oxide in the usual manner. Acetophenone was redistilled. All of the solids with a 
melting point above 75' were dried a t  that temperature under a pressure of 2 mm, of 
mercury except benzophenone, which was dried a t  35' at  this pressure. All of the sub- 
stances used were preserved in desiccators over phosphorus pentoxide. 

Apparatus and Met hod of Procedure 

The speed of the decomposition of maIic acid by sulfuric acid was followed by 
measuring the volume of carbon monoxide which was evolved in various time intervals. 
The apparatus, including the mechanical agitator, reaction flasks and burets was identi- 
cal with that used in a study of the decomposition of triphenylacetic acid by sulfuric acid 
and has been described in detail in another comm~nication.~ In  each decomposition a 
50-mg. sample of malic acid was decomposed in 10 cc. of sulfuric acid. This amount 
liberated about 9.51 cc. of carbon monoxide at  30 ' and 732.5 mm. 

Solutions of various substances in 100% sulfuric acid were prepared by adding 
definite weights of the solutes to 50-cc. tightly stoppered Erlenmeyer flasks into which 
were weighed calculated quantities of 100% sulfuric acid. In cases where the solutes 
were hygroscopic, they were weighed into the flasks by means of either a weighing bottle 
or a weighing pipet. 

Results 

Decomposition by One Hundred Per Cent. Sulfuric Acid.-In accord- 
ance with Whitford's3 results, the data obtained by measuring the volume 
of carbon monoxide evolved a t  various intervals of time when substituted 
in the equation for a monomolecular reaction, K = (2.303/t) log [a/(a - 
x ) ] ,  gave constant values of K for any one decomposition. The first 
reading was usually taken after approximately 20% of the malic acid had 
been decomposed. This was necessary in order to allow the malic acid to 
first dissolve in the sulfuric acid. The carbon monoxide in cc. evolved 
between the first reading and the end of the reaction was substituted for a 
in the equation and the volume from the initial reading to that  a t  time t 
as X. 

The value of the velocity constant was constant until the reaction was 
80-90yo complete, after which k had the tendency to decrease. The 
values of K X lo3 obtained in a typical decomposition were: 30.6, 31.2, 
31.1, 31.2, 30.8, 30.7, 30.5, 30.6, 30.6, 30.4, 30.2, 30.4. These constants 
were calculated from the data obtained between 27 and 83% of the 

Dittmar, J. Phys. Chem., 33, 533 (1929). 
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reaction. The value of the velocity- constant for any particular decornpo- 
sition was taken as the average value of K X lo3 between 25 and 70% of 
the reaction. In order to conserve space, only the mean value of the 
velocity constant is given in the subsequent tables rather than all of the 
data obtained from one decomposition. In studying the speed of de- 
composition under a given set of conditions, duplicate or more runs were 
always made, and the value of the velocity constant reported in the tables 
represents the average of the determinations. The check decompositions 
usually did not differ by more than 3%. 

The absolute values of K were found to be somewhat higher than those 
obtained by Whi t f~rd .~  For instance, K X lo3 was found to be 11.1, 47.1 
and 182.0 for 20, 30 and 40°, respectively, whereas Whitford obtained 
values of 7.6,25.7 and 106.0 for the same temperatures. This discrepancy 
may have been caused by a slight difference in the experimental procedure. 
I n  this investigation the solid malic acid, contained in a small glass capsule, 
was introduced directly into the sulfuric acid a t  the moment agitation of 
the reaction flask was begun; while in the other case the malic acid was 
first dissolved in the sulfuric acid, after which samples were pipetted into 
the reaction flasks and allowed to stand in the thermostat for about fifteen 
minutes before the experiment was begun. However, the temperature 
coefficient between 30 and 40' checks the latter's value quite well although 
the temperature coefficient between 20 and 30' is somewhat higher. 
These results are given in Table I. 

TABLE I 
EFFECT OF TEMPERATURE UPON THE RATE OF DECOMPOSITION OF MALIC ACID BY 100% 

SULFURIC ACID 

Temp, 'C .  K X 103 Temp. coeff. Crit increment 

20 11.1 
4 24 25,510 

30 47.1 
40 (calcd.) 182 0 3.86 25,480 
25 23 8 

3.92 25,000 
35 93 2 

The speed of the decomposition a t  40' was so great that reliable data 
could not be obtained. The value of K X lo3 a t  this temperature was 
obtained by extrapolation from the curve obtained by plotting temperature 
against the logarithm of K X lo3. This curve was a straight line from 
which the velocity constant a t  40° was easily obtained. 

The Effect of Various Substances upon the .Reaction Rate.-The 
speed of the decomposition of malic acid was determined after Garious 
substances had first been dissolved in the sulfuric acid. All of the sub- 
stances studied were found to $hibit the reaction. The effect of nine 
solutes was determined a t  two concentrations and a t  three different tem- 
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peratures in order that the effect of the inhibitor upon the temperature 
coefficient could be observed. The results are summarized in Table 11. 

TABLE 11 
EFFECT OF SOLUTES ON THE RATE OF DECOMPOSITION OF MALIC ACID B Y  SULPTIRIC ACID 

Molality, 0 25 
K X 103, K X 108, K X 103, X lo', 300 Crit. K X  l o 3 3  *0° Cdt ,  

Solute 20 O 30° 40- K X 108,20° increment I< X los, 30' increment 

Ammonium sulfate 3 04 13 9 60.4 4 58 26,870 4 33 27,640 
Phenol 3.88 19.8 85.7 5 10 28,770 4.33 27,640 
p-Cresol 3 71 18.3 78.3 4 95 28,240 4 27 27,380 
Coumarin 5.68 23.5 103 4.14 26,090 4.39 27,900 
Benzophenone 5 35 22.5 94 0 4 22 25,670 4.18 26,980 
Benzoic anhydride 0.336 1.60 8.02 4.76 27,550 5.01 30,400 
Ethyl alcohol 0 17 30 4 126 4.93 28,170 4.14 26,800 
Benzoic acid 5.46 24.0 101 4 39 26,120 4.22 27,160 
Phosphoric acid 5.60 25.7 107 4.58 26,870 4.16 26,890 
Acetophenone 5.63 24.8 100 4 41 26,200 4.03 26,900 
Triphenylcarbinol 16.6 
m-Nitrophenol 31.3 
o-Toluic acid 21 0 
Crotonic acid 24.9 

Molality, 0 50 
K X 0108, K X 103, K X 103, KX103, 300 Crit. KX103, 400 Crit 

Solute 20 30' 40' K X 103,20° increment K X 103, 30° increment 

Ammonium sulfate 1 33 6.18 27.6 4.64 27,100 4 47 28,240 
Phenol 1 64 8 06 38.1 4.91 28,100 4.73 29,310 
p-Cresol 1.59 8.10 35.8 5 08 28,670 4 42 25,030 
Coumarin 3.20 13 9 61 8 4.34 25,920 4 44 28,120 
Benzophenone 3 19 13 3 56 7 4.17 25,220 4.26 27,340 
Benzoic anhydride 0 47 2 44 5 19 31,060 
Ethyl alcohol 3.77 17.8 72.3 4.72 27,400 4 07 26,470 
Benzoic acid 3 25 14 1 59 7 4 35 25,960 4 22 27,160 
Phosphoric acid 3 56 16.3 69.9 4.58 26,870 4 29 27,470 
Acetophenone 3.39 15.8 63.0 4.66 27,170 3.98 26,050 
Triphenylcarbinol 6.30 
Crotonic acid 15 2 

Most inhibitors increase the critical increment slightly although cou- 
marin, benzophenone and benzoic acid have practically no effect a t  the 
lower concentration. Benzoic anhydride, which has the greatest effect on 
the critical increment, is the most pronounced inhibitor. The temperature 
coefficient of the inhibited reaction decreases, within the limit of experi- 
mental error, with increase of temperature. The temperature coefficient 
of the reaction inhibited by benzoic anhydride at molality 0.25 increases 
from 4.76 to 5.01. This difference is slightly outside the limit of experi- 
mental error. Increase of concentration of the inhibitors from molality 
0.25 to 0.50 either slightly increases or does not affect the critical increment. 
The critical increments were calculated from the Arrhenius equation 
d In k /dT  = E/RT2. 
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The concentrations of the inhibitors were plotted agzinst the logarithms 
of the velocity constants at  each of the temperatures a t  which the decom- 
position was studied. The curves so obtained deviated slightly from 
straight lines. Four typical curves are given in Fig. 1. 

Compound Formation between Malic and Sulfuric Acids.--In dis- 
cussing the possible mechanism of the decomposition of malic acid by sul- 
furic acid, Whitford postulated the formation of an unstable molecular 
compound between the two acids. This addition product was then as- 

sumed to decompose into 
water, carbon monoxide, a- 
pyrone-P'-carboxylic acid, 
and the original sulfuric acid. 

In this investigation evi- 
dence for the existence of such 
a molecular complex was ob- 
tained. Knox and Richards6 

showed that it was possible to 
demonstrate the formation of 
molecular addit ion com- 

pounds tion by between determining acids the in solu- solu- 

bility of one acid a t  a partic- 
ular temperature in solutions 
of increasing concentration of 
the second acid. In cases of 
compound formation the solu- 
bility of the acid a t  first di- 

o 

1.55 

1.35 

5 
X 
k 
2 1.15 
GI 

0.95 

0 7 5 .  
0 0.25 0.50 minished with increasing con- 

Molality of solute. 
centration of the solvent acid 

Fig. 1.-Effect of phosphoric acid, 1, coumarin. 
2, phenol, 3, and ammonium sulfate, 4, on the re- in accordance with the effect 
action rate a t  300. of a common ion; but as the 

concentration of the solvent 
acid became greater, this influence was offset by the second influence, 
namely, compound formation between the acids, and the solubility of the 
solute acid then increased in proportion to the increase of concentration of 
the solvent acid. In cases where no compounds resulted, the solubility of 
the first acid continually decreased. 

In accordance with this method the solubility of malic acid was deter- 
mined in aqueous solutions of sulfuric acid of different concentrations. 
The concentrations of the sulfuric acid solutions were determined by 
titration with a standard solution of sodium hydroxide, after which they 
were saturated with malic acid at  about 35' in tightly stoppered glass flasks 

Knox and Richards, J. Chem. Sac., 115, 508 (1919). 
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SOLUB~ITY OF MALIC ACID IN AQUEOUS SOLUTIONS OI? SULFURIC ACID 

Normality of Normality of Normality of Normality of 
sulfuric acid malic acid sulfuric acid malic acid 

0.000 11.21 19.08 3.568 
4.212 8.045 23.54 5.005 
9.416 5.451 25.26 6.071 

14.00 3.568 28.44 7.090 

which were supported in a mechanical agitator. The temperature was 
decreased to 30" and after equilibrium had been established the solutions 
were filtered rapidly a t  30° through a Gooch crucible. The total acidity 
of aliquots of the filtered solu- 

Discussion of Results 

Since data pointing to the actual existence of an intermediate compound 
between sulfuric and malic acids have been obtained, the assumption that 
the decomposition is affected through the decomposition of such a molec- 
ular complex does not appear unlikely. The reaction can be represented 
as taking place in the following way 

- 

/" 

tion was then determined by 
15 

titration with the standard al- 
kali, and the sulfuric acid pres- . 
ent in the solution was deter- $ : mined gravimetrically as barium r;. 

sulfate. The malic acid content 
C 

was calculated by difference. 0 
h 

In all the titrations phend- 

The velocity of the decomposition of the malic acid will then be propor- 
tional to the concentration of the molecular complex, which in turn will be 
dependent upon the effective concentrations of malic and sulfuric acids. 

lo:\ 

phthalein was used as an indi- 8 5 
cator. 2 

The results are tabulated in 
Table 111, in which the concen- 
trations of both acids are ex- 

L o - o  > O  

pressed in terms of normality. 0 10 20 30 
Normality of sulfuric acid. 

These data are plotted in Fig. 
Fig. 2.-Solubility of malic acid in aqueous 

2 and furnish evidence for the solutions of sulfuric acid. 
existence of a molecular addi- 
tion compound between malic and sulfuric acids. 
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Action of Inhibitors 
Whitford postulates that sodium, potassium and silver sulfates, acetic 

acid and dimethylpyrone inhibit this decomposition because these com- 
pounds form molecular complexes with the sulfuric acid, thereby decreasing 
the active concentration of the latter and preventing it from reacting with 
the malic acid. In the present investigation all the inhibitors except phos- 
phoric acid and ethyl alcohol have been shown to form molecular addition 
compounds with sulfuric acid.7v889 McIntosh1° has isolated an equimolec- 
ular addition compound between ethanol and nitric acid, but did not ob- 
tain a similar result with sulfuric acid, because a t  the low temperatures 
which were employed, the sulfuric acid became extremely viscous. It 
seems reasonable to suspect that sulfuric acid would show the same ten- 
dency toward compound formation with ethanol that nitric acid does. 

These facts might be interpreted as substantiating the view that the 
inhibitors function by combining with the sulfuric acid, as postulated by 
Whitford, were it not that phosphoric acid inhibits the decomposition 
even though it has not been shown to form an addition complex with 
sulfuric acid. 

The concentration of sulfuric acid was very much greater than that of 
the malic acid or the solute. When the molality of the inhibitor was 0.25, 
each reaction flask contained approximately 500 molecules of sulfuric acid 
and 12 molecules of inhibitor for every molecule of malic acid. In other 
words, there were forty molecules of sulfuric acid for every molecule of 
inhibitor. Granting that inhibition is affected by combination of sulfuric 
acid with the solute, it is difficult to conceive that such a small concentra- 
tion would so profoundly affect the reaction velocity. On the other hand, 
sulfuric acid is a very highly associated liquid. Aston and Ramsayll 
have shown that sulfuric acid which corresponds to the formula (H~SO~),Z.- 
H20  has a formula of (H2S04)32 at  room temperature. If such a large 
molecule is the active reagent, then the molecular concentration of in- 
hibitor to associated sulfuric acid would be about equal and such an 
explanation of inhibition could be possible. 

The retardation of the reaction rate by a solute can be more satisfac- 
torily explained by assuming that the solute reacts with the malic acid to 
form a molecular complex, the formation of which decreases the active 
concentration of the malic acid and so diminishes the concentration of the 
unstable sulfuric-malic acid complex and hence the decomposition rate. 

The reactions may be represented in the following way 
Kendall and Carpenter, THIS JOURNAL, 36, 2498 (1914). 
Kendall and Landon, ibid., 42, 2131 (1920). 
Dittmar, J. Phys. Chem., 33, 547 (1929). 

lo McIntosh, THIS JOURNAL, 27,1013 (1905). 
l1 Aston and Ramsay, J. Clzem. Soc., 65, 167 (1894). 
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&So4 t + Inhibitor HzSO~.Inhibitor + 1 
CIHBOS I + Inhibitor CdHeOs.Inhibitor 

C~H~O~.HZSOI --+ H2SO* + CO + Hz0 + CHOCHzCOOH 

The last mechanism appears more plausible than the first, particularly 
since the molecular concentration of malic acid is one five-hundredth that  
of sulfuric acid, for then the effect of removing some of the malic acid by 
compound formation with the inhibitor would be very much more pro- 
nounced on the concentration of the unstable intermediate (C4H605.H2S04) 
than would the removal of some of the sulfuric acid. 

An attempt to show the existence of some molecular compounds of malic 
acid with phenol, p-cresol, and benzoic anhydride was undertaken by Miss 
Irene D. Anderson in this Laboratory by making temperature-concentra- 
tion studies of the two-component systems. In the systems malic acid- 
phenol and malic acid-p-cresol no reliable data were obtained due to  
critical solution effects. In the system malic acid-benzoic anhydride 
decomposition took place, although the curve began to form a definite 
maximum indicating compound formation. 

Since benzoic anhydride forms a molecular compound with malic acid, 
it should have a marked inhibitory effect upon the reaction rate. It can be 
seen from Table I that this substance is the most effective negative catalyst. 

Kepfer12 using the solubility method of Knox and Richards has shown 
that malic and phosphoric acids form an addition compound. This fact 
will explain the inhibitory power of phosphoric acid, which has not been 
shown to unite with sulfuric acid. 

The lowering of the freezing point of 100% sulfuric acid produced by 
each inhibitor, a t  the two concentrations employed in the decomposition 
experiments, was determined in an attempt to correlate the freezing point 
depression of a solute with its power as an inhibitor. The results were so 
irregular that no relationship between these properties was found. 

The effect of temperature upon the rate of the inhibited reaction is, 
as already stated, dependent upon the inhibitor used, although all the in- 
hibitors increase the temperature coefficient. Granting that inhibition is 
affected through compound formation of the inhibitor with malic or even 
to some extent sulfuric acid, the effect of temperature upon the reaction 
rate will be determined by the change in the equilibrium constants in the 
two following reactions: 

HzS04 f Inhibitor H2S04.1nhibitor 
C4HeOa + Inhibitor C4HeOrInhibitor 

Other than the fact that the first reaction is accompanied, in the case of 
most inhibitors, with the liberation of heat, the equilibrium constants or 

l2 Walton and Kepfef, J. Phys. Chenz., 34, 543 (1930). 
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the heats of reaction of the above reactions are not known, and the effect of 
temperature cannot be accurately predicted. The temperature coefficients 
of the inhibited reaction a t  present do not seem to be as much help in the 
solution of the mechanism of the in

hi

bition as had been anticipated. 

Summary 
1. The velocity of the decomposition of malic acid by sulfuric acid has 

been measured in the presence of nine different solutes, all of which retarded 
the reaction velocity, at  two concentrations and three different tempera- 
tures. 

2. Solubility measurements of malic acid in aqueous sulfuric acid solu- 
tions of different concentrations point to the existence of a molecular 
addition compound between the two, which strengthens the assumption 
previously expressed by Whitford that the first step in the decomposition 
of malic acid by sulfuric acid consisted of molecular compound formation. 

3. The logarithm of the velocity constant of the inhibited reaction in 
most cases is not an exact linear function of the concentration of the in- 
hibitor. 

4. The critical increment of the reaction is in most cases only slightly 
increased by the inhibitor. 

5. Although all of the inhibitors used, except two, form molecular 
compounds with one of the reactants of this decomposition-sulfuric acid- 
the mechanism of the inhibition can be satisfactorily explained, for some 
solutes, a t  least, by the formation of addition compounds between the in- 
hibitor and malic acid. 

THE DETECTION AND ESTIMATION OF SMALL AMOUNTS OF 
LITHIUM 

Due to the fact that lithium salts in general are freely soluble in a variety 
of solvents, few precipitation reactions for lithium are known. Of these 
none are suitable for the detection and quantitative estimation of very 
small quantities of this element. It has been found that a relatively sensi- 
tive reaction for lithium may be based upon the fact that lithium stearate, . 
in contrast to  the stearates of the other alkali metals, is relatively insoluble 
in certain organic solvents. Unfortunately this reaction cannot be applied 
in aqueous solutions due to hydrolytic effects, nor can it be used in dilute 
or concentrated solutions of ethyl alcohol by reason of the solubility of the 
lithium soap in this solvent. Amy1 alcohol was found to be the most con- 
venient medium to use. In the practical qualitative qr quantitative appli- 
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cation of this reaction, the lithium chloride is extracted from the mixture 01 
alkali chlorides with amyl alcohol and a reagent is used which consists of a 
solution of ammonium stearate in this alcohol. 

Preparation of the Reagent.--The ammonium stearate required for 
this reagent is conveniently and rapidly prepared by passing dry ammonia 
gas into a solution of stearic acid in ether according to McMaster'sl 

method for preparing the ammonium salts of the higher fatty acids. In 
practice a 1.6 to 2,00/0 solution of pure stearic acid in ether should be used 
and a rapid current of ammonia gas passed in until no further precipitation 
takes place. During the process, which only takes ten to fifteen minutes 
with a liter of stearic acid solution, ether should be added from time to  time 
to replace that lost by evaporation. Without this precaution the mixture 
becomes pasty and difficult to handle. After precipitation is complete, 
the mixture is poured upon a large glass tray or dish and when the ether has 
evaporated the material is ready for use. The reagent proper is made by 
dissolving the powdered ammonium stearate in warm amyl alcohol a t  the 
rate of 2 g. for each 100 cc. of the solvent. The amyl alcohol should not be 
heated above 50° since at  higher temperatures the ammonium stearate is 
more or less rapidIy decomposed. On cooling to room temperature the 
reagent is ready for use. This reagent is a nearly saturated solution of 
ammonium stearate in amyl alcohol. I t  should be freshly prepared since 
it was found that these ammonium stearate solutions evolve ammonia on 
standing and become useless for reagent purposes in the course of a few 
days. Amy1 alcohol solutions of sodium or potassium stearate were found 
less satisfactory as reagents due to the lower solubility of these soaps in 
this solvent. 

Experimental Part 

General Technique.-The standard solution of lithium chloride used 
was checked by pipetting out 50-cc. portions and determining the lithium 
content of these by evaporating with sulfuric acid and weighing as the sul- 
fate. In the experiments where lithium alone was present, measured por- 
tions of standard solution were acidified with dilute hydrochloric acid to 
prevent hydrolysis of the salt, and evaporation to dryness was conducted 
over a very low burner flame or over the steam-bath. The residual lithium 
chloride was then dissolved in a measured volume of warm amyl alcohol 
and, after allowing the solution to cool to room temperature, the reagent 

' 
was added and the solutions mixed in the usual manner. It was found that 
agitation had little or no effect in promoting the separation of the lithium 
stearate, but it was essential to use the solutions at room temperature, due 
to the appreciable solubility of the soap in warm amyl alcohol. In  those 
experiments where the lithium chloride was mixed with large proportions 

McMaster, THIS JOURNAL, 36, 1918 (1914). 
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of sodium and potassium chlorides, the aqueous solutior, of Lhe salts was 
evaporated in the same manner and the residue was extracted three or four 
times with portions of hot amyl alcohol. These extracts were then evapo- 
rated to the proper volume and the final solution obtained by pipetting or 
filtering it off from the small amounts of sodium or potassium chlorides 
that had separated during the concentration. 

Qualitative Experiments.--The first experiments conducted qualita- 
tively were with amounts of lithium approximating 0.001 g. In all of 
these cases precipitation was almost instantaneous and the precipitate was 
so large in amount and volume that the mixtures set to a semi-solid mass. 
The experiments shown in the table indicate the lower limits of sensitivity 
of the reaction with varying proportions of the amyl alcohol solution of 
lithium chloride and the reagent. 

SMALLEST AMOUNTS OP LITHIUM DETECTABLE WITH AMMONIUM STEARATE REAGENT 
Lithium Volunie of Volume --Precipitation-- 
present, lithium of re- After After 

g. solution, cc. agent, cc. 5 min. 60 min. 
0.00020 5  5 Slight Marked 

.00010 5  5 Very slight Marked 

.00010 5  10 Slight Marked 

.00010 5  2 . 5  None None 

.00005 5  10 None None 

.00010 2  5 Marked Heavy 

.00010 2  10 None Slight 

.00005 2  5  Slight Marked 

.000025 2 5  None None 

.00005 1 2 . 5  Marked Heavy 

.000025 1 2 . 5  Slight Marked 

.000015 1 2 5 None None 

It was found from these and other experiments that the optimum results 
were obtained when the volume of reagent was two and one-half times the 
volume of the amyl alcohol solution. In experiments on the detection of 
lithium in the presence of soditlm and potassium, no difficulty was experi- 
enced in extracting 0.0001 g. of lithium from 1 g. of the mixed chlorides and 
detecting this amount by the method. With careful technique one pa@ 
of lithium can be detected in admixture with twenty-five thousand parts 
of the mixed chlorides. Blank experiments made on the sodium and 
potassium chlorides used gave no evidence of a precipitate. Likewise 
rubidium and cesium cannot interfere in this method but it is essential that 
magnesium, the alkaline earths and heavy metals be carefully removed 
before applying this procedure, since these all interfere. 

Quantitati~e Experiments.-Since the lithium stearate in the above 
reaction is precipitated in a very finely divided condition, resulting in a 
suspension the opacity of which increases as the amount of lithium in- 
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creases, there was suggested a quantitative procedure for the estimation of 
small amounts of lithium. The method is most conveniently applied by 
using a series of turbidity standards prepared a t  the same time that samples 
are examined. A convenient series is one based upon the use of a 2.0-cc. 
volume of amyl alcohol solution and 5.0 cc. of reagent, the successive 
amounts of lithium in such a set being 0.00005, 0.000075, 0.00010, 0.00015, 
0.00025 and 0.00040 g. Essential for the success of the process for quanti- 
tative purposes is the preparation of the sample and standards under like 
conditions, more particularly as regards the time and manner of adding 
the reagent. The latter should be added to the standards and to  the sam- 
ples a t  the same time and the tubes should be stoppered and shaken in a 
rack in order to insure the simultaneous mixing of solution and reagent. 
After shaking, the set of tubes must be allowed to stand for thirty minutes 
in order to secure complete precipitation. A further shaking of the tubes 
just before making the comparison promotes the uniformity of the suspen- 
sions. With the above series there is no difficulty in estimating the amount 
of lithium present to within 0.00002 g. when this falls in the lower end of 
the series or to within 0.00005 g. when i t  lies in the higher range. The 
suspensions may also be compared by means of a turbidometer but since 
samples must be compared with standards that contain approximately the 
same amount of lithium in order to obtain accurate results, this procedure 
is only to be recommended as a supplementary method to  the comparison 
with a set of standards. Some typical results obtained in this manner are 
shown in Table 11. The turbidities in these cases were compared by 
transmitted light in the ordinary plunger type of instrument. Different 
series of standards may, of course, be prepared, but in dealing with actual 
samples of rock material, for example, there can be no advantage in having 
standards ranging below 0.00005 g., due to the practical difficulty of re- 
moving minute amounts of interfering calcium and magnesium. 

Application to the Usual Quantitative Procedure.-This process can 
be used to supplement the usual Gooch2 method for the estimation of lith- 
ium in cases where the quantity of that element amounts to  a few tenths 
of a milligram or less, since i t  is in this region that there is an element of 
uncertainty with this method due in part to the fact that the applied cor- 
rections may exceed the amount of lithium being determined and in part to  
the natural limitations of the balance. The turbidometric procedure given 
above enables these small amounts to be determined more accurately than 
can be done gravimetrically. The method of Gooch can be followed in 
the usual manner until there is obtained the final amyl alcohol solution 
containing all the lithium chloride and small amounts of other alkali 
chlorides. This extract may then be concentrated to a small volume and, 
after filtering off any separated sodium and potassium chlorides, the lithium 

F. A. Gooch, Proc. Am. Acad. Arts Sci., 22, 177-194 (1886). 
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ESTIMATION OF SMALL AMOUNTS OP LITHIUM BY THE INSTRUMENTAL COMPARISON OF 
THE TURBIDITIES PRODUCED BY AMMONIUM STEARATE REAGENT 

Lithium Observed Observed Lithium Lithium 
present in depths of depths of present in found in 
standards, standards, samples, samples, samples, 

F. mm. mm. g .  g .  Errors, g. 

0.00006 9.3 8 3 0.00009 0.00007 -0.00002 
1 2 3  10.0 .00009 .00007 - .00002 
10.6 8 .5  .00009 .00007 - .00002 

.00012 8.9 10.6 .00009 .00010 + .OOOOl 
11.1 1 2 5  .00009 .00011 + .00002 
6.8 7.2 .00009 .00011 + .00002 

.00012 10 8 9 .4  .00015 .00014 - .00001 
13.6 9.9 .00015 .00016 + .OOOOl 
14 0 10.9 .00015 .00015 . 00000 

,00019 9 6 8.4 .00025 ,00022 - .00003 
9 .2  7.6 ,00025 ,00023 - .00002 
9 8 8 3 .00025 ,00023 - .00002 

.00032 4.6 7.8 ,00025 .00019 - .00006 
4 .5  7.2 ,00025 .00020 - .00005 
7.0 11.4 .00025 .00020 - .00005 

,00032 5.2 4.0 ,00038 ,00042 + .00004 
3 9 2 8 .00038 .00045 + .00007 
4 . 3  3.1  .00038 .00044 + .00006 

may then be precipitated with the proper amount of ammonium stearate 
reagent and the resulting suspension compared with the series of standards 
in the manner previously described. 

Summary 

There has been described a method for the detection and estimation of 
small amounts of lithium based upon the reaction between ammonium 
stearate and lithium chloride in amyl alcohol solution. 

PRINCETON, NGW JERSEY 
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I t  has been the purpose of a number of recent articles to study the 
validity of the fundamental equations of the activity theory of Debye and 
Huckell with respect to the effect of the variation of the dielectric constant 
of the medium. In spite of definite progress in this direction one must 
conclude from these articles that the point in question has not as yet been 
sufficiently investigated. In an earlier article2 the activity coefficients of 
several slightly soluble complex cobalt ammine salts of the simpler valence 
types in pure methyl alcohol were determined and it was possible to show 
that in these particular solutions the general ideal equations of Debye and 
Huckel were a t  least approximately obeyed. For this purpose i t  was not 
necessary to use one of the more complete Debye-Hilckel equations which 
take an atomic diameter into account, although by so doing a better agree- 
ment with theory might have been accomplished. In the methyl alcohol 
work it was also evident that difficulties with the simpler equations began 
to appear with salts of the valence type 3-1, and that the range of applica- 
bility of the theory depended upon the solute and saturating salt used. 
It seemed advisable, therefore, to study the behavior of salts of the 1-1, 1-2 
and 3-1 valence types in a solvent whose dielectric constant could be varied 
a t  will between 78.8, the dielectric constant of water a t  25 and 30°, the 
approximate dielectric constant of methyl alcohol at  the same temperature. 
Mixtures of water and ethyl alcohol were used for this purpose. The 
activity coefficients were determined by means of the effect of a solvent salt, 
sodium chloride, on the solubility of highly insoluble complex cobalt am- 
mine salts of the valence types mentioned above. 

Experimental 
All solubility measurements were made in a thermostat adjusted to 25". A shaft 

- with brass clips attached to hold bottles of 125-cc. capacity was built into the thermo- 
stat, in a horizontal position, midway between the top and the bottom of the thermostat 
can. This shaft could be rotated a t  a speed such that an excess of salt, when placed in a 
bottle with the desired solvent, would tumble from one end of the bottle to the other. 
The saturating salts used were croceo tetranitrodiammino cobaltiate, croceo sulfate and 
luteo iodate. The solubility of these salts in the various solvent solutions was calculated 
from analyses for ammonia. A quartz tube five feet long and one inch in diameter, and 
bent in inverted "U" form, was used as condenser. A 300-cc. pyrex flask was sealed 
to a pyrex Kjeldahl distilling head which, in turn, was sealed to a pyrex glass tube which 

Debye and Huckel, Physik. Z., 24, 185 (1923). 
Williams, THIS JOUIZNAL, 51, 11 12 (1929). 
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fitted snugly over the end of the quartz tube. Gooch rubber tubing was used to make 
this joint airtight. A side arm one-half inch in diameter, with a ground-glass stopper, 
was sealed to the flask through which the sample could be admitted. The ammonia 
passed through the quartz condenser and was absorbed in a known excess of standard 
hydrochloric acid. Brom cresol purple was used as indicator in the back titration. 
Two microburets, one of 5-cc. capacity and one of 10-cc. capacity, were used. The 
burets were calibrated by weighing the quantity of mercury contained in the burets for 
each large division. 

The solvents used were prepared by diluting industrial ethyl alcohol with distilled 
water. To a part of each solution thus prepared there was added enough sodium 
chloride to  make it 0 1 normal with respect t o  that  salt. Each of these solutions was 
then diluted with the corresponding solution without the salt in order to  give the desired 
solvent salt concentration. 

Chemicals 
Cobalt Ammine Salts.-Cobalt ammine salts were obtained from Akatos, the 

American representative of Kahlbaum. The desired salts were prepared by metathe- 
sis with a soluble salt containing the other desired ion. These salts were precipitated 
from water solutions, washed until freed of electrolytes and finally washed with alcohol 
and dried. 

Sodium Chloride.-The sodium chloride used was obtained from J. T. Baker Chemi- 
cal Company and was of the "purified" quality. 

Sodium Hydroxide.-The sodium hydroxide was obtained from the J. T. Baker 
Chemical Company. A 207, solution of this reagent was used t o  decompose the co- 
balt ammine salts. 

Standard Acid.-Approximately 0.02 normal solution of hydrochloric acid was 
prepared. The acid was standardized, using sodium carbonate prepared by the U. S. 
Bureau of Standards. 

Standard Base.-Approximately a 0.02 normal solution of sodium hydroxide was 
prepared and standardized with benzoic acid obtained from the U. S. Bureau of Stand- 
ards. 

Results 

The solubility relations of the three difficultly soluble salts in the various 
solvents are presented in Tables I to X, inclusive. With the exception of 
the data given in Table I they have been determined by us and are 
average values of the number of determinations indicated in the second 
column of the tables. In addition the values of the logarithm of the solu- 
bility, log S/So, obtained directly from the analytical data have been plotted 
against the square roots of the ionic strengths. The concentrations in the 

SOLUBILITY RELATIONSHIPS OF THE 1-1 TYPE SALT CROCEO-TETRANITRO-DIAMMINO 
COBALTIATE IN WATER AT 20° 

Concn. (NaCO Soly. 
solvent salt x 104 ~r dF Log S/So 

0 0000 3 70 0 000370 0.0192 0.0000 
,0010 3 78 .001378 ,0372 ,0090 
.0020 3.83 ,002383 .0480 . 0 149 

" These data are taken from Bronsted and La Mer, THIS JOURNAL, 46, 572 (1924). 
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TABLE 11 
SOLUBILITY RBLATIONSHIPS OF THE 1-1 TYPE SALT CROCEO-TETRANITRO-DIABIMINO 

COBALTIATE 

In  20 mole yo EtOH-80 mole yo water at 25' 
Concn. (NaC1) No. of Soly. 

solvent salt detns. X 104 e d? li0g s/Sv 
0 0000 8 2.420 0 0002420 0.01556 0 0000 

.0010 4 2.520 ,0012520 ,03538 01 76 

.0020 4 2.587 .0022587 ,04753 0290 
0030 4 2.634 ,0032620 ,05711 ,0368 
,0040 4 2.687 ,0042687 ,06534 ,0455 
.0050 4 2.720 0052720 07264 ,0508 
0075 3 2.753 0077753 08818 0560 
.0100 4 2.787 ,0102787 ,10140 ,0613 

TABLE 111 
SOLUBILITY RELATIONSHIPS OF THE 1-1 TYPE SALT CROCEO-~ETRANITKO-DIAMMINO 

COBALTIATE 

In 40 mole O/, EtOH-80 mole % water at 25' 
Concn. (NaC1) No of Soly. 

solvent salt detns. X 104 P dii Log S/So 
0.00000 6 1.120 0 000112 0 01058 0 0000 

.00100 4 1 200 .001120 ,03347 0299 

.00250 4 1.267 002626 05123 ,0534 

.00375 4 1 306 003880 06230 ,0669 

.00500 4 1 353 ,005135 07166 .082 1 

.00750 4 1 420 ,007642 08741 ,1031 

.01000 3 1 466 ,010146 ,10075 1169 

TABLE IV 
SOLUBILITY RELATIONSHIPS OF THE 1-1 TYPE SALT CROCEO-TETRANITRO-DIAMMINO 

COBALTIATE 
In  60 mole yo EtOH40 mole water a t  25" 

Concn. (NaC1) No of Soly. 
solvent salt detns. X 105 P 4, Log s/So 

0.0000 6 3 667 0 00003667 0 006055 0 0000 
,0010 4 4 000 00104000 032250 ,0378 
,0030 4 4 533 00304533 055190 0922 
,0060 3 4 867 00504867 0710,50 ,1230 
.0075 3 5 133 ,00755133 .086900 ,1461 
.0100 3 5 333 01005333 .lo0300 .I627 

TABLE V 
SOLUBILITY RELATIONSHIPS OF THE 1-2 SALT CROCEO SULFATE IN WATER AT 25 

Concn. (NaC1) No. of Soly 
solvent salt detns. X 103 P dP Log S/So 

0 ,0000 14 2 447 0 007341 0 08568 0 0000 
.0010 4 2 489 ,008467 ,09202 .0074 
.0020 4 2.524 .009572 ,09784 .0135 
.0030 3 2 564 .010683 .I0330 ,0198 
.0040 3 2.584 011750 .I0820 .0240 
.0050 4 2 614 ,012842 ,11330 .0287 
.0075 3 2.684 ,015552 ,12470 .0402 
.0100 3 2.754 .018262 .I3510 .0513 
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TABLE VI 
SOLUBILITY RELATIONSHIPS OP THE 1-2 TYPE SALT CROCEO SULFATE 

In 20 mole 7, &OH-80 mole % water at 25" 
Concn. (NaCI) No of Soly 

solvent salt detns. X 104 P %'? Log S/So 

0 0000 10 1 115 0 000334 0 01829 0 0000 
.0010 4 1 21 ,001363 ,03692 .0355 
,0020 4 1 26 ,002378 ,04877 ,0532 
0040 4 1 34 ,004402 ,06635 ,0798 
0050 4 1 39 ,005417 .07360 ,0957 
0075 4 1 45 ,007935 .08908 .I141 
,0100 3 1.52 ,010456 .lo220 .I346 

TABLE VII 
SOLUBILITY RELATIONSHIPS OR THE 1-2 TYPE SALT CROCEO SULFATE 

In 40 mole % EtOH-60 mole % water at 25O 
Concn (NaCI) No of Soly. 

solvent salt detns. X 10s P 42 Log s/so 

0 0000 16 2 00 0 0000600 0.00775 0.0000 
0010 8 2 35 .001070 .03272 ,0700 
,0025 3 2.65 ,002577 .ON76 .I222 
0050 9 3 00 ,005087 ,07130 ,1761 
0075 4 3 25 ,007597 ,08716 ,2109 
.0100 3 3 45 .0101035 .lo050 .2368 

TABLE VIII 
SOLUBILITY RELATIONSHIPS OP THE 3-1 TYPE SALT LUTEO IODATE IN WATER AT 25O 

Concn (NaCI) No of Soly. 
solvent salt detns. X 103 P -IF Log s/So 

0 0000 10 5 270 0 03162 0.1778 0.0000 
.0010 6 5 362 03250 .I803 ,0075 
,0020 5 5.384 .03428 .I852 ,0093 
,0030 4 5.478 .03587 ,1896 .0178 
.0040 6 5.557 ,03734 .I932 ,0230 
0050 6 5.698 ,03820 .I980 .0339 
.0100 4 5.846 .04500 .2121 ,0451 

TABLE 1X 
SOLUBILITY RELATIONSHIPS OF THE 3-1 TYPE SALT LUTEO IODATE 

In 20 mole % EtOH-80 mole % water at 25 
Concn. (NaCI) No. of Soly. 

solvent salt detns. X 10' P dG Log S/So 

0.0000 8 1.553 0 000932 0.03032 0 0000 
.0010 7 1.800 .002080 ,04561 064 1 
.0020 5 1.987 .003192 .05650 ,1070 
,0025 6 2 120 ,003770 .06140 ,1351 
.0050 7 2.400 ,006430 08020 ,1890 
,0075 4 2.687 .009110 ,09545 2381 
.0100 6 2.820 .011690 .lo800 ,2591 

table are moles per liter. These plots are given in Figs. 1 to 3, in which the 
numbers attached to each line give the number of the table from which 
the data were taken for the graph. 
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TABLE X 
SOLUBILITY RELATIONS OP THE 3-1 TYPE SAI,T J,UTEO IODATE 

In 40 mole % EtOH-50 mole CJo water a t  25O 
Collcu (NaCl) N o  of Solv. 
solvent salt detns. X 10s I" l i F  Log S/So 

0 0000 10 2 002 0 000120 0 01090 0 0000 
0010 6 2 800 001168 03418 ,1458 
,0025 8 3.500 002710 ,05206 .2427 

,0050 10 4.689 ,005280 07268 3707 
,0075 6 A 300 007878 .08876 ,4979 

.0100 8 7.787 ,010467 .I0230 ,5901 

Discussion 
The results of the calculations of Debye and Huckel for the activity co- 

efficient of a salt in a dilute solution are given by the equation --- 
2v ,e2  ~2 

-In f. = d D2 .\izT 2.Y.z; = azlm * / E  (1) 

The significance of the various factors in the equation is now well known. 
Since the experiments were made at  a single temperature, the value of a! 

,/; x 100. 

Fig. 1. 

will depend upon the dielectric constant of the solvent and certain universal 
constants. For our purpose it may be said that the negative of the loga- 
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rithm of the activity coefficient of the salt varies inversely a$ the dielectric 
constant, raised to the three-halves power. The dielectric constants of 
the various solvents used are given in Table XI. The comparison of the 
limiting slopes obtained for the different systems with those predicted on 
the basis of the simple theory expressed by the equation given above is 
given in Tables XI1 to XIV, inclusive. The calculations represented in 
these tables did not take an ionic diameter into account. One must con- 

4; x 100. 

Fig. 2. 

clude from Tables XI1 and XI11 that the validity of the simple limiting 
law is completely established for the saturating salts of valence types 1-1 
and 1-2 even in solvents whose dielectric constants are as low as one-half 
that of water. This result is of interest because a similar conclusion 

TABLE XI 
DIELGCTRIC CONSTANTS OX ALCOHOL-WATER MIXTURES' 

Mole % alcohol.. . . . . . . . . . . . .  60 40 20 00 
Dielectric constants. . . . . . . . .  33 8 41 4 54 .0 78.8 

a These figures have been obtained by interpolation of data used by Scatchard, 
THIS JOURNAL, 47,2102 (192.5). 
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was drawn in the preceding paper of the series2 for salts of the same valence 
types dissolved in pure methyl alcohol. 

1-1 TYPE SALT CROCEO-TETRANITRO DIAMMINO COBAI~TIATE 
Solvent Stope tabs ) Slope (calcd ) 

Water . . 0 50 0 504 
20 Mole yo EtOH-80 mole % water 0 89 0 888 
40 Mole % EtOH-60 mole % water 1 31 1 324 
60 Mole O/o EtOH-40 mole % water 1 90 1 790 

TABLE XI11 

1-2 TYPE SALT CROCEO SULPATE 
Solvent Slope (obs ) Slope (calcd f 

Water 1 10 1 08 
20 Mole % EtOH- 80 mole Oj, water 1 74 1 76 
40 Mole 70 EtOH-60 mole Cjo water 2 74 2 65 

TABLE XIV 

3-1 TYPE SALT LUTEO IODATE 

Solvent Slope (obs.) Slope (calcd.) 

Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.52 1.51 
20 Mole % EtOH-80 mole % water.. . . . 4 . 0  2 .65  
40 Mole Ojo EtOH-60 mole 7, water.. . . . 6 . 1  3 .98  

However, i t  is evident from Table XIV that the simple limiting law is 
obeyed only in pure water for the salt of valence type 3-1. When the di- 
electric constant of the medium has been reduced to 54, the observed slope 
is considerably higher than the theoretical, a fact which is also true with 
solvents having even lower dielectric constants. Unpublished data show 
exactly the same phenomenon for luteo bromide, a salt of valence type 1-3, 
in methyl alcohol solution. However, one must be careful not to draw the 
conclusion that these data are not a t  all in agreement with the interionic 
attraction theory. As a matter of fact, from the nature of the forces acting, 
the qualitative statement may be made that the deviations are in the right 
direction and of a proper order of magnitude. 

We do not feel that either data or theory are at present sufficient to 
account quantitatively for these deviations, since the salt is of a highly 
unsymmetrical valence type. Nevertheless, it seems worth while to  men- 
tion certain possibilities in this connection. If, instead of considering the 
ions as point charges, their diameters are taken into consideration, Equa- 
tion l may be modified as follows 

where a is the "effective diameter" of the ions and 
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This equation, either used directly, or when expanded in ascending powers 
of p, has achieved certain success in extending the range in which the equa- 
tion may be applied with success. It is, however, of little assistance in the 
present difficulty because if one attempts to find an ionic diameter which 
will be consistent with the experimental data a t  the different concentra- 
tions, the values obtained are not constant and are of questionable physical 
significance. 

0 6 12 18 24 
,/; x 100. 

Fig. 3. 

H second possibility is presented in the consideration of the influence of 
the so-called "higher termsH3 which have been willfully neglected in the 
interest of simplicity in the original article of Debye and Hilckel, but which 
have more recently been taken into account by Milller4 and by Gronwall, 
LaMer and S a n d ~ e d . ~  It has appeared possible in this way to avoid the diffi- 
culty of improbable values for the ionic diameters in the case of symmetri- 
cal valence type salts (that is, uni-univalent, bi-bivalent, etc.), but as far as 
the present authors are aware the calculations for unsymmetrical valence 
type salts have not as yet been made. 

See Debye and Huckel, Physzk. Z., 24, 190 (1923). 
Muller, ibid., 28, 324 (1927); 29, 78 (1928). 
Gronwall, La Mer and Sandved, ibid., 29, 358 (1928). 
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Bjerrum6 has noted that the deviations from the simple Debye-Hiickel 
relations appear in the direction that would be expected if some undisso- 
ciated molecules were present. Arguing that the sin hyp (e+/kT) term which 
has been expanded by othersk5 cannot be evaluated exactly, he has pro- 
ceeded to an approximate solution of the difficulty by assuming that a 
small fraction of the total number of oppositely charged ions are "paired" 
or "associated." There has been introduced a certain degree of arbitrari- 
ness in assigning the term "associated to a pair of oppositely charged 
ions whose centers approach more closely than a certain empirical distance; 
nevertheless the point of view has much to recommend it for use in the 
solvents of lower dielectric constant. 

I t  may well be, however, that our difficulty cannot be solved in a quan- 
titative way by the use of one of these extensions of the Debye and Hiickel 
equations. It will be recalled that in the interionic attraction theory the 
thickness of the ionic atmosphere of mean charge surrounding each ion is 
proportional to the square root of the concentration, provided the principal 
forces between the ions are the ordinary Coulomb forces. Therefore, if 
salts of highly unsymmetrical valence types are dissolved in these solvents 
of lower dielectric constants, their activities may fail to be given by the 
simple equation or any of the present extensions because the principal 
forces between the ions can no longer be expressed by Coulomb's law. 
This possibility is now being subjected to further study. 

Summary 

1. The activity coefficients of slightly soluble complex cobalt ammine 
salts of valence types 1-1, 1-2 and 3-1 have been determined in various 
mixtures of ethyl alcohol and water. These data have been used to test 
the validity of the simple Debye and Huckel equations. 

2. The general ideal equations of the interionic attraction theory are 
obeyed in those solvents having dielectric constants even as low as one-half 
that of water for saturating salts of the valence types 1-1 and 1-2, provided 
the solutions are sufficiently dilute. 

3. A marked deviation from the simple limiting law occurs in the case of 
the 3-1 type salt studied when the dielectric constant of the solvent is re- 
duced below that of water by an appreciable amount. The deviation has 
been qualitatively but not quantitatively accounted for. 

MADISON, WISCONSIN 

6 Bjerrum, Det. Kgl. Danske Videnskab Selskab, Math.-fys. Medd., VII, 9 (1926). 
(in German). 
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[CONTRIBUTION FROM THE DEPARTMENT OF MEDICAL RESEARCH, DETROIT COLLEGE OR 

MEDICINE AND SURGERY ] 

THE STARCH-IODIDE REACTION: STABILITY AND 
PROPORTIONALITY OF COLOR PRODUCED BY 

SMALL AMOUNTS OF IODINE 
BY R. G. TURNER 

RECEIVED APRIL 8, 1930 P ~ B L I S H ~ D  JULY 3, 1930 

Numerous investigators have discouraged the use of the starch-iodide 
reaction as a basis for the colorimetric estimation of small amounts of 
iodine. McClendonl objects to the titration method because of the ease of 
oxidation of potassium iodide. Nichols2 showed the retarding effect of 
various salts on the sensitivity of the starch reagent. Von Fellenberg3 
attempted to use the starch-iodide reaction for the colorimetric estimation of 
small amounts of iodine He states that in salt solutions it is of little value 
in quantitative iodine determinations, since the intensity is not always 
proportional to the iodine content. Treadwell and Hall4 as cited by 
Nichols have shown that starch paste requires the presence of an alkali 
iodide to  prevent the dissociation of the blue iodide-starch color. Nichols2 

fulfilled the requirements for a stabilized starch solution. He eliminated the 
use of salt or chloroform as a preservative and in its place used salicylic acid. 
This reagent is sensitive, stable and with iodine produces a true blue color. 

Failing to obtain satisfactory results in estimating minute amounts of 
iodine by the method of von Fellenberg5 and Leitch and Hendersoq6 
a study was made of the starch-iodide reaction in regard to the proportion 
of iodine present and the intensity of color produced. This investigation 
was carried out with minute amounts of iodine ranging from 0.0005 to 
0.005 mg. These small amounts were chosen as the purpose in mind was 
to  find a suitable method for the quantitative estimation of iodine in small 
quantities of blood. 

Comparative tests were made on potassium iodide test solutions to de- 
termine the relative proportion of iodine present to  the intensity of color 
produced, the stability of the color and effect of temperature on the pro- 
duction of the color. 

Experimental 
The study was made with aqueous solutions of potassium iodide. A 

standard solution containing 0.001 mg. of iodine in the form of potassium 
iodide was prepared in the following manner. 

l J. F. McClendon, THIS JOURNAL, 50, 1093 (1928). 
M. Starr Nichols, Ind. Eng. Chem., Analytical Ed., 1, 215 (1929). 
T. von Fellenberg, Ergebnisse der Physiol., 25, 176 (1926). 
' Treadwell and Hall, "Analytical Chemistry," John Wiley and Sons, Inc., New 

York, 1914, Vol. I, p. 299. 
T. von Fellenberg, Biochem. Z., 139, 371 (1923); 152, 116 (1924). 
Isabella Leitch and J. M. Henderson, Biochem, J., 20, 1003 (1926). 
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1.3081 g. of recrystallized potassium iodide is weighed out and transferred to  a 100- 
cc. volumetric flask containing 50 cc. of purified water. After dissolving, dilute to 
100 cc. (0.1 cc. of this solution is equivalent to 1 mg. of iodine). A weak solution is 
made by adding 0.1 cc. of the above solution to a liter volumetric flask and diluting to  
the mark. (1 cc. of this solution is equivalent to 0.001 mg. of iodine.) The accuracy 
of the weak solution may be checked by titrating 200 cc. with a 0.005 N thiosulfate 
solution which has been previously standardized against a 0.005 N solution of potassium 
iodate. 

Take 200 cc. of potassium iodide standard, acidify with 2 N sulfuric acid and add 
saturated bromine water until the solution is colored orange. Boil off excess bromine 
and cool. Add a few salicylic acid crystals, 2 cc. of starch solution and an excess of potas- 
sium iodide crystals. Titrate with 0.005 N thiosulfate. 

Test solutions were prepared from the standard solution by delivery 
from a buret graduated to 0.1 cc. 

The technique used for developing the color is based on the method of 
Leitch and Hendersoq6 which involves the oxidation of hydriodic acid t o  
iodic acid and the liberation of the iodine by addition of an excess of potas- 
sium iodide. Kendall and Richardson7 have shown that this reaction 
quantitatively produces six times the amount of iodine originally present. 

HI03 + 5HI = 3Hz0 + 312 
The oxidation and production of the color for study are carried out in a 

15-cc. pyrex test-tube graduated a t  1 cc. The test solution is diluted to  
2 cc. and acidified with two drops of 2 N sulfuric acid. Three drops of 
freshly prepared saturated bromine water are added. After one-half 
minute the excess bromine is boiled off over a low micro burner flame and 
the volume of liquid in the test-tube is evaporated to one-half cc.. This 
must be done cautiously. By holding the tube in a slanting position and 
continually rotating, no spitting or loss of liquid takes place. While still 
hot, add 1 drop of a 1% alcoholic salicylic acid solution and place the tube 
in a beaker of cold water. A standard solution of potassium iodide con- 
taining 0.001 mg. of iodine is prepared in a like manner. When cooled t o  
room temperature, add to each tube five drops of starch solution (prepared 
according to Nichol~)~ and three drops of 1% potassium iodide solution. 
Dilute with iodine-free water to the I-cc. mark. A blue color will form 
immediately. If necessary, the test solution is diluted to  match the stand- 
ard. The colors are compared in a micro-colorimeter. The standard is 
set a t  20 mm. The iodine present in the test solution is calculated from 
the observed reading by the formula 

E. C. Kendall and F. S. Richardson, J. Biol. Chew., 43, 149 (1920). 
One-half g of soluble potato starch is added to 2.5 cc. of cold water and 

mixed to form a thin paste. Pour it gradually with constant stirring into 200 cc. of 
water. Boil for fifteen minutes, stirring continually. Allow to cool and add 0.25 g. 
of salicylic acid. Stir until the preservative is dissolved. Fresh starch solution should 
be prepared every two weeks. If a good grade of starch is used the solution will be 
clear and filtration unnecessary. Poor grades of starch may produce cloudy solutions 
and filtrates of a faint pink color. 
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Reading of standard 0.OO6 dilution of test solution 
Reading of test solution 6 dilution of standard = mg. of iodine present 

For example, with a reading of 15-mm. dilution of test solution 2 cc. and 
standard set at 20 mm., the formula is applied as follows 

2 
20 z X %  Oo6 X - = 0.0026 mg. of iodine 

1 

All glassware used must be cleaned with cleaning solution. Traces of 
organic matter or alkali soaps interfere with the reaction. Iodine-free 
water is obtained by redistilling distilled water from potassium hydroxide. 

The experimental results are shown in the tables. 

TABLE I 
ACCURACY OF STARCH-IODIDE COLORIMETRIC METHOD 

Reading of Obs. 
standard Test KI read~ng 

0.001 mg. solution of test Iodine 
iodine, iodine. solution. found. 
mm. mg. mm. mg. 

20 0.0005 35.4 0.00056 
20 .0006 32.7 .00061 
20 .0007 29.0 .00068 
20 .0008 24.6 .00081 
20 .NO9 21.8 .00091 
20 .0010 19.8 .00101 
20 .0011 18.4 .00108 
20 .0012 17.0 ,00117 
20 .0013 14.6 .00139 
20 .0014 13.8 .00144 
20 .0015 12.9 .00155 
20 .0016 12.4 .00161 
20 .0017 11.2 .00178 
20 .0018 11.0 .00181 
20 .0019 10.2 .00196 
20 .0020 10.0 .00200 

TABLE 11 
COXPARATIW RSADINGS ON DILUTED TEST SOLUTIONS. 

IODINE) SET AT 20 MM. 
Test 

solution, Calorimeter Dilution of 
mg. of reading, test solution, 
iodine mm. CC. 

0.001 20.2 1 
.001 21.0 1 
.001 20.0 1 
.002 10.2 1 
.002 19.4 2 
.002 21.0 2 
.003 13.0 2 
.003 20.4 3 
.004 10.5 2 
.OM 21.2 4 
,005 21.0 4 

Calcd. 
reading, 

mm. 

40.0 
33.3 
28.5 
25.0 
22.2 
20.0 
18.1 
16.6 
15.3 
14.2 
13.3 
12.5 
11.7 
11.1 
10.5 
10.0 

Iodine 
calcd., 

mg. 
0.0005 

.0006 

.0007 

.0008 

.0w9 
,0010 
.0011 
.0012 
.0013 
.0014 
.0015 
.0016 
.0017 
.0018 
.0019 
.0020 

Iodine 
found, 

mg. 

0.00099 
.00095 
.00100 
.00196 
.00206 
.00190 
.00308 
.00294 
.00380 
.00376 
,00475 



July, 1930 THE STARCH-IODIDB RBACTION 9771 

TABLE 111 

STABILITY OP COLOR PRODUCED BY THIS M~THOD. STANDARD (0  001 MG. OP IODINE) 
SET AT 20 MM. 

Readings on color~meter wale---------.. 
Test solution D~Iution, 5 mrn , IS mln , 30 tnrn , 66 mcn , 16 llrs . 

( 7 )  = 0 001 mg cc mm mm m m mm. m m 

KI  = 1 y Iodine 1 20 9 21 0 20 4 21 1 19.6 
KI = 21. Iodine 1 10 4 10 3 10 5 10 4 13 0 
K I  = 37 Iodine 2 1.3 8 13.5 13 8 13 3 16 7 
KI = l y  Iodine 1 19 9 20 1 20 3 20.0 18 1 
KT = 67 Iodine 3 10 1 10.0 10 Ct 10 6 9 3 

Discussion 

From the observations given i t  is evident that minute amounts of iodine 
ranging from 0.0005 to 0.005 rng. produce, under the conditions given, a 
true blue color which is proportional in intensity to the amount of iodine 
present. The color produced can easily and clearly be matched in a micro- 
colorirneter with an accuracy of 0.0001 mg. in the colorimetric reading. 

The observations in Table I show the relative proportionality of iodine 
present to the amount of color produced. The test solutions were prepared 
from the standard potassiuni iodide solution ranging in iodine content from 
0.0005 to 0.002 mg. The iodine found by colorimetric reading did not vary 
in any case given more than 0.0001 mg. from the actual amount of iodine 
present. Amounts below 0.0005 mg. cannot be compared against a 0.001 
mg. standard unless the standard is diluted to 2 cc. Such small amounts 
may have a slight pinkish color which interferes with the sharp~iess of the 
reading, though approximate estimations can be made. 

Table I1 gives the comparative readings and estimations of iodine on 
diluted test solutions. The error in the colorinnetric estimation reaches 
0.0002 mg. in solutions containing over 0.003 mg. of iodine. The same 
error made in a colorimetric reading on a solution diluted as made on a 
solution of the same volume as the standard results in a greater error of the 
calculated value. If the test solution is diluted to 2 cc., then the final 
error due to colorimetric reading mill be twice as great as the same error 
made if standard and unknown are of equal volume. 

The chromogenic color remains stable for one hour or more when com- 
pared against a standard prepared a t  the same time as the test solution 
(Table 111). Readings a t  a period of sixteen hours after the colors were 
formed showed a slight increase in the amount of color present. This in- 
crease appears to be greater the higher the original iodine content. This 
may be due to the partial formation of a colloidal suspension or to oxidation 
of the excess potassium iodide by oxygen of the air. Comparison of the 
stability with a new standard at each interval of time showed no change in 
twenty minutes, after which readings became slightly higher (not recorded 
in table). A slow oxidation of the excess potassium iodide probably takes 
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place but under like conditions this change is proportional for one hour 
a t  least, which is sufficient time for colorimetric reading. 

Figure 1 shows the calculated colorimetric curve as compared against the 
observed findings in Table I. 

Figure 2 shows the effect of 
40 temperature on color forma- 

s' tion. The color production 
E was carried out a t  tempera- 
bi, 

.E: 30 tures ranging from 0 to 90'. 
a 
rj Readings were made while the 
8 
k solutions were a t  these tem- 
w 

i 20 
peratures. Even a t  60' the 

.- 
8 colorimetric reading varied - 
0 
v only 1 mm. At 70' only a 

slight color was produced, 
10 while above that no color was 

formed. After cooling for one 
0.4 0 8 1.2 1.6 2.0 hour, the maximum color de- 

y Iodine (17 = 0.001 mg ). veloped' in those which were 
0, Calculated; 0, observed. negative a t  the high tempera- 

Fig 1.-Color curve. ture. 
The sensitiveness of this reaction and the stability of the color produced 

is accomplished no doubt because of the small amounts of iodine estimated 
and the fact that no interfering salts are present. 

20 24 28 32 36 40 44 
Colorimeter reading, mm. 

Fig. 2.-Temperature curve. 

It is believed that in the estimation of so small quantities of iodine, ti- 
tration with most extreme cautiousness cannot perform as accurate a 
quantitative iodine determination as a colorimetric comparison in a micro- 
colorimeter against a 0.001 mg. standard. 
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Investigation is under way to determine whether amounts of iodine 
greater than 0.005 mg. may be determined calorimetrically by use of the 
starch-iodide reaction. 

Summary 
1. The color produced by starch and iodine in the absence of other salts 

may be used as a colorimetric measurement of the iodine present in amounts 
ranging from 0.0005 to 0.005 mg. with an accuracy of 0.0001 mg. in the 
colorimetric reading. 

2. The color produced is proportional to the amount of iodine present. 
3. The chron~ogenic substance is stable for a t  least one hour when com- 

pared against a standard made a t  the same time. 
4. Temperature has no effect on the intensity of the color produced 

up to 70°, after which the color produced is less. 
DETROIT, MICHIGAN 

[CONTRIBUTION PROM THE CHEMICAL DIVISION OP THE MEDICAL CLINIC OF THE JOHNS 

HOPKINS UNIVERSITY ] 

OXIDATION-REDUCTION POTENTIALS AT CARBON AND 
TUNGSTEN ELECTRODES 

It has been shown1 that the potentials of cysteine solutions obtained 
a t  mercury electrodes are related to mercury-thiol compounds and doubt 
was cast upon the significance of the potentials obtained a t  platinum and 
gold electrodes. It was thought probable that further light would come 
from investigation of the behavior of cysteine at other electrodes. Of 
several of these studied, carbon and tungsten appear most promising. 
This note concerns the behavior of carbon and tungsten electrodes with 
simple oxidation-reduction systems, the understanding of which must pre- 
cede investigations on the more complex cysteine systems. Pure graphite 
was obtained from the Acheson Graphite Company. Tungsten wire came 
through the courtesy of the General Electrical Company. 

The behavior of graphite and tungsten was first studied in two well-poised 
oxidation-reduction systems of fairly positive Eo. Quinhydrone was first 
chosen, measurements being made in the presence of air. Table I shows 
excellent agreements between graphite and gold-plated platinum electrodes 
in quinhydrone systems in Michaelis' standard acetate buffer, SZrensen's 
phosphate mixtures, and N/10 hydrochloric acid. Purity of carbon is 
here unimportant, the rods of a carbon arc lamp or the core of a "lead" 
pencil giving identical results. Tungsten on the other hand gives entirely 
discrepant values. 

1 Barron, Flexner and Michaelis, J. Biol. Chem., 81, 743 (1929). 
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TABLS I 
THE POTENTIALS OR QUINEIYDRONE AT GRAPHITE AND GOLD-PLATED PLATINUM ELEC- 

TRODES (AGAINST SATURATED CALOMEL ELECTRODE, TEMPERATURE 20 O) 

Electrode B m f .  in volts Substance 

C $0 38835 N/10 HC1 
Au-Pt + ,3886 
C + .I8015 Michaelis' standard acetate 
Au-Pt + ,18025 
C + ,04805 S@rensen's phosphate mixture 
Au-Pt + ,04800 

Reference to Table I1 gives results typical for a ferro-ferricyanide system 
in the presence of purified nitrogen. Throughout the titration, the po- 
tential a t  carbon is l to 1.5 millivolts more negative than a t  platinum and 
gold, whereas tungsten gives values 5 to 10 millivolts more negative than 
the noble metals. The potential is established with the same rapidity a t  
all these electrodes. 

TABLE II 
THE POTENTIAL OF A FERRO-FERRICYANIDE SYSTEM AT GOLD-PLATED PLATINUM, 

PLATINUM, GRAPHITE AND TUNGSTEN ELECTRODES 

T, 30'. M/1000 K4Fe(CN)a in M/1 KC1 titrated with K,Fe(CN)e (M/10 in M/1 KCI) 
E in volts referred to the normal hydrogen electrode 

M / 1 0  K3Fe(CN)6 
Au Pt C W added 

+0.4117 $0 4114 +O .4037 +O.  3684 0.04 
.4400 .4398 .4367 . a 7 7  .14 
.4524 .4523 .4503 .4397 .21 
.4560 .4560 .4540 .4457 .27 
.4643 .4641 ,4626 .4544 .39 
.4730 ,4729 .4716 .4642 .51 
.4777 ,4776 ,4763 .4694 .64 
,4830 ,4830 ,4816 .4751 .78 
.489 1 .4891 ,4881 ,4820 1.02 
.4947 .4947 ,4937 ,4880 1.23 
.4985 ,4985 ,4975 ,4921 1.43 
.5043 .5043 ,5033 ,4982 1.74 
,5066 ,5066 .5056 .5005 1.84 
,5083 .5083 .5075 .5031 2.00 
,5112 ,5113 ,5104 .5056 2.18 

The behavior of graphite and tungsten electrodes was then studied in 
oxidation-reduction systems nearer the cysteine range, and for this pur- 
pose indigo disulfonate and methylene blue were used. The results with 
indigo disulfonate alone will be discussed here-they can be accepted as 
completely typical of methylene blue. Reference to Table I11 shows that 
there is excellent agreement between graphite, gold and platinum elec- 
trodes throughout the titration range of the dye. Until the dyestuff SYS- 
tem is about 2% reduced, it is necessary to wait approximately one-half 
hour for the final values a t  graphite, Thereafter this electrode gives the 
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same sharp, rapidly established potentials as the platinum and gold. 
Failure to wait for final values at  graphite in the early stages of dye rcduc- 
tion produces a discrepancy between its potential and that of platinum 
which persists until there is approximately 20% dye reduction. This last 
result is not to be explained by presence of oxygen in the carbon (carbon 
adsorbs 80% more oxygen than nitrogen), for heating the carbon rod a t  
400" in a current of purified nitrogen was without benefit. I t  is note- 
worthy that graphite rods in these last experiments are easily "poisoned," 
and often give reliable results in but a single experiment. Crude carbon is 
unusable. 

TABLE 111 TABLB IV 
TITRATION OF INDIGO DISULPONATE WITH TITRATION OP INDIGO DISULPONATE WITH 

Na2S204 1 Na2Sz04 
Concentration of dye, M/1000 in M/1000 Indigo disulfonate in SZren- 

phosphate buffer (M/15 = 30 cc. + 20 cc.) sen's phosphate buffer ( M / 1 5  = 30 cc.) 
Buffer PH, 7.39. T, 30" 20 cc. of same buffer added. Total, 50 cc. 

PH.  7.39. T. 30" 
NazSzOa Eh in volts Diff. between NazSzOd Eh in volts Diff. between 
added Au plated Au and C, added Bright Pt and W, 

CC. Pt Graphite volts CC. Pt W volts 

Tungsten gives sharp values in these dyestuff systems, but agreement 
with platinum is not so valuable as with graphite. Values are identical 
in those ranges where the dye system is particularly well poised, i. e., 
30 to 70y0 reduction, and in isolated instances values may be given agreeing 
with platinum to within +2  millivolts from 5 to 95% reduction. Table 
IV portrays the usual experiment. 

Hydrogen gas is without detectable effect on graphite and tungsten 
electrodes, and in this respect it behaves in a manner similar to mercury 
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electrodes, since there is rio measurable difference of potential whether the 
solution be saturated with nitrogen or hydrogen. 

Conclusion 

Graphite and tungsten electrodes have been tested in oxidation-reduc- 
tion systems. In the quinhydrone system graphite gives results identical 
with those obtained a t  blank platinum and gold-plated platinum; whereas 
tungsten gives entirely different values. 

In  the ferro-ferricyanide system graphite gives measurements one to 
two millivolts less than platinum; whereas those with tungsten are 5 to 10 
millivolts less. 

Graphite gives the same results as platinum in a dyestuff system, be it 
well or poorly poised; whereas tungsten gives reliable results only when 
the system is well poised. 

The potentials of graphite and tungsten against a reversible dye system 
are unaffected by change from a nitrogen to a hydrogen atmosphere. 

BALTIMORE, MARYLAND 

[CONTRIBUTION PROM THE DEPARTMENT OP CHEMICAL HYGIENE, SCHOOL OF HYGIENE 
AND PUBLIC HEALTH, THE JOHNS HOPKINS UNIVERSITY ] 

THE PREPARATION OF MANGANESE-FREE MAGNESIUM 

In the course of an investigation of the possible function of manganese 
in animal metabolism, a number of manganese-free substances were re- 
quired, among them a suitable magnesium salt. In considering magnesium 
salts for this purpose, it was discovered that manganese was invariably 
present in all of the best and C. P. labeled magnesium salts and all other 
magnesium preparations obtainable. Also, all magnesium compounds 
especially prepared with reference to freedom from manganese contained 
the element. The presence of manganese could be demonstrated in all 
these magnesium preparations by both the periodate and the spectrographic 
methods. Furthermore, our own efforts showed that all known methods of 
purifying magnesium salts were ineffective for removing such traces of 
manganese as could be detected by either of the above methods. The 
idea was then conceived of removing the manganese by first converting 
i t  into permanganate. As is well known, this can be readily done by means 
of potassium periodate. 

The first attempt to free magnesium from manganese in the permanganate form 
consisted of adding in the customary manner a small amount of potassium periodate to a 
10% solution of magnesium sulfate acidified with sulfuric acid and heating the resulting 
solution until the pink permanganate color had developed. The solution was then 
cooled and rendered alkaline with ammonia. The resulting precipitate of magnesium 
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hydroxide was allowed to  settle, after which the supernatant liquid was decanted as 
completely as possible. The precipitated magnesium hydroxide was then washed sev- 
eral times with distilled water which had previously been treated with sulfuric acid and 
potassium iodate and then rendered faintly alkaline. This procedure no doubt removed 
some manganese, but the magnesium hydroxide so treated always contained sufficierit 
manganese to be detected spectrographically. Apparently, therefore, magnesium hy- 
droxide has the capacity for adsorbing and holding in some way small amounts of 
manganese, which cannot be washed out. Accordingly, removal of the permanganate 
must take place, if a t  all, not after but before the magnesium hydroxide is precipitated. 
Electrolysis suggested itself as a possible method of 
separating Mg++ and MnO4- ions since they are 
oppositely charged and migrate to  opposite poles. 
In a suitably designed electrolysis cell magnesium 
will collect as a precipitate of magnesium hydroxide 
a t  the cathode, whereas the Mn04- ions will concen- 
trate a t  the anode. However, it is obvious that the 
principal consideration in the design of such a cell is 
an arrangement by which the original permanganate- 
containing solution is kept apart and separated from 
the cathode so that the permanganate will not be 
reduced by the nascent hydrogen evolved from the 
cathode. The design of such an arrangement was ac- 
complished in the cell illustrated in the accompanying 
diagram. By means of this cell we have succeeded 
in preparing magnesium hydroxide which is spectro- 
graphically free from manganese. As designed and 
used in this Laboratory this cell consists of a two-liter 
pyrex beaker, a 350-ml. Erlenmeyer flask to which is 
fused a side arm tube in the manner indicated, a Fig, I -A, MgSO, solution; 
dropping funnel, a siphon tube and platinum elec- B, O.lyo (NH4)2S04 solution. 
trodes, all assembled as indicated in the illustration. 
After this illustration had been prepared it was found preferable to place a t  a somewhat 
higher level the inclined tube joining the Erlenmeyer flask with the anode-containing 
tube. By such a design the anode pocket is made deeper, thereby making possible a 
more complete isolation and removal of acid hydrolysis products, viz., sulfuric and 
permanganic acids. 

Operation 

The Erlenmeyer flask is filled to a level about three-fourths to one inch 
from its mouth with a 10% solution of magnesium sulfate (A) whose 
manganese has previously been oxidized to the permanganate form in the 
usual manner by potassium periodate. The flask is then placed inside the 
two-liter beaker, after which the electrodes, the siphon and the dropping 
funnel are placed as indicated in the figure. A 0.1% solution of ammonium 
sulfate (B) is then carefully introduced into the space between the beaker 
and the Erlenmeyer flask, including the space within the neck of the flask 
not filled by (over) the magnesium sulfate solution, the level of the ammo- 
nium sulfate solution being adjusted to a point about three-quarters to  one 
inch higher than the mouth of the Erlenmeyer flask. The dropping funnel 
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is next filled with another portion of the saxe 10% ssolutior, of magnesium 
sulfate, indicated by A in the illustration (previously treated with potas- 
sium periodate) as that already contained in the flask. Operation may now 
be started by connecting the electrodes directly with a 110-volt direct 
current, which was found suitable for this particular cell. Within a few 
minutes magnesium hydroxide can be observed to deposit around the 
cathode, which is in the space within the beaker but outside the flask. 
At the same time sulfuric and permanganic acids will concentrate in the 
pocket of the side arm containing the anode. These acids must be drawn 
off a t  approximately the same rate as they are formed in order to maintain 
the efficiency of the process. This removal of the acid is accomplished by 
means of the siphon which reaches to the bottom of the anode-containing 
pocket. It is difficult to ascertain with any exactness the proper rate of 
flow of this siphon. However, we have found by experience that a flow of 
15 to 20 drops per minute yields satisfactory results in this particular cell. 
The rate at which the solution so withdrawn, together with the rate of 
electrolysis, determines the rate a t  which additional permanganate-con- 
taining magnesium sulfate solution must be introduced from the dropping 
funnel. Obviously, this rate is maintained by adjusting the drip from this 
funnel so that the liquid junction between the permanganate-containing 
magnesium sulfate solution in the Erlenmeyer flask and the overlying solu- 
tion, which was originally ammonium sulfate, is approximately a t  the same 
level as a t  the start, that is, three-fourths to one inch from the mouth of 
the Brlenmeyer flask. It will usually require three or four readjustments 
of the stopcock in the dropping funnel before the rate of inflow through the 
funnel will balance the combined rates of outflow through the siphon and 
the electrolysis. An inflow of about 25 drops per minute will nearly strike 
the balance when the outflow is 15 to 20 drops and the electrolyzing current 
is 110 volts. When this balance has been attained, as indicated by the 
constancy of the level of the liquid junction between the permanganate- 
containing magnesium sulfate solution and the overlying solution in the 
neck of the Erlenmeyer flask, electrolysis will proceed with little need for 
attention. The above liquid junction is always so conspicuous and clear- 
cut that there is never any difficulty in locating i t  with the eye. An in- 
spection of the cell about once an hour is sufficient. After six or seven 
hours, a large and voluminous drift of magnesium hydroxide will have de- 
posited on the bottom of the beaker and this will be found spectrographi- 
cally free from manganese. 

Summary 
Apparently all of the highest grade and c. P. labeled magnesium com- 

pounds contain traces of manganese which cannot be removed by ordinary 
methods of purification. A new method has been developed by which 
magnesium salts can be rendered manganese-free. This method consists 



July, 1930 GERMANIUM. XXXIV 2779 

of an oxidation of the manganese to the permanganate form by means of 
potassium periodate, followed by electrolysis in a specially designed cell in 
which magnesium hydroxide deposits in a cathode-containing compartment 
and the permanganate in an anode-containing compartment. An essential 
feature of this cell is an arrangement whereby hydrogen from the cathode is 
kept out of contact with the permanganate. 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, CORNELL UNIVERSITY] 

GERMANIUM. XXXIV. TRIMETHYL GERMANIUM BROMIDE1 

BY L. M. DENNIS AND W. I. PATNODE 
RECEIVED APRIL 16, 1930 PUBLISHED JULY 3, 1930 

Halogenated aryl compounds of germanium of the type R3GeX have 
been prepared by several investigatom2 These compounds are solids 
which can readily be purified by crystallization from organic solvents. 
Comparatively little work has been done on the germanium alkyl com- 
pounds, and no halogenated alkyl of the above type has been announced. 
Trimethyl germanium bromide was chosen as a typical representative 
of this class. It was to be expected that the compound would be some- 
what more difficult to prepare and purify than the corresponding aryl 
compounds since i t  probably would be a liquid that is rapidly attacked by 
atn~ospheric moisture. Consequently, the method of halogenation de- 
veloped by Dennis and Judy3 was used. 

Materials.-Germanium tetrachloride was converted t o  germanium 
tetramethyl by the method of Dennis and H a n ~ e . ~  Hydrogen bromide 
was prepared by the reduction of bromine by hydrogen sulfide. 

Procedure.-The apparatus was similar to that used by Dennis and 
Judy3 for the halogenation of monogermane. Anhydrous alumini~m 
bromide was introduced into the reaction bulb in the manner there de- 
scribed. About 15 g. of germanium tetramethyl was distilled into one 
of the smaller bulbs of the vacuum chain, after its purity had been es- 
tablished by determination of its vapor tension at OO. Slightly less than 
the theoretical amount of hydrogen bromide required by the equation 

HBr + Ge(CH3)d = Ge(CH3)3Br + CHI 

was condensed in another bulb of the apparatus, and was then distilled 
over into the bulb that contained the germanium tetramethyl. The two 

1 The work upon which this article is based was supported by a grant from the 
Heckscher Foundation for the Advancement of Research, established by August Heck- 
scher a t  Cornell University. 

Morgan and Drew, J. Chem. Soc., 127, 1760 (1925); Kraus and Foster, THIS 
JOURNAL, 49, 457 (1927) ; Orndorff, Tabern and Dennis, ibid., 49, 2512 (1927). 

Dennis and Judy, ibid., 51, 2321 (1929). 
4 Dennis and Hance, J. Phys. Chem., 30, 1055 (1926). 
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substances in vapor phase were then passed over into the reaction bulb 
which contained the catalyst. As soon as the vapors came in contact 
with the aluminum bromide on the walls of this bulb, reaction took place, 
as was evidenced by the formation of drops of liquid around the crystals 
of the catalyst. To insure thorough mixing of the two reacting substances, 
liquid air was alternately applied to and removed from the smaller bulb, 
which throughout the reaction remained in connection with the reaction 
bulb. The action was allowed to continue during a period of two days. 

The volatile products were then distilled over into the smaller bulb by 
cooling i t  with liquid air, and the liquid was separated by distillation into 
two fractions, one volatile below - 100' and the other volatile above that 
temperature. The sample volatile below - 100' was analyzed by com- 
bustion, was found to be pure methane, and was discarded. The other 
portion was separated into three fractions by distillation, following the 
general method described by Dennis, Corey and M ~ o r e . ~  The greater 
part of the liquid showed a vapor tension a t  0' of from 4.7 to 5.1 mm. 
This portion was again fractionated, the middle fraction was separated 
by further fractional distillation into small portions, and the vapor ten- 
sion of each a t  0' was determined. A constant value of 4.9 mm. was 
obtained and consequently these several small fractions were combined. 

Analysis.-A sample was distilled over into a tube that was provided 
a t  its upper end with a wide slip-joint carrying a stopcock and a normal 
slip-joint above that for attaching i t  to the chain. This tube was de- 
tached and weighed to determine the weight of the sample, the liquid in 
i t  was then frozen and the large slip-joint was removed. Water and a 
few drops of nitric acid were added and the mixture was allowed to warm 
up while being gently shaken. The substance rapidly dissolved. A 
solution of silver nitrate was then added in excess and the silver bromide 
was collected on a filter and weighed. 

Carbon and hydrogen were determined by the combustion method 
devised by Dennis and Hance14 the bromine in the sample being stopped 
by a plug of silver turnings. 

Germanium was determined by slowly dropping a sample of the liquid 
from a pipet onto a warm mixture of 90 parts of sodium peroxide and 
10 parts of sodium carbonate. The mass was allowed to cool, was then 
heated with dilute hydrochloric acid, and the solution was made 6 N 
with respect to hydrochloric acid. The germanium in this solution was 
now determined by the method of Johnson and Dennis6 

Analyses 
Bromine.-Subs., 0.1943, 0.3141. Calcd. for Ge(CH&Br: Br, 0.0785, 0.1270, 

40.44%. Found: Br, 0.0786, 40.45%. 0.1274, 40.54%. 

Dennis, Corey and Moore, THIS JOURNAL, 46, 657 (1924) 
6 Johnson and Dennis, ibid., 47, 790 (1925). 
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Germanium.--Subs., 0.4101, 0.1437. Calcd. for Ge(CIIa)aBr: Ge, 0.1506, 0.0528, 
36.74%. Found: Ge, 0.1532, 37.35%, 0.0525, 36.52%. 

Carbon and Hydrogen.-Subs., 0.8214, 0.2749. Calcd. for Ge(CH3)3Br: C, 
0.1497,0.0501,18.23%; H,0.0377,0.0126,4.59%. Found: C,0.1485,18.09%,0.0503, 
18.29%; H, 0.0380, 4.74%, 0.0125, 4.55%. 

Physical Properties 

Melting Point.-The melting point of trimethyl germanium bromide, 
determined by the dropping ring method of Dennis, Corey and M ~ o r e , ~  
is -25". 

Liquid Density.-The liquid density of trimethyl germanium bromide 
is 1.544 g./cc, a t  18'. 

Vapor Density and Molecular Weight.-The vapor density was de- 
termined by the method of Victor Meyer using the apparatus as modified 
by Weiser.' The tube was heated by the vapor of boiling ethylene glycol 
contained in the outer jacket, and the displaced air was measured in a 
Hempel gas buret. Wt. 1 liter (corr.) 8.963, 9.220. Mol. wt. (av.), 203.6. 
Calcd., 197.6. 

Refractive Index.--The refractive index of trimethyl germanium 
bromide is 1.4705 a t  18". 

Vapor Tension.-The vapor tension curve was determined by the 
method of Laubengayer and C ~ r e y . ~  

Temp., "C. -25 0 -6 2 +3.7 23.4 32 2 41.5 46 0 52.5 
Press., mm. 0.1 2 9  7 .1  21.4 32.8 50.9 62.3 82.5 
Temp., O C .  58.4 63 8 66 0 74 2 77.8 80.5 85.4 89 0 94.4 
Press.,mm. 1 0 8 8  1 3 1 8  150.6 195.0 222.7 2456 301.1 337.0 398.1 
Temp., "C. 95.5 98 5 101 1 105.5 108.9 113.2 115.7 119.7 
Press., mm. 415 5 447.0 495.5 555 9 619 5 711.2 787.1 881.0 

The general equation as determined from the above data is 

+ 7.912 log,, p = - 1956 X -- T, OK. 

Boiling Point.-The boiling point as taken from the vapor tension 
curve is 113.7". 

The material is a colorless oily liquid with a characteristic odor resem- 
bling turpentine and onions. It is soluble in the usual organic solvents. 

Chemical Properties 

Trimethyl germanium bromide is hydrolyzed by water. Silver bromide 
can be precipitated from this solution by the addition of a solution of silver 
nitrate. The product of hydrolysis is a volatile liquid. Germanium di- 
sulfide is not precipitated when an aqueous solution of trimethyl germanium 
bromide is acidified and treated with hydrogen sulfide. This is presum- 
ably due to the formation of a non-polar hydroxyl compound. 

7 Weiser, J. Phys. Chem., 20, 532 (1916). 
VJ,aubetlgayer arid Corey, ibid., 3C, 1043 (1926). 
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Ge(CH3)aBr f HOH = Ge(CH3)30H +HBr 

This hydroxyl derivative may or may not condense with itself with the 
elimination of a molecule of water. The corresponding phenyl compound 
does, h o ~ e v e r . ~  Trimethyl germanium bromide is rapidly oxidized by 
sodium peroxide and by hot chromic acid, but only slowly by ammoniacal 
30% hydrogen peroxide. Hot, concentrated sulfuric acid liberates bromine. 

When a sample was dissolved in benzene and dry ammonia gas was 
bubbled through the solution, a white crystalline precipitate appeared. 
This was shown by analysis to be ammonium bromide. The filtrate from 
this precipitate was allowed to evaporate a t  room temperature. When 
only a few drops remained, the material had an odor similar to that of the 
original material. However, when a drop on a stirring rod was brought in 
contact with a drop of water, the odor of ammonia was noticed. This 
liquid fumed strongly when concentrated hydrochloric acid was added. 
It is assumed from this experiment that trimethyl germanium bromide 
reacts with ammonia to form an amine which is volatile and readily 
hydrolyzed by water. 

Summary 
The preparation, purification and some chemical and physical proper- 

ties of trimethyl germanium bromide are described. 
ITHACA, NEW YORK 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

THE SEPARATION OF EUROPIUM BY ELECTROLYTIC 
REDUCTION. OBSERVATIONS ON THE RARE EARTHS. XXXV 

The existence of a bivalent europium chloride was announced by Urbain 
and Burion1 who prepared it by reduction of the anhydrous trichloride with 
hydrogen a t  400-450'. Jantsch, Alber and Grubitsch2 extended the study 
of the bivalent compounds of europium. They found that europium bi- 
chloride is quite stable in solution. The bi-iodide was found to be still 
more stable. The sulfate is a fine, white crystalline compound, insoluble in 
water and difficultly soluble in acids. The bichloride of samarium, de- 
scribed by Matignon and Cazes3 and by Jantsch, Riiping and K ~ n z e , ~  
reacts with water and, more rapidly, with acids, evolving hydrogen and 
undergoing oxidation to the trivalent state. The bivalent sulfate is a red 
compound, sparingly soluble. 

Morgan and Drew, J. Chem. Soc., 127, 1760 (1925). 
Urbain and Burion, Compt. rend., 153, 1155 (1911). 
Jantsch, Alber and Grubitsch, Monatsh., 53, 54, 305 (1929). 

Watignon and Cazes, Compt. rend., 142, 83 (1906). 
Jantsch, Kuping and Kunze, Z. anorg. allgem. Chem., 161, 210 (1927). 
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These facts suggested the possibility of separating europium from the 
other rare earths by electrolytic reduction in the presence of the sulfate ion. 

I. Experimental Procedure 

Five grams of mixed rare earth oxides containing samarium, europium 
and a small percentage of gadolinium was dissolved in hydrochloric acid. 
The excess acid was evaporated and the solution 
was diluted to 125 cc.; 2 cc. of sulfuric acid 
(sp. gr. 1.84) was added. It was found that the 
addition of more sulfuric acid would result in the 
precipitation of trivalent sulfates. Visual exami- 
nation of the solution through a seven-centimeter 
layer showed the absorption spectra of samarium 
and of europium. A f 

This solution was put into the cathode com- 
partment of the electrolytic cell (Fig. 1). The 
anode compartment was filled to the same level 
with dilute sulfuric acid of approximately molar 
concentration. A current of 0.18 ampere, corre- 
sponding to a current density a t  the cathode of 
0.01 amp./sq. cm., was used. The voltage drop Fig. 1.-The electrolytic 

between electrodes was 65 volts. cell. C, Cathode compart- 

After electrolyzing for six hours, an appreciable ment with mercury cathode; 
A, anode compartment with 

amount of a granular, white precipitate, later anode, 
identified as bivalent europium sulfate, had 
formed. This was removed for analysis. On continuing the electrolysis 
more precipitate was formed. After electrolyzing for about twenty-four 
hours, no more appeared and the reduction was assumed to be complete. 
The solution now showed none of the absorption bands of europium. 

11. Analysis 

(a) Gravimetric.--The portion of the precipitate reserved for analysis 
was collected in two portions for duplicate analyses on sintered glass cruci- 
bles. The precipitate was washed with air-free water until the washings 
gave no precipitate with ammonium hydroxide, then with alcohol and 
finally with anhydrous ether. It was dried a t  65'. After weighing, i t  was 
again heated a t  the same temperature for an hour; no gain or loss in 
weight occurred. 

The europium sulfate was then dissolved in dilute nitric acid. The re- 
action with nitric acid yielded nitrogen dioxide, indicating that an oxidation 
occurred. The spectrum of this solution showed the absorption bands of 
europium and none of samarium. After diluting the nitric acid solution to  
150 cc., the excess acid was neutralized with ammonium hydroxide and 
the solution was then made acid with nitric acid, two or three drops of 
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concentrated acid in excess being added. The europium was precipitated 
as oxalate, ignited and weighed as oxide. The oxide obtained was a very 
pale pink in color. The sulfate was determined as barium sulfate. The 
results of the analysis are given in Table I. The precipitate is shown to 
have the composition EuS04. 

ANALYSIS OF PRECIPITATED EUROPIUM SULFATE 
I 

1 Weight of Bus04 taken, g. 0.2128 
2 Weight of EuZO3 found, g. ,1476 
3 Weight of BaS04 found, g. ,2053 
4 Weight of Eu (calcd. from No. 2), g. ,1275 
5 Weight of SO4 (calcd. from No. 3) ,  g. ,0845 
6 Weight of EuSO4 found (4 plus 5) ,  g. ,2120 
7 Percentage error 0.4 
8 Mol. ratio SO JEu 1.049 

(b) Spectroscopic.-Photographs of the arc spectra on carbon elec- 
trodes of (1) the original mixed oxides, (2) the oxide obtained in analysis 
No. 1 and (3) of an oxide prepared from the solution after electrolysis, 
were made. A Hilger E I quartz prism spectrograph was used. It was 
found that the precipitate consisted of europium with very little samarium 
(estimated at 1 or 2%). The solution after electrolysis was almost eu- 
ropium free. The presence of samarium in the precipitate may have been 
due either to a partial reduction or the mechanical inclusion by the pre- 
cipitate. 

The writer wishes to express his appreciation of the assistance of Mr. P. 
W. Selwood, who photographed the spectra. 

Summary 

1. Bivalent europium sulfate may be precipitated from an acid solution 
by electrolytic reduction in the presence of the sulfate ion. 

2 .  An analysis of the precipitate showed i t  to have the composition 
represented by the formula EuS04. This is a white crystalline compound, 
stable when heated in air a t  6 5 O ,  and insoluble in dilute acids. It is oxi- 
dized by dilute nitric acid. 

3. Visual examination of the solution of the precipitate in nitric acid 
shows no samarium absorption bands. The solution after electrolysis 
showed none of the europium absorption bands. 

4. The arc spectrum of the precipitated fraction indicates that i t  con- 
sists of europium with very little samarium. The solution is almost sa- 
marium free. 

The use of this reaction for the isolation and the purification of europium 
is being further investigated. 
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[CONTRIBUTION PROM THE COBB CHEMICAL LABORATORY, UNIVERSITY OF VIRGINIA, 
No. 591 

THE ADSORPTION OF ARSENIOUS ACID BY HYDROUS FERRIC 
OXIDE 

Almost a century ago Bunsen and Bertholdl observed that freshly precipi- 
tated ferric oxide had the power of removing arsenious acid from solution 
and considered the action as due to the formation of a basic ferric arsenite. 
A similar view was later held by Rey~hler.~ On the other hand, Biltz3 and 
Boswell and Dickson4 considered the action as due to adsorption and ex- 
pressed their results approximately by the adsorption equation X = kc1'", 
where X is concentration of arsenious oxide on the ferric oxide, C is con- 
centration of arsenious oxide at  equilibrium, and k and n are constants. 
Lockemann5 and his co-workers have studied the conditions under which 
arsenious acid is completely removed from solution and they varied the 
amounts of both adsorbent a.nd arsenic, as well as the temperature. More- 
oter, each adsorption was measured at  the temperature at  which the ad- 
sorbent was formed. 

Since the adsorption power is altered by various factors such as (I) 
temperature a t  which the hydrous oxide is formed, (2) the temperature a t  
which adsorption takes place, (3) rate of formation of the adsorbent, etc., 
it  seemed desirable to study the adsorption under a definite set of condi- 
tions. In general, the experimental conditions and procedure were the 
same as those employed in a similar investigation of the adsorption of 
arsenious acid by hydrous aluminum oxide.6 

Experimental Part 
Rate of Adsorption.-A series of adsorptions was carried out a t  25O using hydrous 

ferric oxide formed a t  the same temperature, and the adsorption period was varied from a 
few minutes to forty-two hours. The results are recorded graphically in Fig. 1, where 
the millimoles of arsenious oxide adsorbed by a given amount of hydrous ferric oxide 
(corresponding to 0.250 g. of Fez03) have been plotted as ordinates, and the total times 
in hours as abscissas. 

Adsorption of Arsenious Acid by Hydrous Ferric Oxide Formed at Various Tem- 

Bunsen and Berthold, "Das Eisen~x~dhydrat, ein Gegengift der arsenigen 
Szure," Gottingen, 1834; cf. Guibourt, Arch. Pharm., [2] 23, 69 (1840). 

Re~chler, J. chim. phys., 7, 362 (1909); 8, 10 (1910); cf. Oryng, Kolloid-Z., 22, 
149 (1918). 

Biltz, Ber , 37, 3138 (1904); J. chim. phys., 7, 570 (1909); cf. Kolloid-Z., 26, 179 
(1920). 

Boswell and Dickson, THIS JOURNAL, 40, 1793 (1918). 
5 Lockemann and Paucke, Kolloid-Z., 8, 273 (1911); Lockemann and Lucius, Z .  

physik. C h ~ m . ,  83, 735 (1913). 
Yoe, THIS JOURNAL, 46,2390 (1924). 
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peratures.-Two series of measurements were made using oxides precipitated a t  0, 25. 
50, 75 and 100°, respectively. The concentration of the arsenious acid in each series 
varied from about 0 9 to 4.5 millimoles of As203 per 250 cc. All adsorptions were carried 
out a t  25O. One series was run a t  an adsorption period of forty-two hours and another 
a t  a thirty-day period. The rate of adsorption previously determined had shown that 

0 4 8 12 16 20 24 28 32 36 40 

Time in hours. 

Fig. 1.-Rate of adsorption of arsenious acid by hydrous ferric oxide 
a t  25 ". 

a n  approximate equilibrium point is reached a t  the end of twelve hours and that ad- 
sorption a t  the end of forty-two hours was identical (within the limits of accuracy) 
with the twelve-hour period. The results are shown graphically in Figs. 2 and 3, where 
millimoles of arsenic trioxide adsorbed by a given amount of hydrous ferric oxide (corre- 
sponding t o  0.250 g. of Fez03) are plotted as ordinates, and the temperatures a t  which 
the oxides were formed as abscissas. 
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Fig. 2.-Adsorption of arsenious acid by hydrous ferric oxide formed a t  
various temperatures (adsorption time, 42 hours). 

Adsorption Isotherms.-Adsorption isotherms were obtained for hydrous ferric 
oxides formed at temperatures of 0, 25, 50, 75 and 10O0, respectively, and for the oxide 
formed a t  100' and boiled for twenty-four hours under a reflux condenser. One series 
of isotherms was run a t  an adsorption period of forty-two hours and another a t  a thirty- 
day period. All measurements were made at  25". The data are given in Figs. 4 and 5, 
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where the ordinates show the millimoles of arsenious oxide adsorbed by a given amount 
of hydrouq ferric oxide (corresponding to 0.250 g. of Fezor), and the abscissss the 
millimoles of arsenious oxide unadsorbed. The corresponding logarithmic plots are 
given in Figs. 6 and 7. 

Temperature, OC. 

Fig. 3.-Adsorption of arsenious acid by hydrous ferric oxide 
formed a t  various temperatures (adsorption time, 30 days). 

Discussion of Experimental Data 

Rate of Adsorption.-As seen in Fig. 1, the rate of adsorption is quite 
rapid, about 75% of the total adsorption taking place within the first five 
minutes. At the end of twelve hours 0.871 millimole of arsenious oxide had 
been adsorbed and 0.885 millimole a t  the end of forty-two hours. 

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 
Millimoles of As203 unadsorbed. 

Fig. 4.-Adsorption isotherms of arsenious acid on hydrous ferric oxide 
a t  25" (adsorption time, 42 hours). 

The run was discontinued a t  the end of forty-two hours since i t  was 
evident that at least an approximate equilibrium had been reached. That 
there is a very slight continued adsorption was observed later when de- 
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termining the adsorption isotherms. For instance, one run with the 
hydrous ferric oxide formed at 25' gave an adsorption value of 0.84 milli- 
mole a t  the end of forty-two hours and 0.88 millimole a t  the end of thirty 
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'$ 
, 0.5 

0 
CJ 
d 

0.3 
... 
4 - 
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0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 
Millimoles of As203 unadsorbed. 

Fig. 5.-Adsorption isotherms of arsenious acid on hydrous ferric oxide 
a t  25' (adsorption time, 30 days). 

days, an increase of only 0.04 millimole. This slight increase in adsorption 
of the thirty-day period over the forty-two-hour period was shown in all 

- - 
1.6 1.3 0.0 0.2 0.4 0.6 0 9 

Log millimoles of As203 unadsorbed. 
Fig. 6.-Logarithmic plot of curves in Fig. 4. 

cases, regardless of the temperature (0 to 100') a t  which the hydrous ferric 
oxide was formed and the concentration (0.9 to 4.5 millimoles per 250 cc.) 
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of the arsenious acid. The increase in adsorption varied from about 0.01 
to 0.08 millimole, but was usually about 0.04 millimole. Hydrous alumi- 
num oxide shows a similar slow increase in adsorption. Several expla- 
nations have been sugge~ted.~ 

Adsorption of Arsenious Acid by Hydrous Ferric Oxide Formed at 
Various Temperatures.-The adsorption power of the hydrous ferric 
oxide decreases, the higher the temperature a t  which i t  is formed. The 
effect is much greater over the range from 0 to 75' than from 75 to 100°. 
The marked effect of boiling on the adsorption power of the hydrous oxide 
is shown by the fact that precipitating a t  100' and then boiling under a 

reflux condenser for twenty-four hours cut down the adsorption power 
more than 30y0 of that precipitated a t  100' but not boiled. Adsorption 
by the hydrous oxide precipitated a t  0' is about 4.2 times greater than by 
that formed a t  100° and about 5.8 times greater than that of the hydrous 
oxide precipitated a t  100° and refluxed for twenty-four hours. The effect 
of raising the temperature of formation, therefore, is to decrease the ad- 
sorption power of the hydrous oxide, which is in agreement with results 
previously obtained with hydrous aluminum oxide.6 

Adsorption Isotherms.-Since the rate curve had shown that  between 
twelve and forty-two hours adsorption is constant or a t  least very nearly so, 
a concentration function or adsorption isotherm was obtained for a forty- 
two-hour period for each lot of hydrous ferric oxide formed a t  the various 
temperatures ranging from 0 to 100'. Corresponding isotherms were also 
measured for a thirty-day period, As noted in Pigs. 4 and 5, the points 



2790 JOHN H. YOE V0l. 52 

fall on smooth curves, each curve lying below the preceding one-the one 
for 0' formation being the highest and that for precipitation a t  100' and 
boiling for twenty-four hours being the lowest and almost flat. When loga- 
rithmic plots are made (see Figs. 6 and 7) some striking results are noted. 
The hydrous oxides formed at 0 and a t  25' give straight lines, and hence 
the adsorption may be expressed by the adsorption equation X = 
The curves for the hydrous oxide formed a t  50' deviate from a straight line 
and are convex to the x-axis, while those for the oxides formed a t  higher 
temperatures are concave to the x-axis. It is obvious that the phenomenon 
of adsorption by these oxides cannot be expressed by the simple adsorption 
equation. The data also show considerable deviation from Langmuir's 
equation. 

Summary 

1. The rate of adsorption a t  25O of arsenious acid by hydrous ferric ox- 
ide is very rapid, 75% or more of the adsorption taking place within the 
first few minutes. An apparent or approximate equilibrium was reached 
in about twelve hours but a t  the end of thirty days a very slight further 
adsorption had taken place. 

2.  Hydrous ferric oxides have been formed under a definite set of con- 
ditions and at 0, 25, 50, 75 and 100°, respectively, and a t  100' and boiled 
gently under a reflux condenser for twenty-four hours. Adsorption iso- 
therms a t  25' have been obtained for each of these oxides with arsenious 
acid. Those formed at 0 and a t  25' follow the simple adsorption equa- 
tion, X = k ~ l ' " .  The hydrous oxides formed a t  higher temperatures 
show considerable deviation from the simple adsorption equation, as well 
as from Langmuir's equation. 

3. The adsorption power of hydrous ferric oxide for arsenious acid de- 
creases the higher the temperature a t  which i t  is formed. Gentle boiling 
under a reflux condenser for twenty-four hours greatly reduces the ad- 
sorption capacity. These results are in good agreement with similar ones 
obtained with hydrous aluminum oxide. 
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THE SOLUBILITY OF LEAD IODATE IN WATER AND IN 0.1 N 
SALT SOLUTIONS 

BY VICTOR K. LA MER AND FREDERICK H. GOLDMAN 
KECEIVED MAY 5,  1930 P u B L ~ ~ H E D  JULY 3, 1030 

In  connection with our studies1 on the solubilities of lanthanum and 
thallous iodates in salt solutions we also considered making similar measure- 
ments upon lead iodate as an example of a (2, -1) type saturating salt. 
Unfortunately experimental difficulties such as inability readily to repro- 
duce the water solubility with the high precision desired (O.lyol for testing 
the principle of specific interaction, and the limited range of concentration 
for which sulfate solvents could be employed, led us to discontinue the more 
complete study in favor of TlIOB. The final solubility value for Pb(IO& 
in water was 3.61.10-5 moles/liter a t  25') which is considerably lower than 
the value of 5.51.1OV5 reported by Harkins and WinninghoffZ or the value 
4.13-10-5 moles/liter reported by Kohlrausch3 for 25.77'. 

Preparation of Lead Iodate.-One hundred and twenty grams (0.216 
mole) of lead iodate was precipitated by simultaneous dropwise addition of 
equivalent solutions of c. P. lead nitrate and potassium iodate in a 23-liter 
jar filled with water under constant stirring at about 60°. The super- 
natant liquid was replaced with fresh water eight times during the precipi- 
tation process, which occupied several days' time. The potassium nitrate 
resulting from metathesis therefore did not exceed 0.002 M at  any time. 
It has been our experience that higher solubilities are usually obtained when 
salts are precipitated from more concentrated solutions, due we believe to 
occlusion of metathetic products. Harkins and Winninghof gave no de- 
tails other than that their salt was precipitated in very dilute solution in 
which the nitrate was constantly in excess. Our product was of a very 
light cream color and of a fineness resembling talcum powder. 

Results.-The lead iodate was placed in the solubility tubes, described 
previ~usly,~ in January, 1927, and washed with water or salt solutions con- 
tinuously until July, 1927, with the following results for S.105, 3.68, 3.63 
and 3.66 on 1/21, 1/22 and 1/23, respectively. On 1/24, 105S suddenly 
rose to 3.82 and the salt assumed a light yellow color, due we believe to  the 
liberation of traces of iodine by some accidental impurity. By continuous 
washing the yellow color slowly disappeared until on 4/14, 105S had fallen 
to 3.60, rising to 3.61 on 6/4. During this period equilibrium was ap- 

La Mer and Goldman, T HIS JOURNAL, 51,2632 (1929). 
Harkins and Winninghof f ,  ?bid., 33, 1830 (1911). Solubility determined b y  direct 

analysis. 
Kohlrausch, Z physqk. Chem, 46, 521-619 (1923). Solubility determined b y  

conductivity method. 
La Mer and Mason, THIS JOURNAL, 49, 363 (1927). 
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proached from supersaturation as well as undersaturation wit-lout pro- 
ducing significant differences in the results. Since both impurities and 
abnormally small crystals will produce a greater solubility, we feel justified 
in attributing more weight to our lower value than to the higher values of 
previous investigators. The analysis was carried out by adding 3 g. of 
potassium iodide to a 200-cc. aliquot of saturated solution in a 500-cc. iodine 
flask. Two cc. of 50% sulfuric acid was then added and the contents 
titrated after ten minutes with dilute thiosulfate from a weight buret. 
Although the precipitate formed interfered somewhat in the ease of reading 
the starch end-point, duplicate determinations usually checked to 0.2%. 

The data in the table show that the solubilities in the potassium and 
sodium solvents with the same anion are almost identical, in agreement 
with the requirements of the principle of specific interaction since the os- 
motic properties (freezing-point lowerings) of potassium and sodium iodates 
are also almost identical5 at 0.1 N. On the other hand, marked differences 
exist between the nitrates and chlorides, lead iodate like thallous iodate 
being more soluble in chlorides than in nitrates. This is opposite to what 
is usually observed and we attribute the greater solubility to the formation 
of complex chlorides. In the case of lead, complexes of the type PbC1; have 
been isolated a t  high chloride  concentration^.^ The Debye-Hiickel limit- 

Final 
detns. S.106 alst A. 

Solvent Date avgd. mole/liter Loq S/So -Log f 4; units 

TABLB 11 
RECALCULATIONS OF THE DATA OF HARKINS AND WINNINGHOX 

Solvent S . l O 5  mole/liter Log S/So -Logf 4: 

Hz0 5.511 0.000 0.013 0.0128 
KNOZ 0 002 M 5.71 .015 ,028 .0466 

0.010 M 6.52 .073 .086 .lo2 
0.050 M 10.18 .267 .280 .224 
0.200 M 12.71 .363 .376 .477 

refers to the "a" value calculated using the first or Debye-Hiickel approxima- 
tion of the solution of the Poisson-Boltzmann equation. See Gronwall, La Mer and 
Sandved, Physik. Z., 29, 358 (1928) for mathematical details regarding the higher 
approximations. p is the ionic strength, i. e., 1/2 zc,~,". 

See Ref. 1, p. 2642, for more details and for references to Brbnsted's papers 
where this relation is developed. 

Tendal l  and Sloan, THIS JOURNAL, 47,2306 (1925). 
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ing law predicts a value of -log f = 0.319 in the 0.1 M solvents, and the 
last column gives the values of the parameter "a" in A. units required by 
this theory. The values of "a" are absurdly small for the nitrates, which 
is frequently the case, but are actually negative in the case of chlorides, 
which is unusual for low valence chloride salts in water. 

Summary 
The solubility of lead iodate is 3.61.10-j molelliter a t  25'. The greater 

solubility in 0.1 N chlorides than in the nitrates of sodium and potassium 
is attributed to complex chloride formation. 

NEW YORK, N. Y. 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OF THE: UNIVBRSITY OB' CALISORNIA] 

THE EFFECT OF IODINE CHLORIDE ON THE PHOTOSYNTHESIS 
OF HYDROCHLORIC ACID 

BY G .  K. ROLI.EFSON AND F. E. LINDQUIST 

RECEIVED MAY 5, 1930 PUBLISHED JULY 3, I930 

In recent discussions of the mechanism of the photosynthesis of hydro- 
chloric acid it has been generally accepted that the action of the light which 
initiates the chain is to dissociate a chlorine molecule into a normal chlorine 
atom and one excitcd to the 2P1 state. A recent paper by Rollefsonl 

discussed grounds for believing that it is the excited atoms which start the 
reaction, the normal ones having no effect. It is highly desirable, therefore, 
to carry out experiments in which only one of the two kinds of atoms is 
produced and to see if the reaction will start under such conditions. For 
such experiments to be of significance it is necessary that the atoms shall 
be produced with as little disturbance to the other molecules as possible. 
The most obvious way to do this is to dissociate some molecule by light. 
In this case it is possible to do it by introducing iodine monochloride into 
the mixture of hydrogen and chlorine and it is the purpose of this paper to 
present experiments dealing with the behavior of such a system. 

The absorption spectrum of iodine chloride has been studied by Gibson 
and Ram~perger,~ who found a series of bands converging a t  v = 17,410 
cm.-I (X = 5744 A.) similar ih character to the bands which have been 
observed in the halogens by MeckeQnd K ~ h n . ~  In the case of the halo- 
gens i t  was shown that the convergence corresponded to a dissociation into 
a normal and an excited atom. The thermal data available for iodine 
chloride are not sufficiently accurate to say definitely whether the observed 
convergence corresponds to a dissociation into two normal atoms or into a 

Rollefson, THIS JOURNAL, 51, 770 (1929). 
Gibson and Ramsperger, Phys. Rev., 30,598 (1927). 
Mecke, Ann. Physik, 71, 104 (1923). 
Kuhn, 2. Physik, 39, 77 (1926). 
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normal iodine atom and an excited chlorine atom. Gibson and Ramsperger 
adopted the first of these two interpretations, their arguments being based 
on considerations of the stability of iodine chloride and also on the ob- 
servation of two faint band heads a t  higher frequencies than the above- 
mentioned convergence which might be considered as part of a system 
corresponding to the second process. Gibson5 later abandoned this view 
in favor of the dissociation into a normal iodine atom and excited chlorine 
atom. Whichever interpretation is correct, the fact that there is one well- 
defined band series in the absorption indicates that this compound can be 
used to supply one kind of chlorine atoms. 

Preliminary experiments showed that no reaction occurred if a mixture of 
iodine chloride and hydrogen was illuminated a t  room temperature. This 
result tells us merely that the kind of chlorine atoms obtained in these 
experiments will not react directly with hydrogen. I t  does not exclude the 
possibility of these atoms starting chains by going through a Cia stage, as 
postulated by Cremer,6 if chlorine molecules are present. The principal 
experiments were therefore performed with mixtures of chlorine, iodine 
chloride and hydrogen. 

Experimental 
The reaction was carried out in a cylindrical pyrex vessel, 6 X 17.5 cm., with a 

polished window a t  one end; the other end was drawn down and sealed to  a smaller 
tubc in order that the vessel might easily be attached to the line, and a side tube of 
approximate dimensions 1 X 13 cm. was sealed onto the vessel a t  about the middle. 
Thc  purpose of the side tube was to  freeze out such gases as hydrochloric acid, chlorine, 
etc., in order that the pressure of hydrogen might be measured and the reaction followed 
in this way. Liquid air was used to freeze out the above-mentioned gases and a manom- 
eter containing concentrated sulfuric acid was used t o  measure the pressure of hydrogen. 
The  manometer was so arranged that, during the addition of the reacting substances to  
the vessel, its high vacuum side could be cut off from the main line by means of a pyrex 
stopcock. I n  order to assure the maintenance of a high vacuum on this side of the 
manometer after the addition of the reactants, the stopcock was opened, thereby allow- 
ing the high vacuum side of the manometer to  be continually pumped on by a mercury 
diffusion pump which was backed up by an oil pump. Before admitting the reacting 
gases to  the vessel, the entire system was evacuated by means of the above-mentioned 
pumping system. The hydrogen used was prepared by the electrolysis of a concentrated 
solution of potassium hydroxide. The gas, after being generated, was passed over 
metallic copper a t  a temperature of approximately 300" in order t o  remove any oxygen 
t h a t  might have been present, then over phosphorus pentoxide, then through a liquid 
air trap t o  a U in the line surrounded by a mixture of solid carbon dioxide and acetone, 
and from this U through a capillary tube into the reaction vessel. The capillary tube 
was placed in the line between the U, surrounded by the solid carbon dioxide-acetone 
mixture, and the reaction vessel in order t o  prevent the iodine chloride from diffusing 
from the reaction vessel to the cold U during the experimental work. During the addi- 
tion of hydrogen the side tube was surrounded with liquid air and the pressure of hydro- 

Gibson, 2. Physik., 50, 692 (1928); Gibso~i and Rice, Nature, 123, 347 (1929). 
Cremer, Z. physik. Chem , 128,285 (1927). 
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gen added was taken as the initial hydrogen pressure reading. The liquid air was then 
removed and chlorine was admitted to  the reaction vessel. The chlorine was prepared 
by heating anhydrous cupric chloride, which was kept in a tube sealed on the line be- 
tween the liquid-air trap and the solid carbon dioxide-acetone U. I n  this way the chlo- 
rine passed through the cold U, through the capillary tube, into the reaction vessel. 
The iodine chloride was prepared by direct reaction of iodine and chlorine in the re- 
action vessel. The iodine used was sublimed twice and then condensed in small tubes 
which had been drawn off t o  a fine capillary. After the iodine was condensed, the tubes 
were sealed off and laid aside for use. When iodine was to  be introduced into the 
reaction vessel, one of these tubes was placed in a side tube where it  could be broken 
by .gt magnetic hammer. The iodine was allowed to distil into the reaction vessel. I n  
this way, the iodine was resublimed three times and a pure product was assured. When 
sufficient iodine had been introduced into the vessel, the magnetic hammer arrangement 
was sealed off and hydrogen and chlorine were introduced into the vessel. This mixture 
of gases was exposed to the light for a period of an hour or longer; then the side tube was 
surrounded by liquid air, and the gases, with the exception of hydrogen, were frozen out. 
The liquid air was then replaced by a mixture of solid carbon dioxide-acetone, which 
allowed the chlorine and hydrochloric acid to evaporate, keeping the iodine chloride 
in the solid state as iodine trichloride. The gases were pumped off and the system again 
evacuated. Hydrogen and chlorine were again added, in the manner previously de- 
scribed, and a series of measurements was made. The vessel was illuminated by  means 
of a 500-watt projection lamp, the light from which was concentrated by a lens and 
passed through a quinine sulfate filter onto the plane window. The gases were exposed 
to the light for a definite length of time and then the amount of hydrochloric acid formed 
was determined by freezing out the gases and measuring the pressure of residual hydro- 
gen. The rate of the reaction was followed by taking a series of such measurements. 
The iodine chloride pressure was varied by pumping out a certain fraction of the total 
gases and then adding hydrogen and chlorine to the remaining gases until approximately 
the original pressures of hydrogen and chlorine were reached. A series of points was 
again obtained, as descrihed above, and by making a series of such runs, the effect of 
iodine chloride on the rate of the reaction between hydrogen and chlorine was studied. 

In all the experiments a large excess of chlorine was used so that no 
large error was introduced by considering the chlorine pressure as constant 
during the run. Under such conditions the law for the rate of formation of 
hydrochloric acid is 

where k' = k(Cl2). Integrating we find that log (Hz) should be propor- 
tional to the time; therefore if we p lo t  log (H2) against time the slope of 
the curve gives us the value of k'. A set of curves obtained a t  various 
iodine chloride pressures7 is shown in Fig. 1. The straightness of the lines 
shows the validity of the assumptions over the range studied. The vari- 
ation of k '  with the iodine chloride pressure is shown in Fig. 2, where values 
of k' have been plotted against the square root of the reciprocal of the pres- 
sure of iodine chloride. This was found, by trial, to be the best linear plot 
which could be obtained, although even in this case the deviations are 

The pressure unit is cm. of sulfuric acid. 
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fairly large at low pressures. Such deviations are not surprising, as a t  
low pressures there is apt to be considerable uncertainty in the iodine 
chloride pressure. The general reproducibility of the results is shown by 

0.95 

Log H21. 

Fig. 1. 

the fact that the points used in making this graph are from two different 
sets of runs; the dots are from one series and the circles from the other. 

All these runs were made using the quinine sulfate filter, which cuts off 
all wave lengths shorter than 4050 A. Another run was made using a 

1 2 3 4 5 

Rate. 

Fig. 2. 

piece of Corex Red Purple glass as a filter. This transmits the ultraviolet 
and also some light between 4000 and 4500 A. The reaction occurred a t  a 
measurable rate, although it was somewhat slower than that with the 
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quinine sulfate filter, as might be expected due to lower intensity of the 
light source in the ultraviolet. Another run was made using a Wallace fil- 
ter No. 8 which transmits between 4300 and 5600 A.,8 but in this ease no re- 
action was observed, even with long exposures, although the light absorbed 
by the iodine chloride in this case was greater than that absorbed by the 
chlorine in the test with the Corex filter. 

Discussion of Results 

From the experiments which have just been described we can conclude 
that it is not possible to bring about the formation of hydrochloric acid by 
the optical dissociation of iodine monochloride in hydrogen, either in the 
presence or absence of chlorine moIecules. Furthermore, if we have a mix- 
ture of the three substances and illuminate with light which is absorbed by 
chlorine, a reaction occurs, but a t  a much slower rate than if no iodine 
chloride is present. This may seem to be in direct contradiction to the 
results published by PadoaJg who reported that the formation of hydro- 
chloric acid was accelerated by the addition of iodine. His experiments, 
however, were carried out using an actinometer in which water was present, 
and it is well known that under such circumstances the chlorine would 
oxidize the iodine to iodate, so it is very unlikely that he had any appreci- 
able amount of any iodine compound in the gas phase. 

Let us consider the first conclusion above from the standpoint of the 
two interpretations which have been given to the absorption spectrum of 
iodine chloride. If the interpretation given most recently by Gibson is 
correct, i. e., the molecule is dissociated into a normal iodine atom and an 
excited chlorine atom, i t  is difficult to see why we should fail to observe 
the formation of hydrochloric acid. Regardless of whether the chains in 
the hydrochloric acid reaction are started by normal or activated atoms 
under ordinary circumstances, if we introduce the atoms in the higher state, 
they must start a reaction either at once or as soon as they have been 
brought to the normal state, which would be a matter of frequent occur- 
rence a t  the pressures used. On the other hand, if the original interpreta- 
tion of Gibson and Ramsperger is correct, and normal atoms are formed in 
the optical dissociation of iodine chloride, the number of chlorine atoms in 
the first excited state, the ZP1 state, would be very small, as the average 
kinetic energy of molecules a t  room temperature is not sufficient to cause 
any appreciable fraction of the atoms to be in the higher state. If, under 
such circumstances, the reaction with hydrogen requires the activated 
atom, then we should expect just what was actually observed, namely, no 
formation of hydrochloric acid. From the experiments which we have 

The amount of reaction which would be caused undcr these conditions by the 
ahsorption of light in this regioil by the chlorine is negligible. 

Padoa, Gazz. chim. ital., 51, I, 193 (1921). 
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described it is, therefore, possible for us to conclude definitely, first, that 
visible light of wave lengths less than 5744 A. dissociates iodine chloride 
into two normal atoms; second, the reaction chains in the formation of 
hydrochloric acid are started by chlorine atoms in the 2P1 state and not by 
the normal atoms. I t  remains undetermined whether or not the chain 
goes through a Cls stage. 

With regard to the inhibiting effect of iodine chloride on the reaction, 
i t  is much easier to give a qualitative picture than to account for the 
quantitative result. Among the more probable explanations would be the 
reduction of the concentration of chlorine atoms in the 2P1 state due to 
collisions with iodine chloride being very efficient in bringing about a return 
to  the normal state. Or we may have reactions such as 

Cl* + ICI = Clz + I 
H + ICI = KC1 + I 

Either of these would terminate the chain since the iodine atoms do not re- 
act with hydrogen. The iodine atoms would eventually be converted into 
iodine chloride. Such reactions would be expected to cause an inhibiting 
action proportional to the first power of the iodine chloride pressure, 
whereas the observed effect was definitely less. The explanation of the 
discrepancy is not apparent, but i t  may be that other apparatus which will 
be capable of studying the reaction over a wider range of conditions will 
be able to produce a key to the solution. 

Summary 

The photochemical formation of hydrochloric acid in the presence of 
iodine chloride has been studied a t  room temperature. From the experi- 
mental data obtained i t  has been shown that the following conclusions 
may be drawn. 

1. Iodine chloride is dissociated into normal atoms by the action of 
light of wave length less than 5744 A. 

2.  The formation of hydrochloric acid requires the presence of chlorine 
atoms in the 2P1 state. 

3. The rate of formation of hydrochloric acid by light of wave length 
greater than 4050 A. is inversely proportional to the square root of the 
iodine chloride pressure. 

BERKELEY, CALIFORNIA 
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AZIDO-CARBONDISULFIDE. IV. PREPARATION AND 
PROPERTIES OF THE NEW INTER-HALOGENOID, CYANOGEN 

AZID O-DITHIOCARBONATE1*2 
BY L. F. ~ U D R I E T H  AND A W. BROWNE 

WITH MICROSCOPICAL STUDIES BY C. W. MASON 

RECEIVED JUNE 26, 1930 PUBLISI%ED JULY 3, 1930 

Among the recent accessions to the list of halogen-halogenoids probably 
capable of existence are bromine a ~ i d e , ~  thiocyanogen monochloride and 
tr i~hloride,~ chlorine azido-dithi~carbonate,~ and the mono-bromine and 
tri-bromine azido-dithiocarbonate~.~ A new method for the preparation 
of cyanogen selenocyanate, a substance included within the smaller group 
of inter-halogenoids, has been de~cribed.~ 

The somewhat wide-spread attention devoted at present to  compounds 
of this type finds justification not merely in the inherent scientific interest 
to be found in each of these substances, but also in the contribution made 
by each of them to the gradually extending chemical series of electro- 
negative substances comprising both the halogens and the halogenoids 
or "pseudo- halogen^."^ The present article deals with the formation, 
preparation, properties and behavior of a new inter-halogenoid, cyanogen 
azido-dithiocarbonate. 

Formation and Preparation.-Cyanogen azido-dithiocarbonate is 
formed under appropriate conditions by interaction either of negative 
cyanide and positive azido-dithiocarbonate radicals, or of positive cyanide 
and negative azido-dithiocarbonate radicals. 

Mercuric cyanide, for example, either in the solid state or in aqueous 
solution, reacts with azido-carbondisulfide in ether, alcohol or acetone in 
accordance with the equation 

- Hg(CN)z + 2(SCSN3)2 = Hg(SCSN& + 2CN.SCSNp (1) 
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August Heckscher a t  Cornell University. I t  was presented a t  the Detroit Meeting of 
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For Articles 1, 2, 3 and 4 under Heckscher Grant No. 4, see (f) ibid., 44, 21C6; ( g )  2116; 
(h) 2315 (1922); (i) 45, 2541 (1923). 

Manuscript received April 11, 1929 
Spencer, J. Chem. Soc., 127, 216 (1925). 
Kaufmann and Liepe, Ber., 57, 923 (1924); Lecher and Joseph, ibid., 59, 2603 

(1926). 
Gardner and Browne, THIS JOURNAL, 49,2759 (1927). 

"aufrnann and Kogler, Bcr., 59, 178 (1926). See also Verneuil, Ann. chim. 
phys , [6] 9,326 (1886). 

Birckenbach and Kellermann, Ber., 58, 786, 2377 (1925). 



2800 L. El. AUDRIE'I'H, A. W. BROWNE AND C. W. MASON Vol. 52 

Three grams of slightly moist azido-carbondisulfide, prepared by the method of 
Erowne, Hoel, Smlth and Swezey,ll was dissolved in acetone and 1.8 g. of finely powdered 
mercuric cyanide was added to the solution. After prolonged agitation of the reacting 
mixture, pearly flakes8 of mercuric azidodithiocarbonate, found under the microscope 
t o  consist of thin, hexagonal plates, were precipitated. The solid was removed by 
filtration, the filtrate evaporated to dryness and the residue extracted with ether. The 
extract yielded, on evaporation, a white solid identical in crystallographic and chemical 
properties with cyanogen azido-dithiocarbonate as prepared by the second method. 
The difficulty of obtaining the product free from traces of mercury, and the smallness of 
the yields produced have led to the choice of the alternative method. 

To  50 cc. of a cold aqueous solution that contained about 3 g. of sodium azido- 
dithiocarbonate was added 2.4 g. of freshly prepared cyanogen bromide dissolved in 20 
cc. of ether. After the reacting mixture, cooled in the ice-bath, had been shaken for a 
few minutes, a finely crystalline solid appeared in the aqueous layer. This was filtered 
on a Buchner funnel, washed with cold water and partially dried by suction. Desicca- 
tion was completed over phosphorus pentoxide in the ice chest. The yield of cyanogen 
azido-dithiocarbonate aniourited to about 85% of the theoretical, calculated on the basls 
of the equation

g 

CNBr + KSCSNl = KBr + CN.SCSNa (2) 

Analysis.-Sulfur was determined by oxidizing the substance with sodium peroxide 
in the Parr bomb and weighing the sulfur as barium sulfate. Nitrogen was determined 
by the Dumas method as modified in this Laboratory for use in analyzing potassium 
azido-dithiocarbonate.lh 

Anal. (a) Subs., 0.1055, 0.1307: BaSOn, 0.3410, 0.4225. Calcd. for CN.SCSN3: 
S, 44.47. Found: S, 44.39,44.40. (b) Subs., 0.1914, 0.1778: Nz, 59.96 cc. (0.0751 g.), 
55.23 cc. (0.0692 g.). Calcd. for CN.SCSN3: N, 38.87. Found: N, 38.86, 39.19. 

Determinations of the molecular weight in benzene were made by the cryoscopic 
method. Subs., 0.4042, 0.5015, 0.4560: solvent, 26.87, 23.73, 17.58; AT,  0.535", 
0.810°, 0.929". Calcd. for CNSCSNs: mol. wt., 144. Found: 144, 130, 140. 

On the basis of these results, cyanogen azido-dithiocarbonate is believed to possess 
the structure NEC-S--C-N=N=N. 

I I 
s 

Properties.-Cyanogen azido-dithiocarbonate is a white, crystalline solid, soluble 
in water a t  0' to the extent of about 1.5 g. per liter, and more soluble in various organic 

The precipitate was identified, by an extended series of qualitative tests, with 
mercuric azido-dithiocarbonate, a very explosive compound which, with various other 
heavy metal salts of azido-dithiocarbonic acid, has been isolated, analyzed and studied 
in this Laboratory. 

9 The use of cyanogen bromidc in this reaction, and in the preparation of cyanazide 
[(a) Darzens, Compt. rend., 154, 1232 (1912)], suggests the general applicability of this 
reagent in the formation of other interhalogenoids. It has been found in this Labora- 
tory that cyanogen thiocyanate (sulfur dicyanide), for example, may be formed by the 
interaction of an ethereal solutioti of cyanogen bromide and an aqueous solution of 
potassium thiocyanate, as expressed by the equation CNBr 4- KSCN = C N S C N  + 
KBr. This interhalogenoid, which has been prepared previously by other methods 
[(b) Linnemann, Ann., 120, 36 (1861); (c) Svderback, ibid.,  419, 217 (1919); (d) 
Schneider, J. prakt. Chem., [2] 32, 187 (1885)J was obtained in relatively small yields 
in the form of a crystalline substance which melts a t  62 O, volatilizes readily and possesses 
the overpowering odor characteristic of the cyanogen halides. 
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solvents. I t  is distinctly less unstable than azido-carb~ndisulfide,~' and unlike this 
substance is insensitive to mechanical impact. 

When prepared by the second method, the substance possesses a barely perceptible 
odor, suggesting that of cyanogen and the cyanides. In finely divided form the solid 
has a decided sternutatory effect. If prepared in contact with organic solvents, many 
of which tend to catalyze its decomposition, it has a more pronounced odor, somewhat 
resembling that of cyanogen iodide, and undoubtedly due to the presence of cyanogen 
thiocyanate, the principal product of its decomposition. 

In the Bunsen flame small samples of the interhalogenoid decompose with a scarcely 
audible puff, and a violet flash. When heated in a somewhat restricted space, as in an 
open test-tube, larger quantities invariably explode with a fairly sharp detonation a t  
65-70 ". An interesting sequel to each of these explosions was the liberation of a heavy, 
dark orange vapor, of an odor comparable with that of thiocyanogen and also with that 
of cyanogen thiocyanate. Very small samples heated in the Thiele melting-point tube 
withstand somewhat higher temperatures. At 60' the samples assume a yellowish tint, 
which deepens with rising temperature, until a t  80.5-81" fusion takes place with de- 
composition and formation of a yellowish-orange (YO-0 on the Milton Bradley Stand- 
ard) lo residue. 

Cyanogen azido-dithiocarbonate undergoes gradual spontaneous decomposition a t  
room temperatures, with liberation of nitrogen and formation of a solid residue prob- 
ably consisting of a mixture of free sulfur, polymerized thiocyanogen and cyanogen thio- 
cyanate. This decomposition, which undoubtedly involves initial evolution of nitrogen, 
is believed to proceed subsequently in two different directions: (1) liberation of sulfur 
and formation of cyanogen thiocyanate, as expressed in Equation 3, and (2) liberation 
of thiocyanogen, in accordance with Equation 5. Both the cyanogen thiocyanate and 
the thiocyanogen evidently polymerize, as indicated in Equations 4 and 6. 

The formation of a volatile product containing the thiocyanogen group was demon- 
strated by allowing a current of dry air that had passed over the solid to impinge upon 
filter paper moistened with ferric chloride solution. The characteristic red coloration 
soon appeared. The composition of the solid residue was determined by extraction 
with carbon disulfide, over a period of 150 hours, which accomplished complete removal 
of free sulfur, and analysis of the remaining solid, which was found to be intermediate 
in composition between thiocyanogen and cyanogen thiocyanate. 

The velocity of decomposition of the interhalogenoid was measured in a series of 
nitrometric determinations conducted at room temperature (22.7"). In a typical ex- 
periment, of which the results are presented graphically in Fig. 1, a sample of cyanogen 
azido-dithiocarbonate weighing 0.3203 g. was placed in the nitrometer bulb. The 
volume of nitrogen liberated was read every twelve hours over a period of 1100 hours, 
during which a total of 51.7 cc. (corr.), corresponding to 1.016 mol of nitrogen per mol 
of the solid was evolved. 

As the temperature is raised the velocity of decomposition undergoes marked 
acceleration. At 40°, for example, complete decomposition takes place within eighty 
hours. In a typical experiment 0.5433 g. of the original solid yielded 86 cc. (corr.), or 
1.019 mol of nitrogen. The results are depicted in Fig. 2. 

lo Mulliken, "Identification of Pure Organic Compounds," John Wilep and Sons, 
Sac., New Yotk, 1st ed., 1905, Vol. I, p. 232. 
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The concavity shown by the lower part of each curve toward the axis of ordinates 
indicates that the reaction is autocatalytic, and is therefore similar in type to  the de- 
composition of azido-carbondisulfide. li 

Pure white cyanogen azido-dithiocarbonate, after standlng a t  room temperature 
for eighteen hours, takes on a light yellow color (YT2-YT1). After forty hours it 
assumes a very light orange-yellow tint (YT1-OYT2) and after forty-eight hours it 
attains its final color (Y-OY), which is intermediate between yellow and orange-yellow.10 

Under the microscope the freshly prepared crystals are observed to consist of fine 
needles and thin prisms. These show parallel extinction and negative elongation, with 
fairly strong birefringence. The index of refraction for vibrations parallel to  the long 
direction is 1.490; for vibrations transverse, between 1.7 and 1.8. 

0 200 400 600 800 1000 
Time, hours. 

Fig. 1.-Nitrometric decomposition of cyanogeil azido- 
dithiocarbonate a t  22.7 ". 

The substance crystallizes from xylene or benzene in prisms which are laterally 
elongated rhombic bipyramids, and in rhombs which correspond to the unit prism, 
basal pinacoid and macradome. These have acute angles of about 62 ", and show sym- 
metrical extinction. They are biaxial, negative, with 2V fairly large. The axial plane 
bisects the acute angle of the rhombs. The prisms show a very well-defined basal 
cleavage. The general habit of both prisms and rhombs is similar to that  of ammonium 
perchlorate. The symmetry and the optical tests indicate tbat the crystals belong to the 
orthorhombic system. 

On recrystallization from benzene the crystals "sweat" a yellow oil which is appar- 
ently insoluble in benzene. When touched with a hot wire under the microscope the 
crystals melt and evolve gas copiously. The melt is yellow and on cooling behaves as  
a supercooled liquid. Seeded with cyanogen azido-dithiocarbonate it  solidifies almost 
completely, with a small amount of yellow oily material surrounding the crystals. The 
melt contains varying amounts of a brown, amorphous, isotropic, flocculent material, 
which does not appear to be a product of the decomposition a t  room temperature. 
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Solubility.-The solubility of cyanogen azido-dithioearbonate a t  
O0 in various non-aqueous solvents was determined by cooling solutions 
saturated at room temperatures in the ice-bath. After crystallization 

0 20 40 60 80 100 
Time, hours. 

Fig. 2.-Nitrometric decomposition of cyanogen azido- 
dithiocarbonate at 40'. 

had occurred, 5-cc. samples of the supernatant liquid were in each case 
pipetted into weighed containers and the solvent was removed by evapora- 
tion. The results are presented in Table I. 

TABLE I 
SOLUBILITY OR CN:SCSNa IN VARIOUS SOLVENTS 

Solvent G .  of solid per LOO-cc. solution 

Acetone 24.69 
Ethyl acetate 13.19 
Methanol 6.27 
Chloroform 3.17 
Ethanol 2.61 
Ether 1.11 
Carbon disulfide 0.29 
Carbon tetrachloride 0.22 
Water 0.15 

All organic solvents tend to accelerate the decomposition of cyanogen 
Zzido-dithiocarbonate. For this reason the use of such solvents in the 
purification of the interhalogenoid is precluded. In chloroform and ben- 
zene solutions, for example, complete decomposition with formation of 
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an orange-yellow (OY-0) solid takes place a t  room temperature in twelve 
hours. At 50" a copious evolution of gas begins a t  once and the solid 
product appears in about fifteen minutes, while the solvent retains a part 
of the cyanogen thiocyana& in solution: 

Behavior toward Alkalies.-Cyanogen azido-dithiocarbonate dissolves 
readily and completely in aqueous solutions of sodium or potassium hy- 
droxide, yielding a light greenish-yellow (GYTS-GY) solution. Immediate 
neutralization of such solutions a t  0' with dilute acids results in a re- 
precipitation of part of the interhalogenoid. The presence of cyanide, 
thiocyanate, sulfate and azido-dithiocarbonate ions in the residual solu- 
tion was demonstrated by appropriate tests. After a short time interval 
the formation of sulfide, sulfite, thiosulfate and ammonium ions was 
found to  have occurred at room temperature. Nitrogen and carbon 
dioxide were evolved. 

Hydrolysis of cyanogen azido-dithiocarbonate may be considered to 
proceed in accordance with either Equation 7 or Equation 8. 

CN.SCSN3 + 2KOH = KSCSN3 + KOCN + Hz0 (7 )  
CN.SCSN3 + 2KOH = KCN + KOSCSNa + Hz0 (8) 

The potassium azido-oxydithiocarbonate probably decomposes, with 
formation of the chlorate analog of azido-carbondisulfide, as described 
in an earlier article." This in turn undergoes decomposition, yielding a 
variety of products. 

An entirely similar hydrolysis of the interhalogenoid is effected more 
slowly by water in the absence of alkalies. The products formed comprise 
the various free acids, in place of the metallic salts yielded by hydrolysis 
in alkaline solution. A yellow solid, consisting chiefly of dithiocyanic 
acid and free sulfur is gradually deposited from the solution. 

Ammonolysis.-When a current of ammonia gas is caused to impinge 
upon dry cyanogen azido-dithiocarbonate, explosive decomposition of the 
solid ensues at once. Bubbled through an ethereal solution of the inter- 
halogenoid, ammonia precipitates a white solid consisting chiefly of am- 
monium azido-dithiocarbonate, contaminated with some ammonium thio- 
cyanate. On evaporating the ethereal solution to dryness, a sticky, orange- 
colored residue was obtained, of which the aqueous extract was found to 
contain cyanamide. It is therefore highly probable that ammonolysis 
proceeds in accordance with the equation 

CN.SCSN3 + 2NH3 = NHdSCSN3 + NHzCN (9) 

Behavior toward Acids.-Cyanogen azido-dithiocarbonate dissolves 
completely, with decomposition accompanied by evolution of gas, in 
concentrated sulfuric, hydrochloric or nitric acid. In  the case of sulfur$ 
acid the reaction takes place with almost explosive violence. With 
hydrochloric acid the resulting solution, a t  first clear and colorless, ulti- 
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mately grows turbid owing to the separation of free sulfur. Treated with 
potassium iodide, the solution liberates iodine, indicating the presence 
of free chlorine, thiocyanogen or one of the various possible halogen- 
halogenoid or interhalogenoid compounds. Dilute mineral acids react 
more slowly than the concentrated acids, but eventually effect complete 
solution of the interhalogenoid. Glacial acetic acid behaves like the 
dilute mineral acids except that a yellow-orange (Y-YO) solid is finally 
deposited. 

Miscellaneous Reactions.-Cyanogen azido-dithiocarbonate slowly 
reduces potassium permanganate in dilute acid and neutral solutions. It 
does not react with potassium bromate. It is oxidized a t  least partially 
by hydrogen peroxide in alkaline solution, with formation of sulfate ion. 
It dissolves in stannous chloride solution with evolution of gas and forma- 
tion of a light yellow (YT2-YT1) solution. It dissolves slowly in dilute 
solutions of hydrazine hydrate and reacts violently with concentrated 
solutions, yielding hydrogen sulfide and free thiocyanogen. It liberates 
iodine from solutions of potassium iodide in the presence of concentrated 
hydrochloric acid. 

It is soluble in aqueous solutions of potassium azido-dithiocarbonate, 
with probable initial formation of a polyhalogenoid such as KSCSN3.- 
CNSCSN3 or KCN.(SCSN&, corresponding to the well-known poly- 
halides. The resulting solution smells strongly of cyanide, and after a 
time deposits solid azido-carbondisulfide 

KSCSNs + CN.SCSN8 = KCN.(SCSNB)~ (10) 
KCN.(SCSN3)2 = KCN + (SCSN3)z (11) 

Summary 

Cyanogen azido-dithiocarbonate, CNSCSN3, a new interhalogenoid, is 
formed by the interaction of azido-carbondisulfide and mercuric cyanide 
in acetone, but is best prepared by bringing together a cold, aqueous 
solution of sodium azido-dithiocarbonate and an ethereal solution of cyano- 
gen bromide. It is a white, crystalline solid, slightly soluble in water, and 
more readily soluble in various non-aqueous liquids, especially acetone 
and ethyl acetate. It is stable at 0°, but undergoes a slow autocatalytic 
decomposition a t  room temperature, yielding thiocyanogen, cyanogen 
thiocyanate, sulfur and nitrogen. 

The behavior of the interhalogenoid toward acids and alkalies, toward 
ammonia, and toward certain oxidizing and reducing agents has been 
studied. 

ITHACA, NEW YORK 



2806 SMITH, WARTTMAN, BROWNE AND MASON Vol. 52 

[CONTRIBUTION FROM THE BAKER LABORATORY OF CHEMISTRY AT COKNSI,L UNIVERSITY] 

AZIDO-DITHIOCARBONIC ACID. 
VI. SALTS OF COPPER, SILVER, GOLD, ZINC, CADMIUM, 

MERCURY, THALLIUM, LEAD AND BISMUTH1j2 

One of the outstanding characteristics of azido-dithiocarbonic acid and 
its derivatives thus far described is the relative ease with which these sub- 
stances undergo spontaneous thermal decomposition into nitrogen, sulfur 
and thiocyanic acid or its corresponding derivatives. In some instances 
the time required for complete decomposition of the substance a t  ordinary 
temperatures is but a few hours; in others it is a number of months. Ex- 
posure to light appears in certain cases to be an important, if not indeed a 
controlling factor. In other cases the influence of light seems to be prac- 
tically negligible. 

The sensitivity of the various azido-dithiocarbonates to mechanical im- 
pact also varies over a wide range. The ammonium and tetramethyl- 
ammoniumzd salts, for example, do not explode when struck with a ham- 
mer; the zinc, bismuth and anhydrous cadmium salts (vide i.iifra), on the 
other hand, detonate, even under water, when subjected to very slight 
mechanical disturbance. This sensitivity, of the heavy metal azido-dithio- 
carbonates in particular, may reasonably lead to the expectation that 
certain of these compounds, suitably stabilized and partially desensitized, 
should prove to be useful as primers or detonators. In this event the co- 
existence of the brisant N3 radical and inflammable atoms in the same mole- 
cule should offer an advantage over certain primers of the older type that 
is reminiscent of the superiority of the modern propellant or high explosive 
over ordinary black gunpowder. On the theory that the azido-dithio- 
carbonate radical may in a sense be regarded "as a labile combination of 
thiocyanogen with [molecular] nitrogen and ~ulfur,"~" the use of lead 
azido-dithiocarbonate, for example, as a constituent of a primer would be 
equivalent to the addition cf one molecule of nitrogen and one atom of 

l For the earlier articles of this series see (a) THIS JOURNAL, 45, 2604 (1923); 
(b) 47, 2698 (1925); (c) 49, 917 (1927); (d) 49, 2129 (1927); (e) 52, 1928 (1930). 
Manuscript received July 26, 1929. 
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sulfur to each molecule of lead tkiocyanate, a substance that has already 
found use in this field. 

The heavy metal azido-dithiocarbonates were considered by Sommer3 

to be of such enormously explosive character as to render inadvisable any 
closer investigation. To the authors of the present paper i t  has neverthe- 
less seemed desirable, and entirely within the range of experimental feasi- 
bility, to isolate and describe certain of the typical heavy metal salts, as 
a preliminary to a more extended study of their explosive character. 

In the present article are recorded the results obta'ined (a) in the prepara- 
tion and investigation of six new compounds: A~SCSNS, Cd(SCSN3)Z.- 
2H20, HgSCSN3, I-Ig(SCSN3)2, T1SCSN3, and Pb(SCSN&; (b) in the 
qualitative study of the azido-dithiocarbonates of copper, gold, zinc and 
bismuth, for none of which satisfactory quantitative data were obtained. 

Preparation.-The heavy mecal salts were prepared by interaction of 
aqueous solutions containing the azido-dithiocarbonate ion and aqueous 
solutions containing the respective metallic ion. The freshly prepared 
free acid1" was used as the source of the azido-dithiocarbonate ions, in 
place of the sodium salt employed by S ~ m r n e r , ~  since the latter substance 
has been found more difficult to prepare relatively free from thiocyanate 
ion. In 'I'able I are presented the analytical data for the compounds 
isolated. 

TABLE I 
ANALYTICAL DATA POR HEAVY METAL AZIDO-DITHIOCARBONATES 

Analyses, % Constituent 
Formula Calrd Found welghed as 

AgSCSN3 Ag 47 73 47 56, 47 51 AgCl 
SCSN3 52 27 52 64, 53 86 HSCSN3 

Cd(SCSN3);. 2HzO Cd 29 22 29 58, 29 50 CdS 
S 33 34 33 24, 33 28 Bas04 

HgSCSN3 Hg 62 93 63 16, 67 76 HgS 
S 20 12 20 45, 20 23 Bas04 

H~(SCSNB)L Hg 45 96 46 09,46 01 HgS 
S 29 35 29 41,29 50 Bas04 

TISCSN, T1 63 32 63 13, 63 28 TlnPtCls 
S 19 90 19 86, 20 02 BaSOa 

Pb(SCSN3)e Pb 46 72 46 60,46 61 PbS04 
S 28 93 29 03, 28 99 PbSOa 

Properties of the Heavy Metal Azido-dithiocarbonates.-All of the 
compounds studied are insoluble in water in the ordinary sense of the term. 
The very low concentration of azido-dithiocarbonate ion present in the 
filtrate from an aqueous suspension of any of these substances is sufficient, 

3 Sommer, Ber., 48, 1833 (1915); "Die diesbeziiglichen Versuche wurdcn nur 
qualitativ ausgefuhrt und auf die Isolierung der reinen Verbindungen Verzicht geleistet, 
da der enornl explosive Charakter fast aller Schwcrmetallsalze eine nihere Unter- 
suchung nicht ratsarn erscheinen liess." 
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however, to permit catalysis of the reactior, between iodine and potassium 
trinitride.2b 

The azido-dithiocarbonates of copper, silver and univalent mercury are 
obtained in the form of flocculent precipitates. The azido salts of the 
other heavy metals, with the exception of gold, are precipitated in distinc- 
tive crystalline form. All of the salts, except that of gold which decom- 
posed thermally during the process of drying a t  room temperature, were 
found to be sensitive to mechanical shock. Those of copper, silver, mer- 
cury (ous and ic), cadmium (hydrated), thallium and lead are obtainable 
in the dry state without serious hazard, but detonate violently under rather 
slight mechanical provocation. Those of zinc and bismuth detonate a t  
ordinary temperatures under water during the process of crystallization. 
From the numerous qualitative observations made i t  appears that the 
sensitivity to mechanical impact of compounds of heavy metals in the first 
and second groups of the periodic system varies inversely, while the brisance 
of the explosion varies directly with the atomic weight. On the other hand, 
the sensitivity of compounds of metals in the series mercury to bismuth 
varies directly and the brisance inversely with the atomic weight. 

The behavior of the compounds toward various reagents and solvents is 
indicated in Table 11. 

TABLE 11 
BEHAVIOR OF THE HEAVY M ~ T A L  AZIDO-DITHIOCARDONATES TOWARD SOLVENTS AND 

REAGENTS 

Legend: D, detonated; V, very soluble, or vigorously attacked; M, moderately 
soluble, or moderately attacked; S, slightly soluble, or but little attacked; I, insoluble, 
or unattacked 

e4 

o_ 

AgSCSNa I I I I I I I V I S I S I I I S  S 
Cd(SCSNs)z.ZH20 M M I M I D M M M M M S  M 
HgSCSNa I I I I I I I D I M I S I I I M a M n  

Hg(SCSNa)z I a I a I I I I I a D I S I S S I  1 1 ' 1 ' "  
TlSCSNa I S I  I I I I D M M M M S I  S S a S a  
Pb(SCSNd2 I I I I I I I V V V M V V  S S 
Cu salt V M M M S  S S 

" Darkened, probably as the result of photochemical action. 

Copper Azido-dithiocarb0nate.-This salt is yellow (Y) when moist, and dark 
yellow (YS1) in the solid state. Numerous unsuccessful attempts to  obtain a copper 
compound of uniform4 composition indicate that  cupric ion interacts with azido-dithio- 
carbonate ion to form a mixture of cuprous and cupric azido-dithiocarbonates, which 
undergoes slow thermal decomposition with formation of a n  inert product, probably con- 
sisting of the  copper thiocyanates. 

* Mulliken, "Identification of Pure Organic Compounds," John Wiley and Sons, 
Inc., New York, 1905, Vol. I, 1st ed., p. 232, 
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Silver Azido-dithiocarbonate, AgSCSNa.--This white slightly photosensitive com- 
pound, either in aqueous suspension or in the solid state, tends to darken on exposure 
to light. I t  is soluble in pyridine, and may be recrystallized from this solvent in rosets 
of needle crystals. 

Gold Azido-dithiocarb0nate.-Auric and azido-dithiocarbonate ions interact in 
aqueous solution with initial precipitation of azido-carbondisulfide, accompanied by dis- 
charge of the yellow color. After one hour a bulky, white, fibrous precipitate fills 
the entire solution. After sixteen hours this precipitate assumes a dark orange-yellow 
color (OYS1). Under the microscope it appears as strikingly distorted crystals that 
grow as bunches of long fibers having the appearance of vegetable fibers. They are 
anisotropic and show parallel extinction. Characteristic crystals of azido-carbondi- 
sulfide may be seen. The solid is in all probability a mixture of aurous azido-dithio- 
carbonate and azido-carbondisulfide formed in accordance with the equation 

Au+++ + 3SCSN3- = AuSCSN.~ + (SCSN3)z 
Zinc Azido-dithiocarbonate.-After a delay of a few minutes, characteristic of all 

heavy metal azido salts of this group, a beautifully crystalline precipitate, composed of 
easily visible regular octahedra, is formed. Various attempts to separate this pre- 
cipitate from the mother liquor have resulted in explosions, owing to the great sensitivity 
of the zinc azido salt. Immersion of samples of metallic zinc in an aqueous solution of 
the free azido acid results in the incrustation of the metal with a yellow solid exceedingly 
sensitive to friction. 

Cadmium Azido-dithiocarbonate Dihydrate, Cd(SCSN3)2.2H~0.Several sub- 
aqueous detonations of this salt have been observed. These may be attributable to 
initial formation of the very sensitive anhydrous salt which, if it escaped detonation, 
should subsequently undergo hydration. The dihydrate undergoes slow, spontaneous, 
quantitative, thermal decomposition in accordance with the equation 

Cd(SCSN3)z.ZHzO = Cd(SCN)z + 2N2 + 2S + 2Hz0 
Under the microscope the dihydrate appears as long, fine needles with end faces 

not well formed, apparently oblique, prismatic, with indistinct cross sections. The 
crystals are strongly doubly refractive, and have a high index of refraction, which pre- 
vents sharp observation of the extinction angle. This probably has a maximum value 
of about 35". Dispersed extinction appears to be exhibited, and is seen best with thin 
crystals giving low order polarization colors, which change but do not extinguish a t  
any definitc point. 

Mercurous Azido-dithiocarbonate, HgSCSN3.-This substance when first formed 
is of a dark brown color, but when stirred the suspended precipitate becomes white. 
Preliminary preparations were found by analysis to consist of a mixture of the mer- 
curous salt and free mercury. 

Mercuric Azido-dithiocarbonate, Hg(SCSN3)a.-An aqueous suspension of this 
substance shows something of the appearance of "watered silk." The salt undergoes 
spontaneous thermal decomposition a t  room temperature, yielding as a final product 
mercuric thiocyanate which when ignited gives the characteristic "Pharaoh's serpents." 

Thallous Azido-dithiocarbonate, TlSCSN3.-This is a very light yellow (YT2) 
crystalline solid which under the microscope appears as didendritic and skeletal forms 
of oblique formation. The prevailing angle between branches is about 45". The 
forms exhibit oblique extinction, and show gray polarization colors, with some light 
yellow. The refractive index is fairly high. No clean-cut single forms are evident. 

Lead Azido-dithiocarbonate, Pb(SCSN3)z.-This compound which was obtained in 
the form of a very light greenish-yellow (GYT2) crystalline solid was deemed sufficiently 
stable for use in the gravimetric determination of the azido-dithiocarbonate ion. 
Weighed samples of the sodium azido salt dihydrate were dissolved in 100 cc. of water, 
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and treated with an excess of lead acetate in aqueous solution. The precipitate was 
filtered on a tared Gooch crucible, washed with water, alcohol and ether, dried over 
phosphoric anhydride and weighed. 

Annl. Subs., 0.3920, 0.2417: Pb(SCSN3)z obtained, 0.4916, 0.3626. NaSCSN3.- 
2Hs0  found: 0.3927, 0.2418. 

When precipitated directly on the microscope slide the lead azido salt a t  first ap- 
pears as rosets of fine, highly birefringent needles, the tiniest of which show brilliant 
polarization colors. When formed more slowly, or when allowed to stand, the crystals 
assume the  form of lath-shaped prisms, often turned in X's and rosets. Thickened 
crystals show yellow by transmitted light. Unit prism and basal pinacoid forms are 
seen. The forms with oblique ends show oblique extinction, the apparent extinction 
angle being about 19 ". In oblique-ended forms the end angle in the plane of the prism 
face is about 68'. Forms showing pointed ends show parallel extinction. The crystals 
are  in all probability monoclinic. 

Bismuth Azido-dithiocarb0nate.-This azido salt is obtained as a light yellow 
(YT1-YT2) precipitate when bismuth nitrate acidified with nitric acid interacts with 
t h e  azido-acid in aqueous solution. During subsequent treatment with water the color 
deepens to  a reddish-orange (RO). Under certain conditions the precipitate shows the 
deeper color at  the outset. These precipitates are highly sensitive and have been ob- 
served t o  detonate under water. 

Summary 

Six heavy metal salts of azido-dithiocarbonic acid have been prepared 
and described: silver azido-dithiocarbonate, AgSCSN3; cadmium azido- 
dithiocarbonate dihydrate, Cd(SCSN3)2.2H20; mercurous azido-dithio- 
carbonate, HgSCSN3; mercuric azido-dithiocarbonate, Hg(SCSN&; 
thallous azido-dithiocarbonate, TlSCSNB; and lead azido-dithiocarbon- 
ate, Pb(SCSN3)2. Qualitative observations have been made upon the 
corresponding salts of copper, gold, zinc and bismuth. 

Azido-dithiocarbonates of the heavy metals in the first and second 
groups of the periodic system show a sensitivity to mechanical impact that 
varies inversely, while the brisance of the explosion varies directly with the 
atomic weight. On the other hand, the sensitivity of compounds of metals 
in the series mercury to bismuth varies directly and the brisance inversely 
with the atomic weight. 

ITHACA, NEW YORK 
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NOTES 

A Convenient Form of Gas Combustion Pipet.--The following type of 
gas combustion pipet has been found convenient and possesses several 
advantages. There is absolutely no danger of leakage, the time necessary 
for a combustion is materially shortened, and the pipet is adaptable to 
various volumes of gas over a wide range. The appa- 
ratus is illustrated in the accompanying diagram. The 
main portion of the pipet consists of a piece of straight 
tubing of from 1 to 2 cm. diameter, and a length of 50 
to 75 cm. A platinum wire having a diameter of about 
0.15 mm. is sealed in a t  each end and runs axially 
through the tube. As in the ordinary form of pipet, the 
upper end is connected to a capillary tube and the lower 
end to a mercury reservoir. To prevent excessive heat- 
ing due to the narrowness of the tube, the whole length 
is surrounded by an oil jacket having a diameter about 
1 cm. greater than that of the tube. 

The pipet is extremely robust and no possibility of 
leakage exists. If desired it can also be used as an ex- 
plosion pipet. On account of the axial situation of the 
filament the time necessary for a combustion is shortened 
to about two minutes. One great advantage of this form 
of pipet is its adaptability to different volumes of gas. 
For very small samples only a short length of the fila- 
ment is exposed above the surface of the mercury. If Fig. 1. 
the apparatus is used with 110 volts and an external 
resistance, the raising or lowering of the mercury level has practically no 
effect on the temperature of the wire. A similar type of pipet with a total 
volume of about 6 cc. has been found convenient with a "semi-micro" 
apparatus of the Ambler1 type. 

CONTRIBUTION FROM THE E. W. R. STEACIE 
PHYSICAL CHEMISTRY LABORATORY 
MCGILL UNIVERSITY 
MONTREAL, CANADA 

RECEIVED FEBRUARY 11, 1930 
PUBLISHED JULY 3, 1930 

The Temperature Coefficient of the Dielectric Constant of Water.- 
For the theoretical calculation of activity coefficients of strong electrolytes 
the dielectric constant of the medium, and not the less certain dD/dT, 
comes into question. The D of the pure solvent has in general been 
used, the justification of which is shown by Debye and Pau1ing.l Of 

H. R. Ambler, Analyst, 54, 517 (1929). 
Debye and Pauling, THIS JOURNAL, 47,2129 (1925). 
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much greater importance in the theoretical treatment of integral heats 
of dilution is an exact knowledge of dD/dT. The more exact develop- 
ment of the fundamental theory of Debye and Hiicke12 by Gronwall, 
I,aMer and Sandved3 and the application of their calculations to the 
theoretical integral heats of dilution by Lange and Meixner4 give 

V~ = - N Cs nj 4' [+, - %][I + T e] ergs per mole of salt. 
n j= 1 Daj Daj D d T  

The integral heat of dilution is equal to the ionic electrical potential energy 
a t  the concentration c less that a t  infinite dilution multiplied by the factor 

[l + $1, which is characteristic of the solvent alone. The numerical 

value of this factor is greatly influenced by small changes in dD/dT. 
The previous measurements of D and dD/dT by Drude5 and Kocke16 

show relatively large differences, as a result of which the theoretical Vc 
values a t  25' show an uncertainty of approximately +35%. Until now 
the value -0.337 for dD/dT at  25O derived from the Drude interpolation 
formula D = 88.23 - 0.40445 + 0.00135t2 has seemed most probable, 
as numerous measurements of the heats of dilution of 1-1 type salts in 
the concentration range 10-I - lop4 M made in this Laboratory show, 
within the limits of the experimental error, a proportionality of V, with 
<c below 0.0025 M and permit a rather certain extrapolation to c = 0, 
from which values of the initial slopes (A) are obtained (Vc = A&) 
ranging from 290 to 430, that is, corresponding to "a" values of 1.25 to 
5 A. 

Within the past few months three new series of measurements of D 
for water have appeared.' For comparison of the various measurements, 
the accompanying table is given, and the various measurements are, for 
the sake of brevity, denoted by Drude (graphic) I, Drude (interpolated) 
11, Kockel 111, Cuthertson and Maass IV, Drake, Pierce, and Dow V, 

I 82.77 -0.368 -0.269 78.26 -0.349 -0.329 73.18 -0.330 -0.411 
I1 83.39 - .371 - ,269 78.96 - ,337 - ,272 74.21 - ,296 - ,248 
I11 82.81 - ,404 - ,393 77.84 - ,385 - ,474 72.24 - ,349 - ,512 
IV 79.42 - ,368 - ,323 75.40 - ,289 - ,142 71.48 - .248 - ,086 
V 83.29 - .393 - ,427 78.57 - ,362 - ,374 73.41 - .326 - ,390 
VI 83.16 - ,379 - .376 78.54 - ,361 - .371 73.28 - .341 - ,457 

2 Debye and Hiickel, Pkysik.  Z., 24, 193 (1923). 
3 Gronwall, LaMer and Sandved, ibid.,  29, 358 (1928). 
4 Lange and Meixner, ibid., 30, 670 (1929). 
5 Drude, Wied.  Ann., 59, 48 (1896). 
6 Kockel, Ann. Pkysik. 77, 430 (1925). 
7 Cuthbertson and Maass, THIS JOURNAL, 52, 483 (1930); Drake, Pierce and 

Dow, Phys.  Rev., 35, 613 (1930); Wyman, ibid., 35, 623 (1930). 
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Wyman VI. It is readily seen that the theoretically important factor 

[I + g] is extraordinarily sensitive to small differences in dD/dT. 

The good agreement of V and VI at 25' is fortuitous, as is seen from an 
examination of the various factors a t  other temperatures. I11 and IV 
must be regarded as incorrect not only because of poor agreement with 
the other measurements but also in view of the improbable value given 

for 1 + - - , a value not easily reconciled with the experimental meas- [ El 
uremcnts of V'. It would seem that the exact values of dD/dl7 lie be- 
tween those of measurements I ,  I1 and V, VI; at any rate i t  cannot be 
said, unfortunately, that we have obtained more probable values of these 
theoretically important factors in spite of the several comprehensive 
series of newer measurements. E'or a comparison of measured and calcu- 
lated integral heats of dilution it is necessary that dD/dT be known with 
an accuracy of *0.5%, an accuracy which has probably not yet been 
reached in these difficult mcas~rements.~ 

CONTRIBUTION FROM THZ E. LANCE 
CHEMICAL LABORATORY OF THE A. L. ROBINSON 
BAVARIAN ACADEMY OF SCIENCES 
PHYSICAL CHEMICAL, INSTITUTB 
MONCHEN, GERMANY 

RECEIVED APRIL 3, 1930 
PUBLISHED JULY 3, 1930 

Inorganic Lubricants. II. Phosphoric Acid Mixtures.-The use of 
moistened phosphorus pentoxide, boiled orthophosphoric acid and similar 
materials as inorganic lubricants on glass stopcocks and ground connecting 
tubes has been more or less common practice1 wherever organic lubricants 
must be avoided. Such materials, however, have the disadvantage of be- 
ing markedly hygroscopic in moist air, and eventually become thin, watery 
and of lower lubricating value. 

Stephens' recently described phosphoric acid mixture2 is a lubricant of 
superior physical properties, but this product also is freely hygroscopic in 
air of moderate humidity. - 

Phosphoric acid mixtures containing chiefly metaphosphoric acid, on the 
other hand, are not markedly hygroscopic in air of even as high humidity 
as goy0, except after exposure of weeks or months, and then only slightly. 
The following procedure yields a satisfactory lubricant of this nature. 

8 A more detailed discussion of these various series of dielectric constant measure- 
ments will be included in a paper to be read a t  the Heidelberg meeting of the Bunsen 
Society, May 29-31. The paper will be published in 2. Elektrochem., 36, (1930). 

See, for example, Baxter and Chapin, Proc. Am. Acad. Arts Sci.,  46, 239 (1910); 
Richards and Krepelka, THIS JOURNAL, 42,2256 (1920). 

Stephens, ibid., 52, 635 (1930). 



Dissolve 10 g. af metaphosphoriz acid (glacial phosplioric acid in fused 
sticks) in 100 cc. of distilled water, add 2 g. of boric acid crystals and stir 
until dissolved. Evaporate this mixture on the steam-bath to about 
25 cc. and add 1 cc. of 85% orthophosphoric acid. Boil gently and stir 
with a thermometer until the temperature reaches 122'. Cool somewhat 
and transfer to a bottle. 

The product is a transparent, colorless, viscous sirup that, in addition to 
being reasonably stable in air, does not set or crystallize over a period of 
several months. Moreover, it is sufficiently thermoplastic to become 
markedly less viscous when heated gently. The boric acid appears to 
increase the viscosity somewhat and to aid in preventing crystallization. 
The viscosity can be further increased by boiling to a higher temperature. 

A lubricant of similar properties containing chiefly water-soluble sodium 
metaphosphate may be prepared as follows. 

Ten grams of the sodium metaphosphate (prepared by heating mono- 
sodium phosphate or sodium ammonium phosphate in platinum over a 
blast lamp until a quiet melt at redness is obtained) is dissolved in 50 cc. of 
distilled water. Two grams of borax is added and dissolved and the solu- 
tion evaporated on the steam-bath to a volume of about 25 cc. and then 
boiled over a small free flame until the temperature reaches 106'. Such a 
mixture may become slightly cloudy on standing, but this does not appear 
to  affect its usefulness. 

These lubricants may be used with organic vapors and liquids, some acid 
vapors and with neutral gases, but crystallization may develop in the 
presence of alkaline vapors. There is little tendency to freeze or "grab." 
They have a low but definite aqueous vapor pressure and so may not be 
employed when water vapor must be strictly excluded. 

CONTRIBUTION FROM THE WILLIS A. BOUGHTON 
CHEMICAL LABORATORIES OF HARVARD COLLEGE: 
CAMBRIDGE, MASSACHUSETTS 
Recsrvso MAY 13, 1930 
PUBLISHGD JULY 3, 1930 
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[CONTRIBUTION PROM THE CHEMICAL LABORATORY OP THE WASIIINGTON SQUARE 

COLLWE OP New YORK UNIVERSITY ] 

STUDIES IN THE DIARYL ACYL HYDRAZINE SERIES. I 
BY JOHN J. R I ~ R  AND FRANK 0. RITTER 

RECEIVED NOVEMBER 5, 1929 PUBLISHED JULY 3, 1930 

The diary1 acyl hydrazines of the type ArNCOCH3NHAr have been 
hitherto little investigated. The only previously known members of this 
series are mono-acetylhydra~obenzene,~ mono-acetylbenzene-hydrazo-p- 
t o l~ene ,~  and mono-acetylhydrazo-p-toluene.l 

The acetylation of aromatic hydrazo compounds, by means of which the 
members of this group may be prepared, was undertaken by us to gain 
some knowledge of the relative reactivities of the N atoms of the hydrazo 
linking in unsymmetrical members of the series, of the type Ar'NHNHAr. 
The behavior of hydrazo compounds on rearrangement in acid solution has 
been thoroughly investigated3 with reference to the effect of the presence 
of the more common substituent groups in the aryl nuclei. The effect 
of such structural modifications upon the hydrazine residue, however, has 
not previously been studied; it has been found possible by us to  detect such 
changes by treatment with acetic anhydride, which had previously been 
shown, in the cases cited above, to yield mono-acetyl derivatives readily. 
We have therefore prepared and studied several of the mono-acetyl deriva- 
tives of the unsymmetrical hydrazobenzenes from this point of view. 

The structures of these compounds were determined by reduction with 
phenylhydrazine. The present paper describes the preparation and identi- 
fication of these compounds; an alternative method of identification in- 
volving oxidation of the acetyl derivatives, with the description of some new 
members of this series, and the bearing of this research upon the rearrange- 
ment of hydrazo compounds in acid solution, will be presented in a later 
communication. Of the compounds described here it was found that each 
of the following yields two isomeric mono-acetyl derivatives in approxi- 
mately equal amounts: benzene-hydrazo-p-toluene, p-chlorohydrazo- 
benzene and p-bromohydrazobenzene. Benzene-hydrazo-o-toluene yields 
a single mono-acetyl derivative. I t  is of interest to note also that we have 
observed in this series the kind of isomerism shown by monobenzoyl- 
hydrazobenzene, and described by Fre~ndler .~  Mono-acetyl-p-bromo- 
hydrazobenzene was isolated in three forms, one of which changed gradually 
into one of the others during several weeks. 

The reduction of the mono-acetylhydrazo compounds by phenylhy- 
drazine severs the nitrogen atoms of the hydrazo linking, yielding the corre- 

1 Stern, Ber., 17, 380 (1884); Goldschmidt and Euler, ibid., 55, 616 (1922). 
Jacobson and Lischke, Ann., 303, 370 (1898). 
Jacobson, ibid., 428, 90-99 (1922). 
Freundler, Compt. rend., 136, 1554 (1903). 
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sponding amine and anilide. The reductiori products are easily separated 
by treatment with dilute acetic acid, in which the amine dissolves while the 
amide remains undissolved. This reduction method has been applied 
successfully to the mono-acetyl derivatives of hydrazobenzene and benzene- 
hydrazo-o-toluene, and to one of each of the two isomeric mono-acetyl 
derivatives of benzene-hydrazo-p-toluene, p-chlorohydrazobenzene and p- 
bromohydrazobenzene. 

I n  our early experiments attempts were made to  follow the reduction and 
judge of its completeness by measuring the volume of nitrogen evolved 
during the reaction, since phenylhydrazine on oxidation yields nitrogen as 
shown by the equation 

CeHsNHNHz -+ CeHe + Nz + 2H 

The volume of nitrogen evolved was in most cases less than the theoretical. 
Further addition of phenylhydrazine to the partly reduced acetylhydrazo 
compound resulted in the evolution of more nitrogen, even after an amount 
far in excess of the theoretical one mole had been added. Ammonia was 
also detected among the gaseous products of the reaction. These facts 
made i t  evident that the phenylhydrazine, in addition to its reaction with 
the acetylhydrazo compound, was undergoing self-oxidation-reduction 

2CsH5NHNHz -+ CsHs + Nz + NHI + CsH6NH2 

Considering that phenylhydrazine boils a t  242' with only slight decomposi- 
tion, i t  seemed remarkable that decomposition should take place so readily 
a t  the temperature of these experiments (160-180'). In one experiment 
the rate of evolution of the nitrogen was measured and was found to increase 
rapidly for a time, as the reduction of the acetyl hydrazo compound pro- 
gressed. It was evident that one of the reaction products catalyzed the 
self-oxidation-reduction of phenylhydrazine. A study of the behavior 
of phenylhydrazine a t  160' in the presence of acetanilide and a t  185' in the 
presence of acet-m-toluidide showed that both of these substances bring 
about rapid decomposition of the phenylhydrazine, while undergoing no 
change themselves. A similar effect has been reported by Just,5 who 
observed that sulfanilic acid accelerated the self-oxidation-reduction of 
phenylhydrazine. A procedure, to  be described in the experimental part, 
was finally developed whereby complete reduction of the hydrazo com- 
pound may be recognized. 

For convenience in describing the acetylhydrazo compounds in the ex- 
perimental part, the nitrogen atoms of the hydrazo linking will be desig- 
nated as N and N', N referring to the nitrogen atom attached directly to  
the unsubstituted benzene nucleus. 

Experimental Part 
The unsymmetrical hydrazo compounds were prepared by reduction of the come- 

Just, Ber., 19, 1207 (1886). 
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sponding azo compounds, the latter having been obtained by Wieland'sc modification of 
Baeyer'si method. Treatment of the hydrazo compounds with acetic anhydride re- 
sulted in the mono-acetyl derivatives. The general procedures, which were sub- 
stantially the same in all cases, will be briefly outlined 

Preparation of the Azo Compounds.-Equimolar amounts of nitrosobenzene and 
the appropriate amine were condensed according to Wieland's procedure. I n  practi- 
cally all cases nearly pure crystalline products were readily obtained in yields of about 
80% of the theoretical: benzene-azo-p-toluene, m. p. 71-72", in agreement with Mills,* 
benzene-azo-o-toluene, b. p. 156-158" (corr.) a t  4 mm. (Jacobson

g 
reported this sub- 

stance as a liquid a t  ordinary temperature) ; @-chloro-azobenzene, m. p. 88", in agreement 
with Heumann and Mentha;l0 p-bromo-azobenzene, m. p. 88", in agreement with Jacob- 
son and Grosse. ll 

Preparation of the Hydrazo Compounds.--The azo compounds were reduced with 
zinc dust and glacial acetic acid in boiling alcohol. This method was found t o  be more 
convenient than that  of Jacobson and Lischke2 in which reduction was accomplished 
with zinc dust and sodium hydroxide solution. The procedure in a typical experiment 
was as follows. Glacial acetic acid was added dropwise to  a mixture of zinc dust and a 
10-1570 solution of the azo compound in boiling 95% alcohol until the solution became 
colorless. The solution was filtered hot and the filtrate cooled rapidly in an ice-bath. 
In  some cases the hydrazo compound crystallized from the cold solution; in  others, i t  
was necessary to  add ice water slowly to the alcoholic solution to bring about precipita- 
tion. The crystals were filtered and allowcd to dry. The solvent evaporates rapidly 
from the crystalline products obtained in this way and the danger of air oxidation to 
the azo compound is thus greatly minimized. The products obtained by this procedure 
were colorless and apparently quite free from the azo compounds: benzene-hydrazo-p- 
toluene, m. p. 87-88' (Jacobson and Lischke2 give 86-87") ; benzene-hydrazo-o-toluene 
m. p. 101-102°, in agreement with Jacob~on;~  p-chlorohydrazobenzene, m. p. 9&91° 
(Heumann and Menthalo report 89-90 O )  ; p-bromohydrazobenzene, m. p. 115" in 
agreement with Janowsky and Erb.12 

Acetylation of the Hydrazo Compounds.-The procedure described by  Sternf3 was 
employed. One part of the hydrazo compounds was dissolved in about three parts of 
freshly distilled acetic anhydride, and the mixture allowed to stand for several hours, 
usually overnight. The resulting solution was then added to about five parts of water 
and well shaken. The acetyl derivatives separated either as crystalline solids or as  
viscous oils which slowly solidified 011 standing. I t  was found that  the structurally iso- 
meric acetyl derivatives, when formed, could be separated by recrystallization from 95% 
alcohol. One of the isomers in each case was found to crystallize from the  hot solution 
on cooling, while the second could be isolated by slow spontaneous evaporation of the 
mother liquor. As a class these compounds are colorless crystalline solids, rather soluble 
in alcohol, ether, chloroform and boiling benzene, and sparingly soluble in water and in 
ligroin 

N'-Acetylbenzene-hydrazo-p-toluene, m. p. 140-141 (corr.) in agreement with 
Jacobson and L i ~ c h k e . ~  

Wieland, Ber., 48, 1107 (1915). 
Baeyer, itn'd., 7, 1639 (1874). 
Mills, J. Chem. Soc., 67, 930 (1895). 

O Jacobson, Ber., 28, 2544 (1895). 
"IHeumann and Mentha, ;bid., 19, 1687 (1886). 
l1 Jacobson and Grosse, Ann., 303, 320 (1898). 
l2  Janowsky and Erb, Ber., 20, 358 (1887). 
l3  Stern, ibid., 17, 380 (1884). 
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N-Acetylbenzene-hydrazo-p-toluene, needles, m. p. 124'. 

Anal. Calcd. for ClaHlrONz: N, 11.66. Found (micro-Dumas): W .  11.75. 

Anal. Calcd. for CISHIGON~: N, 11.66. Found (micro-Dumas): N, 11.47. 

N-Acetyl-p-chlorohydrazobenzene, m. p. 123-124". 

Anal. Calcd. for C I ~ H I ~ O N ~ C ~ :  N, 10.74. Found (micro-Dumas): N. 10.62. 

Anal. Calcd. for C I ~ H I S O N ~ C ~  : N, 10.74. Found (micro-Dumas) : N, 10.82 

N'-Acetyl-p-bromohydrazobenzene, m. p. 83 ", prisms from 90-120" ligroin. 

Anal. Calcd. for ClaH130N1Br: N, 9.18. Found (micro-Dumas): N, 8.97. 

N-Acetyl-p-bromohydrazobenzene, rosets of prismatic crystals from alcohol, m. p. 
117-118'. 

Anal. Calcd. for ClaH130N2Br: N, 9.18. Found (micro-Dumas): N, 9.42. 

Isomeric Form of N-Acetyl-p-bromohydrazobenzene.-In the course of one ex- 
periment, N-acetyl-P-bromohydrazobenzene was recrystallized from alcohol containing 
about 10% of benzene. In  addition to  the N-acetyl derivative already described, a 
second product consisting of large cubical crystals was deposited on spontaneous evapo- 
ration of a part of the mother liquor. This substance melted a t  88-89'. I t  was ana- 
lyzed directly after isolation. 

Anal. Calcd. for CI4Hl30NZBr: N, 9.18. Found (micro-Dumas): N,  9.70. 

After standing for two or three months in a closed vessel, the cubical crystals 
were found to have crumbled slowly to a white opaque powder. The latter melted a t  
117-118" and was identical with the stable N-isomer. 

Identification of the Acetyl Derivatives.-A small amount (3-5 g.) of the acetyl 
derivative was heated with an equimolar amount of phenylhydrazine a t  180" until the 
evolution of nitrogen and ammonia had ceased. This usually required about six hours. 
The mixture was then dissolved in 2-3 cc. of glacial acetic acid with slight warming and 
then treated with 5 cc. of water. The amide was precipitated as an oil which slowly 
solidified. The solid mass was then recrvstallized from benzene or toluene. I n  those 
cases where isomeric compounds were obtained, one of the isomers only was identified 
by this procedure. The identity of the second isomer was established from the following 
considerations: (1) its non-identity with the first, (2) analysis, (3) transformation t o  the 
azo compound by hydrolysis of the acetyl group followed by oxidation with hydrogen 
peroxide. The following members of the above series were identified by phenylhydra- 
zine reduction: N'-acetylbenzene-hydrazo-p-toluene, N-acetylbenzcne-hydrazo-o- 
toluene, N'-acetyl-p-chlorohydrazobenzene and N'-acetyl-P-bromohydrazobenzene. 

Effect of Anilides on the Self-oxidation-Reduction of Pheny1hydrazine.-The 
reduction of N-acetylbenzene-hydrazo-o-foluene was conducted in one experiment 
t o  secure a n  approximate measure of the rate of evolution of nitrogen; 0.565 g. of the 
substance and 0.25 g. of phenylhydrazine were heated a t  175-180' and the nitrogen 
evolved was collected over dilute hydrochloric acid in a n  inverted graduated cylinder 
The volumes (cc.) evolved during successive five-minute intervals were (uncorr.) : 
5.0, 9.5, 12.5, 10 0, 7.0, 6.0, 4.0. The rapid increase in rate during the first fifteen min- 
utes suggested the following experiments on the effect of acetanilide and acet-m-tol- 
uidide in the self-oxidation-reduction of phenylhydrazine. 

(a) Acetani1ide.-1.35 g. of acetanilide and 1.08 g. of phen~lhydrazine were heated 
a t  185" and the evolved gases collected over water in a graduated cylinder. The pres- 
ence of ammonia in the gaseous products was detected by its odor and action on litmus, 



July, 1930 DIARYI, ACYL HYDRAZINES 2819 

and a layer of benzene appeared on the surface of the water in the graduated cylinder. 
After the reaction had ceased, 110 cc. of nitrogen (corrected for temperature, pressure, 
water vapor and benzene vapor) had been collected. This corresponds almost exactly 
to  the volnme of nitrogen theoretically obtainable by the self-oxidation-reduction of 
phenylhydrazine (112 cc.). The reaction mixture solidified on cooling. The crystals 
after washing with benzene melted a t  114-115° and were shown t o  be acetanilide by 
comparison with an authentic sample of the latter. 

(b) Acet-m-toluidide.4.822 gram of acet-m-toluidide and 0.608 g. of phenyl- 
hydrazine were heated a t  150-160°, as in (a). The nitrogen evolved measured 63 cc. 
(corr.) ; the theoretical nitrogen volume is 63 cc. The reaction mixture was dissolved 
in 1 cc. of glacial acetic acid and the solution slowly diluted with 5 cc. of water. An oil 
separated which was washed with hot water and allowed to cool. It was then seeded 
with a small crystal of acet-m-toluidide and allowed t o  stand for twenty-four hours. 
The oil solidified completely; the crystals were pressed dry on filter papers and found t o  
melt a t  67-68". The crystalline product was acet-m-toluidide which underwent no 
change during the reaction. 

Modified Procedure for Reduction with Pheny1hydrazine.-The point a t  which 
the reduction of the acetylhydrazo compound with phenylhydrazine is complete was 
detcrmined in the case of a mono-acetylbenzene-hydrazo-m-toluene (not described in this 
communication) in the following manner: 1.33 g. (1 mol) of acetylhydrazo compound 
and 1.8 g. (3 mols) of phenylhydrazine were heated a t  160' until gases ceased t o  be 
evolved. Then 0.16 g. of phenylhydrazine was added, the mixture again heated and the 
evolved nitrogen collected and measured. I t  was found that 25 cc. (corr.) was evolved; 
0.16 g. of phenylhydrazine should yield 16.6 cc. when undergoing complete self-oxidation- 
reduction; the reduction of the acetyl hydrazo compound was therefore incomplete. An 
additional 0.16 g. of phenylhydrazine was added, the heating continued a t  160 O, and the 
volume of nitrogen again measured. This time 17.1 cc. (corr.) was collected, indicating 
that  the reduction was practically complete, inasmuch as the newly added phenyl- 
hydrazine underwent only self-oxidation-reduction. 

Summary 

I. Several new diary1 acyl hydrazines have been prepared. 
2. A method for their identification has been described. 
3. The self-oxidation-reduction of phenylhydrazine has been shown to  

be accelerated by acetanilide and acet-m-toluidide. 
NEW YORK, N. Y. 
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PREPARATION OF SOME ORGANO-MERCURIC NITRATES, 
AND A METHOD OF ANALYSIS FOR MERCURY APPLICABLE TO 

DILUTE SOLUTIONS OF SUCH COMPOUNDS 

In  continuing the studies on the "electron-sharing ability of organic 
radicals,"l a series of organo-mercuric derivatives has been prepared and 
carefully purified for the measurements of physical constants which will 
be reported later. I t  was found necessary to develop a method of analysis 
for the determination of the organo-mercuric compounds when present in 
dilute aqueous solutions. This method depends upon the liberation of 
mercury from its organic linkage by refluxing with aqueous bromine and 
later precipitating and weighing the mercury as the sulfide. The method 
has also been applied to the determination of mercury in the pure organo - 
mercuric derivative. In the presence of iodides, a double precipitation of 
the sulfide is necessary. 

The type compounds RHgNOs were prepared by treating the corre- 
sponding halides in a suitable solvent with silver nitrate. The butyl- 
and benzylmercuric nitrates have not been previously reported; the melt- 
ing points and statements regarding the stability of the methyl- and ethyl- 
mercuric nitrates are corrected. 

Experimental 
Methylmercuric Nitrate.-To a weighed quantity of silver nitrate a slight excess of 

methylmercuric iodide is added and shaken in ethyl alcohol until the filtrate gives no 
test for silver ions. The solution is diluted with water, warmed and filtered with suction 
and evaporated over a water-bath in a current of air. The product is recrystallized twice 
from water by concentrating the solution until a crystalline mush is obtained and then 
removing the mother liquor by pressing between filter papers. The crystals are dried in 
vacuo. The product is white, stable in light, strongly deliquescent, and causes painful 
blisters if applied to the skin. Samples have been kept for two years without becoming 
discolored. 

The melting point, unlike that given in the l i t e r a t ~ r e , ~  is 59 ", obtained in two in- 
dependent preparations and constant through successive recrystallizations. 

Anal. Calcd. for CHaHgNOs: Hg, 72.26. Found: Hg, 72.24, 72.72. 
The conductivity in water checks the values reported by Maynard and H ~ w a r d , ~  

though they gave no melting point. 
Ethylmercuric nitrate was prepared in the same way as the methyl compound, 

is less soluble and recrystallizes more easily, giving a better yield. The melting point, 
not reported by S t r e ~ k e r , ~  who first prepared it, is 87". 

Anal. Calcd. for CzH5HgNOa: Hg, 68.79. Found: Hg, 68.85, 68.42. 
The solubility in water a t  25' is 6.96 g. per liter. 

Hixon and Johns, THIS JOURNAL, 49,1786 (1927). 
Strecker, Ann., 92, 79 (1854). 
Maynard and Howard, J. Chem. Soc., 123,960 (1923). 
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Butylmercuric nitrate was prepared from the bromide and silver nitrate. I t  was 
found to be very unstable until carefully recrystallized from ether. It was never oh- 
tair~ed entirely colorless, and always decomposed slightly on standing for several months; 
m. p 39.540'. 

Anal. Calcd. for CgHsHgNOa: C, 15 02; H, 2 84; N, 4.38. Found: C, 14.80, 
H, 2.89; N, 4.44. 

The solubility in water a t  25' is 0.956 g. per liter. 
Benzylxnercuric nitrate is best prepared by mixing a solution of benzylmercuric 

chloride in ether with silver nitrate in alcohol. After shaking for an hour, the silver 
chloride is filtered off and the solvent evaporated a t  as low a temperature as possible in 
vacuo. In  this way, 11.35 g. of benzylmercuric chloride and 5.89 g. of silver nitrate 
gave 4.95 g. of silver chloride (theoretical, 4.97 g.). The resulting benzylmercuric 
nitrate was a gray crystalline mass. Recrystallized from ether, i t  gave large, pure white, 
rhombic needles; m. p. 90-91 " with decomp. 

Anal. Calcd. for C6H6CH2HgNO3: Hg, 56.71. Found: Hg, 56.64, 57.05. 

The solubility in water a t  25" is 0.93 g. per liter. In spite of all care in preparation, 
the cornpound slowly decomposes and after several months appears dark, though still 
crystalline. 

Method of Analysis for Mercury in Organo-mercuric Halides and 
Nitrates.-In analyzing a solid compound, sufficient sample to give 
0.25 g. of mercuric sulfide is covered with 100 cc. of water and treated with 
5 cc. of bromine. The flask is heated gently and finally boiled to remove 
the excess of bromine. The last traces of bromine are removed by a few 
drops of sodium bisulfite solution4 and the mercury is determined by the 
usual method. In case the organic radical forms oily bromination prod- 
ucts, as occurs with many aromatic mercury derivatives, these may be 
removed by filtering through a paper filter. 

The success of this method of decomposing organic compounds of mer- 
cury is indicated by the data in Table I. Tbe method has been found 
equally successful in analyzing very dilute solutions of these compounds. 

The quantitative precipitation of mercury as the sulfide is difficult when 
iodides are p r e~en t .~  This difficulty can be eliminated by applying the 
double precipitation method used by Scott6 in separating mercuric sulfide 
from lead sulfide. In this method the precipitated mercuric sulfide is dis- 
solved in potassium acid sulfide solution and reprecipitated by adding a 
solution of ammonium nitrate, boiling gently to expel most of the liberated 
ammonia. 'fhis second precipitate is then filtered onto a Gooch crucible 
and treated in the usual way. 

* Contrary to  statements in textbooks, sulfur dioxide has not been found t o  
reduce mercury in solution. A slight excess of sodium bisulfite in these acid solutions 
causes no trouble. 

Dunning and Farinholt, THIS JOURNAL, 51, 807 (1029), report the necessity of 
removing iodine. Reinders, Z. physik. Chem., 32, 498 (19001, considers digestion of the 
precipitated mercuric sulfide with ammonium chloride solution as sufficient t o  remove 
this difficulty. 

ti Scott, "Standard Methods of Chemical Analysis," 4th ed., 1927, p. 310. 
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Compound 

ChHgHgBr 
C4H9HgBr 
CHJHgNO3 
CHsHgNOa 
CnHsHgNOa 
C2H5HgNO3 
CsHsCHzHgNOa 
CsHsCH2HgN03 
o-C1C6HnCHzHgBra 

ANALYTICAL DATA 

Sample, g. IIgS found, g. 

0.2283 0.1580 
,2551 .I763 
,3504 ,2935 
,2736 ,2307 
,1428 ,1140 
,1573 ,1243 
,1614 ,1060 
,1693 ,1120 
.5000 ,2859 
,5000 ,2873 
,3000 ,1822 
.3000 ,181'7 
,5000 ,2565 
.5000 .2581 
.2000 ,125 2 
,2000 .I287 
,3574 ,2158 
,4412 ,2676 

IlgS calcd., g. 
0.1574 

,1758 
.2936 
. 2  292 
.I139 
.I255 
.I062 
,1114 
,2865 
,2865 
.I813 
.I813 
,2576 
,2576 
.I287 
,1287 
,2157 
,2662 

" Analyzed by I?. E. Ware. By E. H. C. Fang. ' B y  Florence Hooper. 

In  analyzing 0.025 molal mercuric iodide solutions that were 0.05 molal 
in potassium iodide, the first precipitate when weighed was found to be 
approximately 4% too heavy while, when reprecipitated, the weight both 
with mercuric iodide and with methylmercuric iodide was found to agree 
within 0.1% with the calculated values. 

Summary 

1. The purification of methyl- and ethylmercuric nitrates is described 
and the melting points of these compounds are corrected. 

2 .  Butyl- and benzylmercuric nitrates are described. 
3. A rapid method of analysis for mercury in the type compounds RHg- 

X is described which is satisfactory even in the presence of iodides. 
AMES, IOWA 
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THE ACTION OF SODIUM ON SOME ORGANIC HALIDES IN 
LIQUID AMMONIA1 

In the course of an investigation of the action of sodium on benzyl 
ch l~r ide ,~  it was observed that in liquid ammonia a good yield of dibenzyl 
was obtained, together with toluene and other non-nitrogenous products. 
The work of previous investigators, particularly I,ebeaq3 Chablay14 
K r a ~ s , ~  P i ~ o n , ~  Dains7 and others, has shown that, as a rule, in this solvent 
the organic halogen compounds yield mixtures of amines, nitrilcs and un- 
saturated hydrocarbons. 

In order to determine to what extent coupling reactions in the sense of 
the Wurtz-Fittig synthesis might take place, the following organic halogen 
compounds were investigated: benzyl chloride, 1-phenyl-2-bromo-ethane, 
l-phenyl-3-bromopropane, 1-phenyl-4-bromobutane, benzal chloride, ben- 
zo-trichloride, diphenyldichloromethane, diphenylchloromethane, o-xylyl- 
ene bromide, P-bromophenylethyl ether, y-bromophenylpropyl ether, 
6-chloro-acetophenone, p-chloropropiophenone. Chlorobenzene and 
triphenylchloromethane, which should be considered in this group, have 
already been investigated by White8 and Kraus and K a w a m ~ r a , ~  respec- 
tively. The first compound yields benzene and primary, secondary and 
tertiary amines, while the second yields the sodium salt of triphenyl- 
methane which, in turn, enters into various reactions. 

Benzoyl chloride, which also might be considered here, reacts instan- 
taneously with the liquid ammonia to give an almost quantitative yield of 
benzamide. This reaction furnishes a very convenient method for the 
preparation of the amide. 

Apparatus and Procedure 
About 250 cc. of anhydrous ammonia was placed in an unsilvered Dewar 

flask of 300-cc. capacity. The halide and sodium were added in small 
Abstracted from a thesis presented by Gerard Berchet to  thc Graduate Faculty 

of the TJniversity of Colorado in partial fulfilment of the requirements for the Doctor of 
Philosophy degree 

A detailed report of the action of sodium on benzyl chloride in liquid ammonia, 
in ether, and in the absence of solvent will be published later. 

Lebeau, Compt r e n d ,  140, 1042, 1264 (1905). 
Chablay, Ann  chint., [9] 1, 469 (1914). 
Kraus and White, THIS JOURNAL, 45, 7G8 (1923) 
Picon, Bull. soc. rhim , 35, 976 (1924) 
Dains and Brewster, THIS JOURNAL, 42, 1573 (1920). 
White, 2 hid , 45, 779 (1923). 
Kraus and Kawamura, ibzd , 45, 2756 (1923). 
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portions alternately. In most of the experiments the blue color of the 
dissolved sodium was allowed to disappear before further addition of the 
metal. In those preparations in whkh the reaction seemed to be slow, 
the flask was equipped with a mechanical stirrer and mercury seal. It was 
not deemed necessary to protect the reaction mixture from atmospheric 
gases because the rapid evaporation of the ammonia prevented the en- 
trance of air into the flask. 

After the completion of the reaction, the contents of the flask were poured 
into a casserole and the solvent was allowed to evaporate. The residue 
was then treated with a mixture of ether and water, the  ether layer sepa- 
rated, and the aqueous layer extracted several times with fresh portions of 
ether. The combined ether solutions were dried over calcium chloride, 
the ether was distilled and the residue investigated. Except in the cases of 
@-bromophenylethyl ether and y-bromophenylpropyl ether the aqueous 
layer was not investigated further. 

Experimental 
Benzyl Chloride.1Q-Three hundred grams of benzyl chloride was treated with the 

calculated amount of sodium-1 mole of sodium to 1 mole of chloride-in several runs 
and the residues were combined. Brightly colored red and purple intermediate products 
formed and disappeared during the course of the reaction. The combined residues were 
taken up with a mixture of ether and water, after which treatment a solid--4.5 g.- 
was left. After separating the ether layer, the aqueous solution was extracted several 
times with fresh portions of ether. The combined ether solutions were then dried over 
calcium chloride. The ether was distilled through a Vigreux column, after which 
25 g. of toluene came over between 95 and 110" a t  629 mm. The residue-181 g.- 
was then fractionated under reduced pressure. At first a few drops of unchanged 
benzyl chloride came over; then the temperature rose rapidly. At 150-155' under 
17 mm. pressure, 94 g. of dibenzyl came over. The residue in the flask, a viscous oil, 
was treated with ether. A solid weighing 5.1 g. separated. This proved to be identical 
with the 4.5 g. of white solid separated in the first phase of the reaction. This substance 
was referred to as "Solid A," It proved to be a hydrocarbon which crystallized from 
chloroform-alcohol and melted a t  183-184°. After distilling the ether, the viscous 
oil was again fractionated under reduced pressure. An additional 14 g. of dibenzyl 
was obtained, together with 37 g. of a liquid-"Liquid B"-which distilled a t  200- 
240" under a pressure of 10 mm., and finally 13 g. of a very viscous oil which distilled 
between 240 and 270" under 10 mm. pressure. This was referred t o  as  "Liquid C " 
The residue in the flask weighed 9 g. All of the products were nitrogen and halogen 
free. The yields were as follows: toluene, 25 g ; dibenzyl, 108 g.; Solid A, 9.5 g., 
Liquid B, 37 g.; Liquid C, 13 g.; residue, 9 g. 

1-Phenyl-2-bromo-ethane.-This compound was prcpared from phenylethyl 
alcohol by the Norrisfl method. I t  reacted rapidly with sodium in liquid ammonia in 
the ratio of 1 mole of halide to 1.9 moles of sodium. The following products were 
obtained from the ether extracts of the reaction products of 66 g. of the halide: ethyl- 

lo Since this paper was submitted, an article by  Wooster and Mitchell has appeared 
in which an account of the action of sodium and potassium on benzyl bromide in liquid 
ammonia is given [THIS JOURNAL, 52,693 (1930)). 

l1 Norris, Watt and Thomas, ibid., 38, 1071 (1916). 
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benzene, 14.5 g.; styrene, 0.5 g.; residue (nitrogen free), 7 g. The residue consisted of 
high-boiling hydrocarbons from which no 1,4-diphenylbutane could be obtained. 

1-Phenyl-3-bromopropane.-Fifty g. of the halide required 6.6 g. of sodium-ratio 
1:1.5. The residue weighing 28 g. yielded the following products: propylbenzene, 8.5 
g. ; phenylpropylamine, 5 9 g. ; high-boiling hydrocarbons, 3 g. ; residue containing 
nitrogen, 7 g.; diphenylhexane, none. 

I-Phenyl-4-bromobutane.-This substance reacted with the sodium in the ratio 
1:1.6. From 9.3 g of the halide the following products were obtained. butylbenzene, 
2.5 g. ; unsaturated hydrocarbons, 0.05 g . ;  phenylbutylamine, 1 04 g.; hydrocarbons 
and amines, 1.6 g. 

Benzal Chloride.-The reaction in the case of bcnzal chloride was more violent 
than in that of benzyl chloride. The sodium was used in the ratio 2:l. During the 
course of the reaction a bright red coloration developed which did not disappear until the 
ether-water mixture was added a t  the end of the experiment. Sixty grams of the 
chloride was used. The following products were obtained from the residue: dibenzyl, 
2.5 g. ; benzylamine, 15.0 g. ; higher-boiling amines and residue, 14.0 g. 

Benzotrich1oride.-In this reaction the trichloride required approximately 3 moles 
of sodium. A rather large amount of tarry matter, insoluble in ether, along with about 
57,  of dibenzyl, was obtained. The tarry matter contained nitrogen. 

Diphenylch1oromethane.-On account of the slight solubility of the chloride in the 
ammonia, the reaction was slow. The addition of anhydrous ether considerably hastened 
the reaction. Twenty-four grams of the halide required 4.3 g. of sodium-ratio 1 :1.59. 
I t  was difficult to  determine the end-point of the reaction on account of the dark brown 
color of the mixture. On treatment of the residue with the ether-water mixture, a 
white solid, identified as sym.-tetraphenylethane, separated. From the ether layer a 
second portion of this hydrocarbon together with diphenylmethane was obtained. The  
total yield of these two compounds was 13 and 5.5 g., respectively. No other products 
were obtained from the ether layer. 

Dipheny1dichloromethane.--As in the case of diphenylchloromethane the reaction 
was slow until dry ether was added t o  the reaction mixture. I n  this experiment 31.5 g. 
of the halide was treated with sodium in the molecular ratio of 1: 2. Care was taken 
t o  keep the halide in excess until the end of the reaction. After treating the residue with 
the ether-water mixture, 16 g. of a solid remained which on purification proved t o  be 
tetraphenylethylene. An additional 3.8 g. of tetraphenylethylene was obtained from 
the ether extract. The 19.8 g. of tetraphenylethylene obtained from the 31.5 g. of the 
diphenyldichloromethane corresponds to  a yield of 90% of the theoretical. This method 
of preparation compares favorably with that of Norris.12 The conversion of the tetra- 
phenylethylene into tetraphenylethane seems to be effectively prevented by  the method 
of procedure in which the sodium is added in small portions to a n  excess of halide until 
the ratio 1 : 2 is reached. 

o-Xylylene Bromide.-On accourit of the slowness of the reaction even in the 
presence of anhydrous ether, the Dewar flask was fitted with a mechanical stirrer and 
mercury seal. Two moles of sodium were required for 1 mole of the bromide. The 
yield obtained from 25 g. of o-xylylene bromide consisted of 3.1 g .  of o-xylene and 5.8 
g. of a residue containing nitrogen. 

p-Bromophenylethyl Ether.-In this case the reaction took place vigorously and 
smoothly, without the formation of intermediate colored compounds. The ratio of 
halide t o  sodium was 1:2. From 21 g. of p-bromophenylethyl ether the following 
compounds were obtained: 1,4-diphenoxybutane, 2.9 g.; phenol, 7.0 g. 

y-Bromophenylpropyl Ether.-This compound reacted rapidly and smoothly with 

l2  Norris, Ber., 47, 473 (1914). 
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sodium in the ratio 1 . l 82 No intermediate co l~red  compounds were olsrrvrd. From 
52 g. of the bromide a residue weighing 25.5 g. was obtained. This consisted of a mix- 
ture of colorless crystals and a mobile liquid, both of which were nitrogen free. From 
this mixture the following products were obtained: phenoxypropane,'J 14.8 g . ;  phenol, 
6.0 g. ; 1,6-diphenoxyhexane, 4.4 g. 

a-Chloro-acetophenone.-The halidc reacted with sodium in the ratio 1 : 2.2. 
From 30 g. of the chloro-acetophenone, 13.5 g. of a reddish oil was obtained. This was 
nitrogen and halogen free. Four grams of acetophenone was separated from this oil; 
0.4 g. of a colorless solid, melting a t  73-74', was also obtained, but was not identified. 
The residue yields, for the most part, tarry matter when i t  is distilled. 

0-Ch10ropropiophefione.-ln this case the reaction with sodium is rapid although 
the 8-chloropropiophenone is not very soluble in the ammonia. The reaction takes 
place in the ratio of halide to sodium of 1:1.53. From 16 g. of the chloride a residue 
weighing 11 g. was obtained. This was a viscous oil, slightly fluorescent in solution, and 
nitrogen and halogen free. I t  did not boil a t  380" under 20 mm. pressure. On cooling 
it solidified to  a hard resin. 

Conclusions 

The limited number of halogen compounds studied does not permit one 
to draw definite conclusions regarding the relation of the structure of the 
molecule to the products formed. In  the cases of the monohalogen com- 
pounds the following reactions indicate a possible mechanism 

MCH2X + 2Na ---+ (MCH2Na) + NaX (1) 
(MCH2Na) + MCHzX + MCHzCHzM + NaX 

MCHzNa 4 NH3 ---+ MCHB + NaNHz (11) 
MCH2X + NaNHz --+ MCHzNHz + NaX (111) 

2C6H60(CH2)2Br + 2Na ----t 2NaBr + C6H50(CH2),0(C6H,) (IV) 
CtiH50(CHz)zBr + 2Na -+ NaBr + C6H50Na + C2H414 

The reactions must be much more complicated in the cases of the poly- 
halogen compounds, as, for example, when nitriles are formed.15 

Summary 

1. The action of sodium in liquid ammonia on thirteen organic halogen 
compounds has been studied. 

2.  In  eight cases a reaction in the sense of the Wurtz-Fittig synthesis 
took place to some extent. 

3. Convenient methods for the preparation of benzamide, tetraphenyl- 
ethylene and tetraphenylethane have been suggested. 

BOULDER, COLORADO 

l 3  Diotlneau, Ann. chim., 3, 201 (1915). 
Hamonet, Compt. rend., 136, 96 (1903). 

15 Daixs and Brewster, THIS JOURNAL, 42, 1573 (1920). 
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[CONTRIBUTION PROM THE WALKER CHEMICAL LABORATORY OP THE RENSSELAER 

POLYTECHNIC INSTITUTE] 

THE BROMINATION OF ACETONE IN ORGANIC SOLVENTS1 

Introduction 
The halogenation of ketones has offered a fertile iield to investigators. 

L a p ~ o r t h , ~  Dawson3 and Rice4 have made the most specialized contribu- 
tions to this topic. Since these workers confined their studies mainly to  
reactions in aqueous solutions catalyzed by acids, an investigation of the 
natural autocatalytic reaction between acetone and bromine was carried 
out. 

Purification of Materials 
Acetone was purified by the sodium iodide addition-compound process of Shipsey 

and Werner.5 A few minor changes were necessary t o  insure an anliydrous product. 
The acetone resulting from the iodide process was allowed t o  stand over phosphoric 
oxide for twenty-four hours. A deep red coloration appeared. On fractionation, dis- 
carding the first few cc., a material boiling a t  56 38+0 01" was obtained; density a t  
0 ", 0.8035; a t  25", 0.7886. 

Bromine was extracted three times with 10:& sodium hydroxide solution and theq 
distilled in an all-glass apparatus, once alone, and twice over phosphoric oxide. 

Carbon tetrachloride u a s  fractionated nine or ten times over phosphoric oxide 
until three liters distilled a t  76.70-76 83 ". 

Carbon bisulfide was allowed to stand over bright, clean mercury for two weeks. 
It was then fractionated over phosphoric oxide; b. p 46.10*0.01°. 

Chloroform was purified immediately before use Technical chloroform was 
washed with water t o  free i t  from alcohol. It was then dried over calcium chlorid: and 
fractionated over phosphoric oxide; b. p. 61.30 *0.02' a t  769 mm. 

Apparatus 
I n  the first part of this investigation the reaction was followed by titration of the 

bromine. Two hundred and fifty-cc. volumetric flasks were immersed in ice shavings. 
One hundred cc. of solvent a t  the bath temperature was pipetted into the flask. A small 
vial containing a weighed amount of bromine was dropped into the solvent, the ground 
glass stopper being removed as it  fell. The flask was then well shaken and the reaction 
started by adding a known amount of acetone, usually 10 cc. Samples were withdrawn 
after suitable intervals, run into potassium iodide solution and titrated immediately 
with 0.05 N sodium thiosulfate. 

This article is based on a thesis submitted by Irving Cohen t o  the Faculty of 
the Rensselaer Polytechnic Institute in partial fulfilment of the requirements for the 
degree of Master of Science. 

Lapworth, J. Cherrt. Sac., 85, 30 (1904); 93, 2163 (1906); 95, 2187 (1908). 
Dawson, ibid.,  96, 1860 (1909); 98, 2048 (1910); 101, 1503 (1912); 105, 1093 

(1914). 
* Rice, THIS JOURNAL, 47, 379 (1925). 

Shipsey and Werner, J. Chem. Soc., 103, 1255 (1913). 



IRVING COHEN 

In  the second part of the investigation the reaction was determined by following the 
change in conductivity of the reaction solution. Assuming that hydrobromic acid is 
the only substance formed which can affect the conductivity, the conductance of these 
solutions affords a measure of the concentration of the acid a t  any time. Since the 
specific conductance of these solutions approaches the order of mhos per centimeter, 
special equipment was necessary. 

Conductance Cell.-Dipping electrodes of polished platinum, 6.5 by 3 cm., mounted 
approximately 4 mm. apart, and fastened together firmly by glass rivets, were used. 
Tllis combination was sealed on a glass tube having leads for connections through the 
tube. Since these electrodes were not platinized and exerted a large condenser action 
in water, i t  was difficult to obtain an accurate cell constant using the potassium chloride 
solutions of Washburn. The mean of a number of determinations gave 0.0218+0.009. 
Because of the large uncertainty in the cell constant, all readings are given as the ob- 
served cell conductance, these values being easily reproduced t o  within 0.5%. The 
electrodes were not platinized for two reasons: (1) platinization might catalyze the re- 
action, (2) gaseous hydrobromic acid might be adsorbed due to the increased surface. 

Resistance Box.-It was necessary to  use resistances as non-inductive as possible. 
Three boxes, type 1025, serial No. 868 made by the General Radio Company of Cam- 
bridge, Massachusetts, were available, giving a possible variable resistance from 0 t o  
33,000 ohms. 

Variable Air Condenser.-In order to  balance the bridge satisfactorily, the capaci- 
tance of the conductance cell must be tuned out by a variable condenser. The instru- 
ment used had a capacity of 0 to  1500 m.m.f. and was made by the General Radio Com- 
pany, being type 246L and serial No. 335. 

Vacuum Tube Oscillator.-This was the Western Electric 4-B oscillator delivering 
frequencies of 100 to 5000 cycles per second. The output was capable of fine adjust- 
ment, so that  during an experiment in which the conductance varied between wide 
limits, i t  could be varied to  suit the need. 

Slide Wire Bridge.-A Leeds and Northrup Slide Wire Bridge having a high resist- 
ance per unit length of wire was used. This sacrifices some precision but has the ad- 
vantage of having the balance occur a t  exactly one point on the bridge wire. This con- 
dition is imperative when the conductance is changing rapidly with time. 

Telephones.-These phones were made by S. G. Brown, Ltd., of London. They 
are  equipped with a mechanical tuning device and were especially designed for conduc- 
tivity work. 

The procedure for determining a typical reaction velocity by the conductance 
method was as follows. Twenty cc. of acetone was pipetted into a glass cylinder. A 
vial containing a weighed amount of water was introduced and the acetone whirled in 
the cylinder. One hundred and twenty-five cc. of carbon tetrachloride was added and 
the liquids mixed thoroughly. A cork carrying the mounted electrodes was inserted into 
the cylinder and the latter immersed in a thermostat kept a t  25.00 +0.01 O. After a half 
hour had elapsed, a second vial containing a weighed amount of bromine was dropped 
into the solution by means of a glass tube leading through the cork. The time of adding 
the bromine was taken as the zero time of the reaction. The solution was always shaken 
for thirty seconds to  allow the bromine to distribute itself equally throughout the 
solution. At suitable intervals, time and bridge wire readings were taken. 

To  obtain a reading, the following steps were required. The switch t o  the oscillator 
was closed. The bridge was then balanced t o  a minimum of sound, next the air con- 
denser, and so alternately until a final balance on the bridge u a s  obtained. The time 
was taken t o  the nearest five seconds and the switch t o  the oscillator opened. The 
entire procedure took a t  most ten seconds. 
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In assembling the above apparatus, the principles of design advocated by Washburn,# 
Morgan and Lammert7 and Taylor and Acrees were used. 

Theory and Results of Experiments 

1,apworthV has explained the reaction of acetone with the halogens by 
means of the equations: 

CR3-C==CH2 + Br -+ CR3-C-CH2Br 
I 

OH 
/\ 

OH Br 
(2) 

CH3-C-CH2Br -+ CHs-CO-CH2Br + HBr 
A 

OH Br 
(3) 

Reactions 2 and 3 were assumed to be practically instantaneous, while 
the rate of attaining the keto-en01 tautomeric equilibrium expressed by 
Reaction 1 was assumed to 20 

be comparatively slow. This 
mechanism explained why the 
velocity of this reaction was j 
independent of the concentra- 4 - 
tion of the bromine. It was .g 
also observed that the reaction 2 
was enormously catalyzed by " 
hydrogen ions. 2 % 

In order to ascertain the lo 
- 

natural rate of reaction be- 2 
tween acetone and bromine 4 
without using any solvent, 110 3 
cc. of acetone and 0.840 g. of 5 5 - 
bromine were allowed to react. 6 
Figure 1 represents the concen- 
tration of bromine in 10 cc. of 
the mixture as a function of the 0 - 
time. The solution remains 0 500 1000 1500 

deep red until near the end of Time in seconds. 

the reaction, when the liquid Fig. 1.-Temp., 0"; 110 cc. of acetone; 0.840 g. 
of bromine. becomes lighter in color and 

then decolorizes practically instantaneously. From Fig. 1 it  may be calcu- 
lated that approximately soy0 of the original bromine is converted into 
monobromo-acetone and hydrobromic acid during the last few seconds of 

Washburn, THIS JOURNAL, 38, 2431 (1916); 39, 238 (1917). 
' Morgan and Lammert, ibid.,  45, 1692 (1923). 

Taylor and Acree, ibid.,  38, 2396, 2403, 2415 (1916). 
Lapworth, J. Chem. Soc., 85, 30 (1904). 

9 
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the reaction, thus indicating the high speed of the reaction st that time. 
Since hydrogen bromide is continually formed during the reaction, we 
should expect autocatalytic effects, viz., the amount of bromine decomposed 

Time in minutes. 

Fig. 2.-Temp., 0"; 110 cc. of acetone; 0.840 g. of bromine. 
Curve A, 0.50 g. of pyridine; Curve B, 0.70 g. of quinoline. 

per unit time should be greater as the concentration of hydrogen bromide 
increases in the solution. Figure 1 shows that such is the case (see Table I). 

Time in minutes. 

pig. 3.-100 cc. of solvent; 10 cc. of acetone; 0.8:0 g. of bromine; 
temp., 0'. Solvents: Curve C, CS2; D, CHC1,; 8, CCln; F, H20. 

Effect on the Reaction of the Possible Removal of HBr.-In order t o  
study the reaction without the catalytic influence of hydrogen bromide, 
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substances were added which were supposed not to be affected by bromine 
and pet combine with hydrogen bromide as fast as it was formed. Curve 
A, Fig, 2, represents the result of this experiment. There seems to  be no 
reaction after an initial disturbance. While these experiments were in 
progress, an article by Watsonlo appeared, in which i t  was stated that 
quinoline retarded the rate of halogenation of ketones but did not actually 
stop the reaction. Since pyridine and quinoline are closely related com- 
pounds this difference in behavior seemed odd. Curve B, Fig. 2, gives the 
results of a run using quinoline in place of pyridine. The difference in 
behavior can be explained by assuming different degrees of stability of the 
bromo addition compounds of pyridine and quinoline. 

Effect of Var ious  Sol- 
vents.-The reaction rate is 10.OOO ]] 
affected by the solvent used, 
an extremely slow rate being 
observed for water, while . 
maximum speed occurred 5 7500- 
with carbon disulfide as a X 
solvent. Although the two 3 
other organic solvents (see 
Fig. 3) are chemically similar '," 5000 - 
to  carbon disulfide, they have 3 

+ 
a substantial influence on the 2 
reaction rate. We see also 3 
that the presence of a solvent ,O 25U(j - 

does not change the general 6 
characteristics of the reaction 
(compare Figs. 1 and 3). 

Effect of Varying Concen- 
trations of Acetone and Bro- 0 10 20 30 
mine in Carbon Tetrachlo- Time in minutes. 
ride.-By suitably varying Fig. 4. 

the concentrations of ace- 
tone and bromine, using carbon tetrachloride as solvent, it was found that 
the reaction rate was independent of the concentration of the bromine, 
while proportional to the concentration of the acetone. 

The foregoing reactions were followed by titration. In the course of 
these experiments, some erratic results were obtained. The trouble was 
traced to water condensing on cold pipets and thus being introduced into 
the organic solvent. These small anrounts of water were sufficient to 
practically stop the reaction. The effect of the addition of water to 
carbon tetrachloride on the rate of reaction of acetone and bromine was, 

lo Watson, J. Chem. Soc., 3065 (1927). 



accordingly, i~ivestigateci by a more accurate method, viz.,  electrical con- 
ductance. 

The conductance experiments were run at  25' since the conductances a t  
0' were of too low an order. Figure 4 represents a typical run on one of the 
carbon tetrachloride solutions. A few general observations apply to all of 
the solutions studied. (I) As soon as the solution decolorizes, it becomes 
turbid and fumes appear in the air space between the cork and the surface 
of the liquid in the cylinder. (2) Just after the point of decolorization, 

10,000 the resistance of the solution 
rises rapidly, usually exceed- 
ing the value of the initial re- 
sistance. Finally, the resist- 
ance decreases again to lower 5 7500 

X 
values. (3) The dielectric 

rnY constant of the solution de- 
.a 
E creases considerably during 
F: ." the progress of the reaction. 
8 5000 At the point of decoloriza- 
9 
.y o 

tion a large quantity of bro- 
1 
v mine is converted into hydro- 

gen bromide. On this basis, - 
Z 2500 we would expect a very rapid 
u rise in conductance but we 

find the reverse to be true. 
However, the solubility of 

0 
gaseous hydrogen bromide in 

0 50 100 150 carbon tetrachloride is very 
Time in minutes. small. When th i s  large 

Fig. 5.-125 cc of carbon tetrachloride; 20 cc. of amount of gas is released 
acetone; 0.743 g. of bromine; varying amounts of throughout the solution it 
water; temp., 25'. Curve K, 0.229 g. of water; must of necessity be in the 
L, 0.180 g. of water; M, 0.160 g of water. form of minute bubbles of gas 
surrounded by liquid. This cuts down the conducting area between elec- 
trodes and therefore raises the resistance. On shaking, the bubbles unite 
and leave the solution, thus making the area larger and decreasing the resist- 
ance. Figure 4 was obtained under just such experimental conditions. 
From R to S is that part of the curve in which we are interested. The 
readings from S to T are unessential for measurement of velocity constant 
and have therefore been omitted from all further data. 

TABLE I 
110 Cc. OF ACETONE, 0.840 G. OF BROMINE. TEMP., O°C. 

Time, seconds.. . . . 0 60 164 264 366 538 738 910 1086 
0.05 NNazSzO,, cc. . . . 19.05 18.56 18.20 17.83 17.05 15.50 11.25 0 
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Since the dimensions of the electrodes are fixed, any change in the ad- 
justment of the condenser used for balancing must perforce come from a 
change in the dielectric constant of the solution whose conductance is being 
measured. All of the solutions exhibited a decrease in dielectric constant 
with time. This may be due to the gradual chemical combination of the 
water added initially, with some other compound. 

0 25 50 75 
Time in minutes. 

Fig. 6.-125 cc. of carbon tetrachloride; 20 cc. of 
acetone; 0.743 g. of bromine; 0.180 g. of water; temp., 
25'. 

On adding increasing amounts of water to a solution of 125 cc. or̂  carbon 
tetrachloride and 20 cc. of acetone, the liquid becomes turbid a t  a certain 
point, due to the slight solubility of water in this mixture. The quantity 

TABLE I1 

WITH CURVE M OP FIG. 5 
125 cc. of carbon tetrachloride; 20 cc. of acetone; 0.743 g. of bromine; 0.160 g. of 

water; temp., 25" 
Cell Cell Cell 

Time, conductance, Time, conductance, Time, conductance, 
minutes mhos minutes mhos minutes mhos 

3 00 0.00000501 21.17 0 00001305 41.00 0.00003699 
4 25 556 23.00 1425 43.17 4185 
5.25 577 25.00 1569 45.00 4781 
7.00 652 27.00 1727 47.00 5554 
8.33 692 29.00 1897 49.00 6681 
9.00 716 31.00 2079 50.00 7036 

10.00 758 33.17 2333 51.00 7455 
12.17 850 35.33 2623 52.00 7990 
14.00 937 37.00 2888 53.00 8624 
16.00 1027 39.17 3271 54.17 9340 
18.17 1127 
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TABLE: III 
EXPERIMENTAL RESULTS FIG. 7 

Velocity constant. . . 0.0136 0.0200 0.0264 0.0400 0 0434 0.0498 
Mg. of water. .  . . . . . 229 180 160 98 90 61 

of water necessary to cause the first appearance of turbidity was 100 mg. 
The turbidity seems to have no effect on the reaction, the water having an 
effect commensurate with what it would have in a clear, homogeneous 

solution. Figure 5 illustrates 
this fact. Curves I<, I, and 
M, represent solutions con- 
taining 229, 180 'and 160 
milligrams of water, respec- 
tively (see Table 11). Ex- 
periments run on clear solu- 
tions containing 98, 90 and 
61 mg. of water give the same - 
form of curve, with the rates 
of reaction increasing with 
decreasing amounts of water. 
It was impossible to obtain 
the reaction velocity of the 
anhydrous substances, the 
entire reaction being com- 
plete within thirty seconds. 

Velocity constants were 

0.050 

0.040- 

2 
C, m 

0.030- 
C, .+ 
8 4 

d 
0.020 

0.010 
0 i00 200 300 

calculated by the method 

Milligrams of water. outlined below. Figure 7 

Fig. 7. represents the plot used for 
a typical calculation. The 

actual reaction deviates from the assumed law toward the end of the reaction. 
The numerical results of this investigation are given in Fig. 7. A very 

striking relationship is apparent. Water has an enormous retarding effect 
on this reaction and is no doubt intimately concerned in its mechanism. 

Evaluation of Results 
The sum total of all reactions occurring may be expressed as follows 

CH&!OCHa + Brz + CH3COCH2Br + HBr 
Let C H B ~  = Concentration in moles per liter of hydrogen bromide a t  the time, t 

CA = Concentration in moles per liter of acetone. This may be considered 
constant for it is made large to insure the formation of monobromo- 
acetone only 

G = Conductance of the solution a t  the time, t 
k = Velocity constant 
K = Constant of proportionality between cell conductance and concentra- 

tion of hydrogen bromide 
GO = Constant of integration. 

- 

I I 
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From our experiments we assume d[CHBr]/dt = kCHBr.CA. It is also 
necessary to assume G = KCHBr. From these, d[CIIBr]/dt = dG/Kdt = 

(kG/K)CA or dG/dt = kGCA. Integrating this equation and determining 
the value of the constant of integration by assuming a conductance due to a 
concentration of hydrogen bromide a t  the start of the reaction, we get 
In G = kCAt + In Go, or passing to decimal logarithms and placing CA = 

1.874 rnoles per liter 

k t  f log Go = 0.8138 k t  f log Go log G = -- 
2.303 

We can determine the numerical value of the velocity constant by plot- 
ting Tog G versus t, measuring the slope of the straight line obtained and 
dividing this value by 0.8138. 

The author wishes to acknowledge his indebtedness to Dr. H. S. Van 
Klooster, Professor of Physical Chemistry at the Rensselaer Polytechnic 
Institute, under whose direction the investigation was carried out. 

Summary 
The kinetics of the bromination of acetone in organic solvents has been 

investigated. 
Water has a powerful retarding influence on this reaction. 
The extraordinary catalytic power of dry hydrogen bromide on the 

bromination of acetone is demonstrated. 
The reaction is approximately first order with respect to hydrogen 

bromide. 
A considerable change in the dielectric constant of the solutions used has 

been observed during the progress of this reaction. 
TROY, NEW YORK 

[A CONTRIBUTION PROM THE CHEMICAL LABORATORY OP THE PENNSYLVANIA STATE 

COLLEGE] 

SULFONATION OF 2-NAPHTHOL IN PRESENCE OF BORIC ACID. 
2-NAPHTHOL-1 $6-DISULFONIC ACID 

BY KARL H. ENGEL 
REC&IVED JANUARY 25, 1930 PUBLISHED JULY 3, 1930 

The use of boric acid as a catalyst in the sulfonation of 2-naphthol (one 
part of boric acid for two hundred parts of naphthol), for the purpose of 
improving yields and quality of the reaction products, has been patented by 
M. I,. Crossley and G. S. Simpson.' 

Two years before issue of the patent, the writer experimented in a similar 
direction, and observed that appreciable amounts of boric acid caused a 
striking change in the expected reaction course. A difference became out- 
wardly noticeable-sulfonation masses, instead of remaining fluid, solidi- 

Crossley and Simpson, U. S. Patent 1,570,046 (1926). 
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fied rapidly. With limited amounts of sulfuric acid the reaction led to the 
formation of 2-naphthol-1-sulfonic acid as a permanent, instead of a transi- 
tory, stage which in practice is rather difficult to arrest. Greater amounts 
of acid yielded mainly 2-naphthol-l,6-disulfonic acid, besides smaller 
amounts of the &sulfonic(Croceine) acid and only a few per cent. of the 6- 
sulfonic (Schaeffer) acid. 

Fixed yield ratios of these three products, for definite reaction tempera- 
tures, were observed when one molecular weight of boric acid was used for 
three of naphthol. With gradually decreased amounts of boric acid, yield 
ratios changed continually; greater amounts had no further effect. Con- 
ceivably, then, formation of a trinaphthyl-boric ester preceded sulfonation. 
It may have been the sulfonated ester which caused solidification of sulfo- 
nation masses, but it decomposed immediately with water or ice. 

The formation of 2-naphthol-1,6-disulfonic acid, though unlooked for, 
was in accord with the normal substitution tendencies of 2-naphthol, whicb 
may yield, as is well known, the I-, the 6- and the 8-monosulfonic, the 
3,6- and the 6,s-disulfonic and the 3,6,8-trisulfonic acids, no other but the 
I-, 3-, 6- and &hydrogen atoms being replaceable upon direct sulfonation: 
of the naphthol. 

The 1,6-disulfonic acid, undoubtedly, has been known for many years, 
but has received no more than cursory m e n t i ~ n . ~  Presumably the product 
here referred to was prepared from the well-known naphthylamine-1,6- 
disulfonic acid.3 More recently, J. Pollak and E. Blumenstock-Halward4 

prepared the 2-naphthol-1,B-disulfonyl chloride through the action of 
chlorosulfonic acid on naphthol or naphthol-6-sulfonic acid. Saponifica- 
tion of the chloride in alcoholic solution gave a tribarium and a tripotassium 
salt of the 1,6-disulfonic acid. 

The 1,6-disulfonic acid resembled, in its chemical behavior, the naphthol- 
1-sulfonic acid. It could not be isolated as a free acid, but either sodium or 
potassium chloride precipitated it from solution in the form of its metal salts. 

The sulfonic acid group in the 1-position prevented a smooth coupling 
with diazonium compounds, though more reactive ones, like p-diazoben- 
zene, were capable of displacing the obstructing sulfonic acid group. 
The hydrolytic action of dilute acids likewise eliminated the same sulfonic 
acid group readily, at about 85O. 

The ease with which the l,6-disulfonic acid formed and its stability dur- 
ing sulfonation in presence of boric acid suggested that this product might 
also occur in sulfonations without the use of boric acid. It was indeed 
found to be a by-product in straight sulfonations a t  temperatures up to 75O, 

H. Th. Bucherer, J. prakt. Chem., [2] 177,69-73 (1904); German Patent 117,471, 
and British Patent 1387 (1900). 

a Forsling, Ber., 21, 3495 (1888). 
J. Pollak and E. Blumenstock-Halward, Monatsh., 49, 203 (1928). 
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and could be obtained as the main reaction product at temperatures under 
18'. This observation made i t  possible, for the first time, to  account for 
practically all of the conversion products of naphthol in sulfonation 
methods, which have long been used ixi the comn~ercial production of the S- 
and 6sulfonic and of the 6,8- and 3,6-disulfonic acids. (Higher sulfonation 
temperatures lead to  other, poorly explained losses through destructive 
oxidation and perhaps through the formation of dehydration products of 
naphthol.) 

A number of sulfonations were made, with or without addition of boric 
acid, to determine the specific influence of the latter, and to find the most 
suitable conditions for the preparation of the commercially important 2- 
naphthol-1-sulfonic and of the 1,6-disulfonic acid. The product yields of a 
few representative experiments have been tabulated below. 

TABLE I 
SULFONATION IN PRESENCE OF BORIC ACID 

Product yields, 
No. Naphthol/acid ratio, Temp., percentage of sulfonated naphthol 

I by wt "C. rime 1- 6- 8- 1,6-di- 

a" 1 to 2, 100% HzS04 20-28 4 Min. 90 9 Trace . . 
b 1 to 2, 94.2% HzS04 30 24 Hr. 74 3 10 13 
c 1 to 1.73, 94.2y0 30 24 Hr. 83 3 5 9 
d 1 to 10, 94.2% 0 30Hr. Trace 2 17 81 
e 1 to 5, 94.2% 25 30 Hr. Trace 3 21 76 
f 1 to 3, 94.2y0 45 30 Hr. . . 4 24 72 
g 1 to 2, 94.2% 85 1 Hr. . . 20 27 53 

" Incomplete reaction. 

TABLE I1 
STRAIGHT SULPONATION 

Product yields, 
h'o Naphthol/acid ratio, Temp , percentage of sulfonated naphthol 
I1 by wt. OC. Time 1- 6- 8- 1,6-di- 

a" 1 to 2, 100yo HzS04 20-30 4 Min. 62 12 17 9 
b 1 to 10, 94.2% H2SO4 2 24 Hr. . . 3 23 74 
c 1 to 8, 94.2% 13 24 Hr. . . 7 31 61 
d 1 to 5, 94.2% 18 24Hr. . . 11 38 51 
e 1 to 2, 94.2% 25 24Hr. . . 23 54 23 
f 1to2,94.2yO 28 24 Hr. . . 28 55 17 
g 1 to 2, 94.2% 32 24Hr. . . 33 54 12 
h l t o2 ,94 .2% 45 24 Hr. . .  38 49 11 
i 1 to 1.5, 94.2% 56 24 Hr. . . 47 46 7 
kh 1 to 1 3, 94.2% 75 24Hr. . . 60 28 1 
lb 1 to 1.1, 94.2% 85 24 Hr. . .  74 11 .. 

" Incomplete reaction. "naccounted loss. 

Discussion of Results 

2-Naphthol-1-sulfonic ~cid.-~ulfonation of brief duration, in pres- 
ence of boric acid (Ia), led to the formation of only two products, the 1- 
and the 6-sulfonic acids, the former in a very attractive yield ratio. An 
appreciable quantity of naphthol, however, remained unsulfonated (though 
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completely dissolved). If the time was extended, disulfonation took place 
as long as a sufficient concentration of sulfuric acid was available. For a 
most advantageous procedure the sulfuric acid concentration had to be so 
chosen as to allow complete sulfonation and, a t  the same time a minimum 
of disulfonation (Ic). To avoid a11 disulfonation did not appear feasible or 
even desirable, since the disulfonic acid could be more easily removed from 
the main product than the alternative by-product, the 6-sulfonic acid of 

100 
Experiment Ia. Seventy- 
four per cent. of the naphthol 
could be recovered in the 

80 form of a 1-sulfonic acid, 

a which was free from all but .-. 
.', €0 

traces of isomers, by precipi- 

gb 
tating it from solution with 

u 
d 

sodium chloride and by wash- 
40 :: ing the isolated sodium sul- 

g fonate with a saturated solu- 
tion of the chloride. 

20 2-Naphthol- l,6-disulfonic 
Acid.-Sulfonations wi th  

0 concentrations of sulfuric 
0 20 40 60 acid stifficiently large  t o  

Temperature, OC. change all of the 1-sulfonic 
N, 1,6-Disulfonic acid; M, 8-sulfonic acid; 

I,, 6-sulfonic acid. 
acid led to mixtures of the 

Fig. 1.-Sulfonation in presence of boric acid. 
1,6-disulfonic, the 6- and the 
8-sulfonic acids. The latter 

two, in part at  least, were rearrangement products of the former. The 
three products formed equilibrium mixtures, in which their yield ratios 
depended on the reaction temperatures. This relationship may be most 
conveniently illustrated by a graphic representation of data given in the 
preceding tables (Figs. 1 and 2). A further transformation of the three 
products into the 3,6- and 6,8-disulfonic acids proceeded very slowly below 
35', but more and more rapidly with rising temperatures. Where this 
change was not desired, the effect of higher temperatures could be counter- 
acted, as is done in practice, by decreasing the reaction time or the acid 
concentration, or both. 

Sulfonations in the presence of boric acid showed a very gradual change 
in yield ratios over the entire practical temperature range; the 1,6-disul- 
fonic acid always predominated. 

Striking peculiarities in the relationships between the three reaction 
products were observed in straight sulfonations (Fig. 2 ) .  Between 0 and 
18O yields of the dilsulfonic acid were surprising large. They decreased 
abruptly, however, within a narrow temperature range, the graph suggest- 



July, 1930 SULPONATION O F  2-NAPHTHOL 2839 

ing the existence of a critical temperature, at about 2 2 O ,  above which the 
disulfonic acid molecule was no longer stable, but changed, rather irn- 
partially, into either the 6- or the 8-sulfonic acid. A conversion into the 
former, through hydrolysis of the 1-sulfonic group, might well be expected; 
a rearrangement into the 8-sulfonic acid should require a rather complicated 
mechanism. 

The 2-naphthol-1,6-disulfonic acid could be prepared in practical yields 
either by a straight sulfonation or with the addition of boric acid, the latter 
method being the niore convenient for its greater economy in materials and 
for the ease with which it may loo 
be controlled. Sulfonation a t  
45O, (If), appeared to be most 
suitable. The quantity of sul- 
furic acid used in this experi- 
ment might be further reduced 
by substituting a more concen- 
trated (100%) acid. 2 

.d 

Straight sulfonation experi- k- 40 

ments indicated that a reac- 
tion temperature of 25 to 30°, 
instead of the custonlary 4s0, 2o 

was most favorable for the 
con~mercial production of 2- o 
naphthol-8-sulfonic acid, a 0 20 40 60 80 100 

maximum yield of the more Temperature, OC. 

expensive of two isomers L, 6Bulfonic acid; M, 8 sulfonic acid; N, 
1, 6-disulfonic acid. 

being obtained within this 
Fig. 2.-Straight sulfo~~ation. 

range. The by-product 1,G- 
disulfonic acid could be conveniently hydrolyzed into G-sulfonic acid by 
heating the diluted sulfonation mixture to 85'. 

The 3,6- and 6,s-disulfonic ("R" and "G") acids require sulfonation tem- 
peratures at which the 1,6-isomer occurs in negligible amounts or not a t  all. 
Of interest might be a comparison of sulfonations, with or without addition 
of boric acid, a t  13s0. Sulfonation with three parts of concd. sulfuric acid 
to one of naphthol, a t  twenty-four hours' duration and in the presence of 
boric acid, yielded 28% of the 1,6-, 31% of the 6,8- and 39% of the 3,6- 
disulfonic acids. A straight sulfonation, under parallel conditions, gave 
33% of the 6,s- and 43% of the 3,G- isomers, but no trace of the third 
isomer. The loss through destructive oxidation and other causes was 
considerable in this case, but negligible in the sulfonation with boric acid. 

Experimental Part 
Materials. ---Resublimed 2-naphthol, which contained less than 0.1 Y, of the iso- 

meric naphthol, and pure concentrated sulfuric acid (94.2%) were used in sulfonations. 
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Acid of 100% strength was prepared by mixing calculated amounts of fumicg and of con- 
centrated gcids. Pure boric acid was dehydrated a t  110 '; the resulting metaboric acid 
was readily soluble in sulfuric acid a t  100 to 120 O and was preferred to avoid unnecessary 
dilution of the sulfonating agent. The glassy boron trioxide dissolved with difficulty, 
and for that reason was not used. 

Analytical methods for determining the various naphthol-sulfonic acids in mixtures 
were based on well-known industrial methods of selective coupling with diazonium com- 
pounds.6 Thus the 6- and 8-isomers were determined by titrating the former with a 
molal solution of p-diazotoluene and continuing titration of the 8-sulfonic acid by 
coupling it with a p-nitro-diazobenzene solution. Simple mixtures of these two isomers 
could thus be analyzed with considerable accuracy. For sulfonation mixtures, how- 
ever, which contained the l-sulfonic or the 1.6-disulfonic acid in addition, a few pre- 
cautions had to be observed. These acids tended to combine with the more active diazo- 
nium compounds into peculiar addition products, highly soluble, but more unstable 
and of much lower color intensity than true azo dyes. Their formation could be prac- 
tically eliminated by carrying out the titrations a t  low temperatures, between 0 and 
-5", and especially by avoiding a high degree of alkalinity in the solution. No ref- 
erences for determining either the 1-sulfonic, or the 1.6-disulfonic acid in mixtures with 
other naphthol sulfonic acids appeared to be available, and a simple method therefore 
had to be devised. Fortunately, the sulfonic aci'd group in the 1-position may easily 
be eliminated by hydrolysis with acids a t  temperatures near the boiling point of water, 
and the resulting naphthol or naphthol-6-sulfonic acid may then be determined by the 
usual coupling methods. Sulfonic acid groups in the 6-, as well as in the 8-position, 
complete y resisted hydrolytic action of acids under the time and temperature conditions 
employed. Artificial mixtures of pure 6- and 1-sulfonic acids, and of 6-sulfonic and 1,6- 
disulfonic acid, could be determined with an accuracy of better than lvo by such a 
method. 

Standard diazonium solutions were prepared by dissolving 0.1 mole of pure p- 
toluidine, or of p-nitro-aniline, respectively, in an excess of hydrochloric acid, and sub- 
sequent diazotization with the customary precautions. The solutions were diluted to  
one liter and standardized by titrating weighed amounts of pure naphthol dissolved in 
sodium hydroxide solution to which an excess of carbonate was added. Only freshly 
prepared diazonium solutions were used in titrations. 

Procedure.-Sulfonations were carried out in Basks of 125-cc. capacity with a 
thermometer through an airtight stopper. Weighed amounts of sulfuric acid, or of 
sulfurieboric acid mixture, were cooled below the intended equilibrium temperature, 
generally to about 10". Accurately weighed naphthol was placed in the flask in one 
addition and stirred into solution by means of the thermometer. Sulfonations a t  such 
lower temperatures proceeded slowly and could easily be controlled by occasional out- 
side cooling. The temperature was allowed to rise gradually to the desired level, but 
never over. With boric acid present, sulfonation masses soon became extremely vis- 
cous and hardened after about thirty minutes' agitation, which was just sufficient to 
dissolve the finely divided naphthol. The flasks were tightly stoppered to prevent 
entrance of moisture and were partly immersed in a water-bath, which was maintained 
a t  a definite temperature, within one degree. Sulfonations over 3 5 O  were kept in an 
air-bath with automatic control, which maintained the desired temperature within two 
degrees. All experiments were made in duplicate. Procedure and analytical methods 
were varied as little as possible; representative experiments only need therefore be de- 
scribed. 

' Compare Fierz, "Farbenchemie," Ziirich, 1920, pp. 296 ff. 
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2-Naphthol-1-sulfonic Acid 
Experiment 1a.-A solution of 1.50 g. of metaboric acid in 30.0 g. of 10070 sulfuric ' 

acid was cooled to 15O, and 14.40 g. of naphthol (0.1 mole) dissolved in it by vigorous 
stirring. Through outside cooling, the temperature was kept at 20 to 28' for the larger 
part of four minutes, the total duration of the reaction. At the end of this time, the 
naphthol had practically dissolved; the sulfonation mass was still fluid. Rapid dilution 
with ice and water arrested the reaction. The total volume of the diluted mass was 
brought up to 250 cc. exactly. 

Unsulfonated naphthol, in suspension, was removed by filtration and the clear 
filtrate saved for subsequent determinations of sulfonated products. The recovered 
naphthol, properly washed, was dissolved in an equivalent amount of sodium hydroxide 
solution (thiazole indicator), and an excess of sodium carbonate added. Definite por- 
tions of the solution, one-fourth in this case, were titrated with 0.1 M p-diazotoluene 
hydrochloride solution, which required 68.6 and 68.7 cc., corresponding to  a total of 
0.0274 mole of unchanged naphthol. The remainder, 0.0726 mole, had therefore been 
sulfonated. 

Naphthol-1-sulfonic acid was precipitated from the solution of sulfonated products 
by addition of sodium chloride, isolated and recrystallized. Its identity was established 
by its ferric chloride reaction (reddish blue coloration), the absence of fluorescence in 
alkaline solution, and by the ease with which it changed into naph4hol and sulfuric acid 
on warming with dilute mineral acids. I t  coupled slowly, in the presence of alkali, 
with p-nitro-diazobenzene, yielding an oil-soluble, unsulfonated orange dye. 

The solution of sulfonated products contained naphthol-6-sulfonic and traces of 
8-sulfonic acids in amounts too small for isolation. These isomers were recognized by 
their behavior with diazonium compounds, the 6-sulfonic acid also by comparing the 
azo dye resulting through coupling with p-diazotoluene with a dye of known origin. 

Analytical Determinations 
Naphthol-6-sulfonic Acid.-One-fifth portions of the sulfonated products, 50 cc., 

were neutralized and an excess of sodium bicarbonate was added. The 6-sulfonic acid 
present required 12.6 and 12.8 cc. of 0.1 M p-diazotoluene hydrochloride solution, which 
corresponded to 63.5 cc. for the total solution. Of the sulfonated naphthol, 0.0064 
mole or 8.8% had reacted to form 6-sulfonic acid. 

Naphthol-1-sulfonic Acid.-A 50-cc. portion of sulfonation products was mixed 
with an equal volume of water and with 10 cc. of coned. hydrochloric acid, the solution 
gently refluxed for twenty minutes, then cooled and further diluted. Naphthol, pro- 
duced through hydrolysis of the 1-sulfonic acid, was isolated by filtration, washed and 
determined by titration in an alkaline solution as described before. Two portions re- 
quired 131.4 and 129.7 cc., respectively, of 0.1 M p-diazotoluene solution, equivalent 
to a total of 651 cc., or to 0.0651 mole of 1-sulfonic acid, or to goy0 of the sulfonated 
naphthol. 

Naphthol-8-sulfonic Acid.-The filtrate from the hydrolyzed naphthol was neu- 
tralized with an excess of sodium bicarbonate, the 6-sulfonic acid present titrated with 
0.1 M p-diazotoluene solution, 12.4 and 12.5 cc. being consumed. This result was in 
good agreement with the previous determination in which original samples not subjected 
to hydrolysis had been used, which indicated that the naphthol-1,6-disulfonic acid could 
pot have been formed to any extent during the short period of sulfonation. Naphthol-8- 
sulfonic acid was now determined by continuing the titration with 0.1 M p-nitrodiazo- 
benzene solution, no more than 0.3 cc. being sufficient to reach an end-point-only a 
trace of the 8-sulfonic acid could have been present. 

To summarize results, sulfonation under the conditions of the experiment had 
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yielded mainly naphthol-1-sulfonic add,  40yG of the sulfonated nlphtho! being thus 
accounted for. Small amounts of the 6-sulfonic (8.870) and traces of the 8-sulfonic 
acids were formed besides. Parallel sulfonations gave closely similar results even 
though the amounts of naphthol actually sulfonated varied between 0.073 and 0.082 
mole. 

Practically Obtainable Yield of Naphthol-1-sulfonic Acid 
Experiment 1c.-A solution of 3.00 g. of metaboric acid in 50.0 g. of 94.2% sulfuric 

acid was cooled to 15". Two-tenths mole of naphthol, 28.80 g., was stirred into 
the acid, the temperature of the mass being allowed t o  rise gradually t o  25'. The 
naphthol solution, a t  first reddish brown, changed color, became extremely viscous, 
and hardened to a yellowish solid a t  the end of thirty minutes. The mass was kept a t  
28' for twenty-four hours. It was then dissolved, in small chips, in ice and water and 
the volume of the solution filled up to 250 cc. The naphthol had been sulfonated with 
the  exception of a negligibly few larger particles. The yields of the reaction products 
were analytically determined-83% of the theoretically possible amount of 1-sulfonic, 
3% of 6-sulfonic, 5% of 8-sulfonic and 9Yo of 1,6-disulfonic acids being found. 

Isolation of Naphthol-1-sulfonic Acid.-One-half of the solution, which contained 
one-tenth mole of sulfonated naphthol, and 25 g. of sodium chloride were stirred to- 
gether for twelve hours. The precipitated sodium salt of the 1-sulfonic acid was gathered 
on a suction funnel and repeatedly washed with small portions of saturated chloride 
solution, 125 cc. in all being used. The washed product contained a trace of mineral 
acid and gave a very faint reaction for 6-sulfonic acid with p-diazotoluene. For ana- 
lytical determination, exactly one-tenth of the material, dissolved in 50 cc. of water and 
15 cc. of concd. hydrochloric acid, was refluxed for twenty minutes, the liberated naph- 
thol isolated and determined as usual. Two such portions, from exactly parallel sul- 
fonation experiments, required 72.2 and 73.6 cc. of 0.1 M p-diazotoluene solution. The 
yield of isolated, useful product therefore corresponded to about 73% of the naphthol 
used. 

2-Naphthol-l,6-disulfonic Acid 
Experiment If.-Two-tenths mole of naphthol, or 28.80 g., was stirred into a 

solution of 3.00 g. of metaboric acid in 87.0 g. of 94.2% sulfuric acid. The temperature 
of the mixture was allowed to rise from 15", a t  the beginning, to  30'. At the end of 
twenty minutes the mass solidified. It was maintained a t  45' for thirty hours. In  the 
process of disulfonation the material changed from a yellowish t o  a light gray coloration 
and softened a little. It was diluted with ice and water to  a volume of exactly 250 cc. 
The analysis of test portions indicated the presence of small amounts of 6-sulfonic (4%) 
and of 8-sulfonic acids (24qG). The main product of the reaction was the 1,6-disulfonic 
acid. I t s  dipotassium salt could be prepared in excellent yield and practically free from 
foreign admixtures in one operation by precipitating i t  with potassium acetate, and by 
washing the isolated material first with a 20% solution of acetate and then with ethyl 
alcohol to  remove the acetate. A further recrystallization from water yielded crystals 
with one molecule of water, small slender prisms with a tendency to arrange in clusters. 
All faces appeared to be inclined a t  right angles toward each other, the crystals, pre- 
sumably, possessing orthorhombic symmetry. 

Anal. Calcd. for CloHsOISzK~~HzO: S, 16.06; K, 19.63; HzO, 4.52. Found: 
S, 15.98; K, 19.52; loss on drying a t  90°, 4.47. 

The disodium salt was precipitated from the solution of sulfonic acids with sodium 
chloride. It was isolated by filtration, washed with a saturated chloride solution t o  
remove by-products and mineral acids and after complete neutralization recrystallized 
from hot water until free from chloride. It crystallized with three molecules of water 
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and formed thin, elongated plates which had the characteristics of the triclinic system. 
Crystals of a centimeter's length could easily be produced. 

Anal. Calcd. for C1oHeOrS2Na2.3HzO: S, 15.94; Na, 11.44; HzO, 13.44. Found: 
S, 15.85; Na, 11.38; loss on drying a t  70 O, 13.55. 

Properties and Constitution.-The disulfonic acid gavc a clear, reddish blue colora- 
tion with ferric chloride solution. I t  did not form nitroso derivatives, nor was it capable 
of combining with diazobenzene, which appeared to indicate that one of the two sul- 
fonic acid groups occupied the 1-position. Indeed, the more reactive nitrodiazobenzene 
coupled slowly, in the course of several hours, by displacing the obstructing sulfonic acid 
group. A monosulfonated orange dye and mineral sulfate resulted. The same sulfonic 
acid group could be removed through hydrolytic action of dilute mineral acids a t  85 to 
90°, the disulfonic acid reacting, in this respect, with the same ease as the naphthol-l- 
sulfonic acid, but quite unlike a11 the other known sulfonic acids (which hydrolyze a t  
about 135 "). 

The product which remained after losing the mobile sulfonic acid group was found 
to be identical with 2-naphthol-6-sulfonic acid. I t  was recognized by comparing the 
azo dyes which resulted from coupling with diazobenzene and p-diazotoluene against 
dyes of known constitution. Its nitroso derivative, in conjunction with ferric chloride, 
yielded a characteristic green dye.6 For further identification, the well-characterized 
free acid was prepared directly from the sulfonation products. These, it will be re- 
membered, already contained a small amount of the 6-sulfonic acid. A somewhat 
quantitative as well as a qualitative determination of this product Was therefore neces- 
sary. 

One-tenth of the sulfonation products, 25 cc. of the solution, and 75 cc. of concd. 
hydrochloric acid, mixed, remained perfectly clear in the cold. After heating a t  90°, 
for twenty minutes, a heavy precipitate, the 6-sulfonic acid, separated. It was collected 
on a suction filter and thoroughly washed with concd. hydrochloric acid until practically 
free from sulfuric acid. The crystals were redissolved in water and the solution was di- 
vided exactly in halves. One of these portions was saturated with hydrogen chloride, 
the reprecipitated product isolated and dried over technical potassium hydroxide sticks. 
The resulting material had the same composition and melting point (118") as the 2- 
naphthol-6-sulfonic acid 2Hz0 prepared by Engel and Hutchison.? The monohydrate 
(m. p. 129") and the completely dehydrated material (m. p. 167") were also obtained 
upon more vigorous drying. 

The second portion of the 6-sulfonic acid solution (which originated from 0.01 
mole of naphthol) was neutralized and titrated, in the presence of sodium bicarbonate, 
with 0.1 M p-diazotoluene solution. This required 64 cc., which corresponded to a re- 
covery of 64% of the naphthol in the form of pure 6-sulfonic acid. With the exception 
of one-sixteenth, a t  the utmost, this quantity could have originated only through 
hydrolysis of the 2-naphthol-1,6-disulfonic acid. 

The ease with which this disulfonic acid hydrolyzed made a quantitative determina- 
tion a simple task. One-twentieth of the sulfonation products, 12.5 cc. of the solution, 
was further diluted, neutralized and mixed with sodium bicarbonate. The 6-sulfonic 
acid, formed as a primary sulfonation product, consumed 4.3 and 4.2 cc. of 0.1 M p- 
diazotoluene solution. Another 12.5-cc. portion was mixed with 40 cc. of water and 10 
cc. of concd. hydrochloric acid and the mixture gently refluxed for twenty minutes. 
After dilution, neutralization and addition of sodium bicarbonate, the 6-sulfonic acid 
now present required 76.3, 75.8 cc. of the p-diazotoluene solution. The difference 
between titrations before and after hydrolysis, 71.8 cc. in average, represented the 

6 Society of Dyers and Colourists, "Colour Index," 1924, No. 5. 
K. H. Engel and A. W. Hutchison, THIS JOURNAL, 52, 211 (1930). 
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amom: of ?,6-disulfonic acid originally in solution, and indicated a conversion of ap- 
proximately 72% of the naphthol into this product. 

Practically Obtainable Yield of 1,6-Disulfonic Acid.-One-half of the sulfonation 
products, or 125 cc. of solution, and 25 g. of sodium chloride were stirred for twelve hours, 
a heavy, crystalline precipitate was isolated by filtration and washed with 125 cc. of satu- 
rated chloride solution. The disodium salt of the l,6-disulfonic acid thus obtained was 
practically free from other sulfonation products. Portions of it  were submitted to  the 
hydrolytic action of dilute hydrochloric acid and the generated naphthol-6-sulfonic 
acid determined as before. This titration indicated a recovery of 64% of the naphthol 
in the form of the disodium salt of the 1,6-disulfonic acid. 

Other Sulfonation Products.-Naphthol-6-sulfonic acid, formed in small amounts, 
could be isolated only in form of an azo dye obtained through coupling with p-diazo- 
toluene. Dyeings upon wool or silk apparently agreed in shade and intensity with 
dyeings of a pure compound prepared from known intermediates and recrystallized 
from ethyl alcohol. An unsuccessful search was made for very small amounts of the 
unknown 2-naphthol-3-sulfonic acid. 

Naphthol-8-sulfonic acid, although formed in appreciable amounts, likewise re- 
sisted isolation on account of the extreme solubility of its metal salts. It also was 
changed into an azo dye. A portion of the sulfonation products was titrated with P- 
diazotoluene solution until all 6-sulfonic acid present had combined. The resulting 
scarlet dye was precipitated with sodium chloride and removed by filtration. The 
weakly colored filtrate, which contained the 8-sulfonic acid, was mixed with its exact 
equivalent of diazobenzene hydrochloride solution; all combinations, of course, were 
carried out in the presence of sodium bicarbonate and a t  the freezing point. The pre- 
cipitated orange dye was isolated and dried. It showed pronounced solubility in ethyl 
alcohol, and separated from a hot saturated solution in well-formed slender prisms 
which were obliquely cut and belonged, apparently, t o  the monoclinic system. The 
product agreed in all characteristics with a dye prepared from a known sample of 8- 
sulfonic acid. 

The 2-naphthol-8-sulfonic acid was quantitatively determined by titration with 
0.1 M 9-nitrodiazobenzene solution. 

Sulfonations under varying conditions were investigated in a similar manner as  
described in the preceding pages. Wherever the actual quantities of reaction product 
were small, their isolation was not attempted. 

Summary 

The presence of boric acid during sulfonations of 2-naphthol caused no 
changes in the familiar substitution tendencies of the naphthol, but influ- 
enced the yield ratios of commonly concurring reaction products decidedly. 

Its presence favored the retention of the loosely held 1-sulfonic acid group 
in the naphthol-1-sulfonic and the 1,6-disulfonic acids. 

The same disulfonic acid was found to be a by-product of ordinary, 
straight sulfonations at temperatures up to 75'. It formed the main re- 
action product in sulfonations under lSO. 

6 COTTAGE PLACE 
LEONIA, NEW JERSEY 
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THE PREPARATION OF 2-ALKYL AND 2-ARYL PYRIDINES AND 
QUINOLINES BY THE GRIGNARD REACTION1 (PRELIMINARY) 

BY F. W. BERGSTROM AND S. H. MCALLISTER 
RECEIVED JANUARY 27, 1930 PUBLI~HED JULY 3, 1939 

Introduction 
Franklin and Strain2 have pointed out, as a logical result of the known 

similarities between water and ammonia, that substances containing the 
grouping --CH=N- may be regarded as aldehydes of an ammonia system, 
comparable with aldehydes of the water system, which contain the analo- 
gous grouping, -CHO. The Schiff bases, of which benzalaniline, CoHsCH= 
NC6H5, is the simplest aromatic representative, are thus found to  possess 
very distinct aldehydic proper tie^.^ 

/CH\ 
\\ 611 CH 

If the Korner formula of pyridine, I/  I is correct-or potentially 
CH CH'  

\N/ 

so--there is present the same-CH=N-group that occurs in the Schiff 
bases and is characteristic of aldehydes of the ammonia system. Further- 
more, pyridine and all substances containing a pyridine nucleus also par- 
take of the nature of acetals, since one valence of the nitrogen is attached 
to one side of a closed ring. Hence pyridine, quinoline and isoquinoline 
can be regarded in a formal sense as cyclic ammono aldehyde a ~ e t a l s . ~  
Nevertheless, the aldehydic properties one might expect these substances 
to show are subordinated because of the remarkable stability of the six- 
membered ring with alternate double and single bonds.5 Thus, pyridine 
is not appreciably oxidized by hot concentrated sulfuric or nitric acid. 
Quinoline may be oxidized to quinolinic acid by potassium permanganate 
in alkaline solution with the destruction of the benzene ring. 

However, if the stability of the pyridine ring of quinoline be diminished 
by the destruct2on of one of the double bonds in this ring, the aldehydic 
character of the molecule becomes pronounced. The rupture of this 

A portion of the theory was presented by one of us (F. W. B.) a t  the Swamp- 
scott meeting of the American Chemical Society, September, 1928, and a t  the Pomona 
meeting of the American Association for the Advancement of Science, June, 1928 
(with H. M. Leicester and D. N. Benton). 

(a) Franklin, TIXIS JOURNAL, 46, 2153 (1924); (b) Strain, ibid., 49, 1558 (1927). 
Ref. 2b, p. 1559; Busch, Ber., 37,2691 (1904); ibid., 38, 1761 (1905); Miller and 

Plochl, ibid. ,  25, 2020 (1892). 
A substance which combines in this manner the characteristics of an aldehyde 

and of an acetal is unknown in the water system, because oxygen is divalent while 
nitrogen is trivalent. 

6 Compare the difference in properties between the stable and relatively saturated 
benzene and the typically unsaturated cyclohexadiene. 
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double bond may be accomplished by adding methyl alcohol to the 
-CH=N- group of quinoline, in accordance with the equatione 

Since this process, in so far as the final results are concerned, is clearly 
analogous to the addition of alcohol to chloral to form chloral alcoholate, 
we can look upon 111, 1-methyl-2-hydroxy-l,2-dihydroquinoline, as an 
aldehyde alcoholate related a t  the same time to the water and ammonia 
systems. The 1-alkyl-2-hydroxy-l,2-dihydroquinolines, like the aldehyde 
alcoholates, undergo many aldehydic reaction with ease.6 Because of this 
i t  is not unreasonable to believe that several reactions of pyridine, quinoline 
and isoquinoline themselves may have their counterpart in corresponding 
reactions of the familiar aquo aldehydes. Thus, Oddo7 found that 2- 
phenylquinoline was formed by heating quinoline, or a mixture of quinoline 
and pyridine with benzene, phenyl bromide and magnesium. Since he 
was not primarily concerned with the preparation of 2-aryl quinolines, and 
since his yield of 2-phenylquinoline was undoubtedly low, i t  was thought 
worth while to repeat his experiments and to  extend them in an attempt 
to  prepare other alkyl pyridines and quinolines. Such an investigation, if 
successful, would support the view that the -CH=N- group is aldehydic 
in character, or potentially so, even though i t  may be present in a stable 
six-membered ring. 

Preliminary Experiments 

A number of attempts were made to obtain 2-phenylquinoline by heating 
quinoline for about two hours with solutions of an excess of phenylmagne- 
sium bromide in boiling diethyl ether, benzene, toluene, xylene or diamyl 
ether.8s9 In diethyl ether no reaction occurred other than the formation 
of the known addition compound,10 which yields unchanged quinoline on 
hydrolysis. Large quantities of a viscous tar were formed in the other 
solvents, together with small amounts of 2-phenylquinoline. Much better 
results were obtained by autoclaving pyridine, quinoline or isoquinoline 
with the Grignard reagent in diethyl ether solution a t  150-160'. 

(a) Decker, Ber., 25, 443, 3326 (1892); Decker and Becker, Ann., 395, 374 
(1913); (b) Decker and Kaufmann, J. prakt. Chem., 84, [ N .  F.] 241 (1911). 

Oddo, Atti accad. Lincei, [V] 16, 538 (1907). 
8 The diamyl ether was presented to us by the Sharples Solvents Corporation. 

Gilman, Kirby and Kinney have recently added the Grignard reagent under 
forced conditions to the -CH=N- group of certain Schiff bases in toluene solution 
[THIS JOURNAL, 51, 2252 (1929)l. This addition often takes place without forcing. 
See Busch, Ref. 3. 

lo Sachs and Sachs, Ber.. 37, 3088 (1904); Oddo. Ref. 7. 
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The Reaction of Pyridine, Quinoline and Isoquinoline with the Grignard 
Reagent 

The autoclave in which the reactions were carried out was made from 
a two-foot length of seamless steel tubing, two inches in internal diameter. 
Into one end was welded a steel plug which took externally the form of an 
hexagonal nut. The hexagonal screwed top of the autoclave was jacketed 
and water-cooled for the purpose of keeping the lead gasket in the head cool 
and thus insuring absolute tightness. The general method of preparing 
2-alkyl or 2-aryl pyridines and quinolines may best be illustrated by the 
preparation of 2-phenylquinoline. 

Yhenylmagnesium bromide was prepared in the usual manner from 78 g. of phenyl- 
bromide, 150 cc. of anhydrous diethyl ether and an excess of magnesium shavings in a 
pyrex tube fitting snugly into the interior of the autoclave.. To this solution was added 
52 g. of quiuoline in 100 cc. of ether. A white flocculent precipitate of the addition 
compound of quinoline and phenylmagnesium bromide was formed. The space in the 
pyrex tube above the ether solution was filled with nitrogen, the tube placed in the auto- 
clave and the head screwed on while the hexagonal nut a t  the bottom was held in a suit- 
able vise. The autoclave was heated over its full length in an upright electric furnace 
for three hours a t  150-160° (temperature of the furnace). The ethereal solution after 
heating was a dark red aud the reaction vessel contained some ether-insoluble tar. 
The Grignard addition compound was decomposed with an aqueous solution of ammo- 
nium chloride. During this decomposition hydrogen was given off, but in much less 
than the expected quantity. The ether layer was separated, the water was extracted 
with an additional quantity of ether and the combined ethereal solutions distilled. The 
2-phenylquinoline was contained in the portion boiling between 310 and 330" a t  at- 
mospheric pressure. The solidified distillate after one crystallization from 70y0 alcohol 
weighed 55 g., melted a t  78.5' and was therefore crude 2-phenylquinoline, which melts 
when pure a t  83.5". Light yellow needles having this melting point were obtained after 
several crystallizations from 707, alcohol. The mixed melting point of this product 
with known 2-phenylquinoline prepared from cinnamic aldehyde and aniline1'" was 
83.5"; yield of the crude product, 66%. 

The yield of 2-phenylquinoline was diminished if too small a quantity of solvent 
ether was used or if the particles of unused magnesium were allowed to remain in the re- 
action vessel. In some experiments, therefore, magnesium in a copper basket was sus- 
pended in the ethereal solution of the alkyl or aryl halide, the basket being withdrawn 
together with the unchanged magnesium, after the formation of the Grignard reagent. 

In the following experiments a solution of 30-40% excess of the appropriate Grig- 
nard reagent in about 150 cc. of anhydrous ether was heated with pyridine or iso- 
quinoline for three hours a t  150-160'. A smaller autoclave about one inch in internal 
diameter served as pressure vessel. The ethereal solutions after heating were colored 
a dark red or violet and some tar was found in the bottom of the reaction tube. This 
mixture was hydrolyzed with an aqueous solution of ammonium chloride, the ethereal 
layer and the ethereal extracts of the aqueous phase were distilled and the fraction of 
proper boiling point was saved as the product. 

2-Phenylpyridine was prepared in 44% yield from 43 g. of pheny3 bromide1' and 
16 g. of pyridine; b. p. 270-272" a t  760 mm., uncorr.; m. p. of picrate, 169-170°, un- 

lorn Grirnaux, Compt. rend., 96, 584 (1883). 
" An excess of magnesium was used in the formation of the Grignard reagent to 

avoid the presence of free phenyl bromide or ethyl bromide. 
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corr. (m. p. given in literature, 169-170" uncorr.); nitrogen in the picrate, Dumas, 14.6. 
Caicd. for C17H12i\T407: N, 14.5. 

2-Ethylpyridine was prepared in 45% yield from 30 g. of ethyl bromiden and 16 g. of 
pyridine; b. g. 148-150 a t  760 mm. The picrate melted a t  187-189 ", uncorr. Nitrogen 
in the picrate, Dumas, 16.5. Calcd. for C I J H I ~ N ~ O ~ :  N, 16.6. Gold chloride double salt, 
m. p. 120" (m. p. 120 ", according to the literature) ; yield, 45% of the theoretical. 

1-Ethylisoquino1ine.-B. p. 250°, uncorr., a t  760 mm.; light yellow oil of pleasant 
odor, insoluble in water, but soluble in ether and alcohol; heavier than water; m. p. 
of picrate, 207 210°, uncorr.; m. p. of PtCll double salt, 199-20O0, uncorr.; m. p. of 
gold chloride double salt, 168-172", uncorr. Calcd. for CI1HnN.HCl.AuCl~: Au, 36.6. 
Found: Au, 40.0. 0.1801 g. of the free base gave 14.2 cc. of nitrogen a t  21.5" and 765 
mm.; 0 2008 g. gave 16.9 cc. of nitrogen a t  25.5' and 765 mm. (Dumas). Nitrogen: 
9.0, 9.4. Calcd. for CnH11N: N, 9 0. Since the melting point of 3-ethylisoquinoline 
picrate is 171-173 ", of 3-ethyiisoquinoline gold chloride is 115-117 ", and since 4-ethyl- 
isoquinoline is a solid melting a t  G2", the present preparation must be l-ethylisoquino- 
line; yield, 66y0 of the theoretical [from 32 g. of ethyl bromideu and 28 g. of isoquinoline]. 

Other Reactions.-Ethylmagnesium bromide reacts with nicotine and cinchonine 
in diethyl ether a t  150'. The products of the reaction with cinchonine are a trifle tarry 
arid have not as yet been identified. Nicotine appears to  be converted in some measure 
t o  a n  ethylnicotine, but there is a simultaneous reduction to a base having a piperidine- 
like odor. 2-Picoline and quinaldine also react with ethylmagnesium bromide under the 
same conditions, but the products have not been definitely identified. The product of 
the reaction ol 4,4'-dipyridyl, a dicyclic ammono dialdehyde-acetal, and ethylmag- 
nesium bromide in diamyl ether solution a t  160" is largely a tar. 2-Phenyl pyridine and 
2-ethyl pyridine were formed in poor yield in diamyl ether solution a t  150". 

Discussion 
In all of the reactions described in this paper, the Grignard reagent first 

forms with pyridine, quinoline or isoquinoline a precipitate of an addition 
compound that is only sparingly soluble in ether. These 
addition  compound^^^ are supposed to have the structure 

I I of a substituted ammonium salt I .  Under the influence 
/ \ of heat, the phenyl group of I migrates 

CeH5MgBr to the adjacent carbon atom to give 11. I 
As a net result the Grignard reagent has been added \,,f;/ 
to  the potentially aldehydic -CH=N- group in the ex- 
pected manner, that is, with the -MgBr group seeking Mg Br 

the nitrogen just as it seeks the oxygen of an aquo aldehyde. The conver- 
sion of I1 into 2-phenylquinoline probably takes the course 

/\/\ 

I1 MgRr IV 

The loss of hydrogen from compound I11 finds its counterpart in the loss of 
hydrogen from the dihydroquinolines that probably appear as intermediate 
products in the Dobner-Miller quinaldine synthesis.12 'l'he dihydropyri- 

l2  Ddbner and Miller. Ber., 16, 2465 (1883). 
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dines resulting from the action of ammonia on aldehydes likewise lose 
hydrogen and pass into the corresponding pyridines.13 The hydrogen 
resulting from the conversion of IT1 into IV above always fell considerably 
below the amount theoretically expected. Perhaps some of this hydrogen 
was utilized in forming reduction products, and some of the dihydro bases 
(111) may have been polymerized to a tar, without loss of hydrogen. 

p- and y-substituted pyridines and quinolines were not isolated in the 
present work, although i t  is posible that they are formed in small quantity. 
The migration of the alkyl or aryl group of formula I from nitrogen to the 
2-carbon then does not strictly follow the migration of an alkyl group from 
nitrogen to the 2 and 4 carbons in the Ladenburg synthesis of alkyl pyri- 
dines and quinolines. l4 

Summary 
1. Pyridine, quinoline and isoquinoline react with the Grignard reagent 

in diethyl ether solution at 150-160° to form a-alkyl or aryl pyridines, 
quinolines or isoquinolines in yields varying between 44 and 66% of the 
theoretical. 

2. The following compounds have been prepared: 2-ethylpyridine, 2- 
phenylpyridine, 2-phenylquinoline and 1-ethylisoquinoline. 1-Ethyliso- 
quinoline has been prepared for the first time. 

STANFORD UNIVERSITY, CALIFORNIA 

[CONTRIBUTION FROM THE ~ABORATORIUM FUER CHEMISCHE TECHNOLOGIE DER UNI- 
VERSITAST WIEN, VIENNA, AUSTRIA, AND NORTHWESTERN UNIVERSITY, MEDICAL 

SCHOOL, DEPARTMENT OF RESEARCH BACTERIOLOGY, CHICAGO, ILLINOIS] 

CELLULOSE SULFONIC ACID ESTER 

In a preliminary report1 the formation of a trisulfonic acid ester derived 
from cellulose was reported. This compound was obtained by the action 
of chlorosulfonic acid in an excess of pyridine on cellulose (pure filter paper -. 

or cotton). Data were given as to its formation, general properties and 
analysk2 It was found that films and threads can be formed from this 
ester and its salts. 

l3  Chichibabin, J. prakt. Chem., 107, [N. F.] 122 (1924). 
l4 Ladenburg, Ber., 32, 42 (1899); 16, 1410, 2059 (1883) 

Gebauer-Fuelnegg, Stevens and Dingler, ibid., 61, 2000 (1928). 
In the first report the statement has been made that a second treatment of cellu- 

lose-trisulfonic acid ester with the pyridine chlorosulfonic acid reagent will give a purer 
substance and complete the triesterification. We were unable t o  repeat the results 
of the respective preliminary experiments, from which the figures have been taken. 
On the contrary, it  was found that  under certain circumstallces one SOzH group is 
eliminated by this procedure. We will report on this reaction later. 
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It was pointed out that the pyridine salt of the ester did not show rota- 
tion in aqueous solution, nor did i t  reduce Fehling's solution, and con- 
trasted in these properties appreciably with a cellulose sulfonic acid ester 
prepared recently by Traube and co- worker^.^ These authors prepared 
the ester by the action of sulfur trioxide on well-dried cotton. There 
are, however, certain similarities between the two cellulose sulfonic acid 
esters. 

The ester obtained by Traube and co-workers is stated to be a deriva- 
tive of undegraded cellulose. As to the structure of the ester obtained 
by the action of the pyridine-chlorosulfonic acid reagent on cellulose, 
however, we have considered three possibilities. (I) The product might 
be a derivative of undegraded cellulose, an assumption supported by the 
fact that no rotation or reduction of Fehling's solution could be observed. 
(11) The ester might be a degradation product of cellulose. (111) It 
might be a degradation product of cellulose wh~ch on further action of the 
pyridine-chlorosulfonic acid reagent repolymerized to form a cellulose- 
like carbohydrate. 

In the first paper it was stated that even though equality in fundamental 
properties such as reducing power and rotation would be expected if both 
products were derived from undegraded cellulose, the differences actually 
observed could be ascribed to the different preparational methods, ac- 
cording to ideas recently developed by Kurt H. Meyer and H. Mark.* 

To determine whether or not our ester is a derivative of undegraded 
cellulose, hydrolysis of the sulfonic group was attempted with various 
agents. It was found that the trisulfonic acid ester mentioned showed the 
same resistance to splitting of the ester group as did the ester described 
by Traube. In fact, the latter author failed to find a suitable method 
for hydrolysis of his preparation. 

A large variety of hydrolyzing agents was tried, such as ammonia, 
alkalies of various concentrations, alkyl amines and water, but no appre- 
ciable effect was noticed. Even dilute acids did not change the com- 
pound materially; concentrated hydrochloric acid only was found to 
split off the S03H groups, but intense degradation was observed with 
this reaction, as would be expected. Finally, methyl alcoholic hydro- 
chloric acid (0.25-lyo) was found to be a suitable hydrolyzing agent a t  
10(t120°. In the course of the work i t  was found that boiling with 
methyl alcohol containing 5% of hydrogen chloride gas for a few hours 
also effected the hydrolysis. 

The product obtained was a sulfur and nitrogen (pyridine) free white 
powder soluble only in cellulose solvents such as ammoniacal copper 
oxide, from which i t  could be precipitated without chemical changes. 

Traube and co-workers. Bey . .  61, 754 (1928). 
' Meyer and Mark, ibid., 61, 610 (1928). 
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A small methoxyl content was detected, apparently due to  the methyl- 
ating action of the methyl alcoholic hydrochloric acid. 

The rotation values of the ammoniacal copper oxide solutions showed 
the presence of chemically unchanged (but hydrated) cellulose and were 
comparable with parallel tests made with native cellulose. 

Even though the results of this hydrolysis clearly showed that the 
sulfonic acid ester obtained by the pyridine-chlorosulfonic acid reagent 
was a true derivative of cellulose, an attempt was made to convert the 
product of hydrolysis, by acetylation and methylation, into definite cellu- 
lose derivatives of known properties. A direct exchange of the sulfonic 
groups of the original ester with methyl or acetyl groups also was at- 
tempted. 

Acetylation and methylation of the hydrolysis product were found to 
be successful, while the direct exchange of the S03H groups of the original 
ester did not yield definite compounds. 

The product of acetylation was triacetylcellulose, the rotatory power 
of which was found to be the same as that given for the tnacetyl deriva- 
tive of native cellulose. 

Methylation also was finally accomplished, but some difficulties were 
encountered. There are methods for permethylation of cellulose de- 
scribed by I r ~ i n e , ~  Hess and Pichelmayer6 and Urban and Freudenberg.? 
In  order to find the most suitable method for the product in question, 
preliminary experiments were carried out with regenerated cellulose of 
other (known) origin, but with some relation as to  the preparational 
method and general appearance of the substance in question. Hydrolysis 
of triacetylcellulose prepared with acetic anhydride and sulfuric acid, i t  
was thought, would give such a related cellulose upon hydrolysis, since 
the cellulose regenerated is reported to be insoluble in alkali as is the 
cellulose regenerated from the trisulfonic acid ester. Accordingly this 
was used in the preliminary work. 

The methylation method of Hess and Pichelmayer therefore a t  first 
was thought not to be suitable since i t  is used with alkali-soluble cellu- 
lose. The method of Urban and Freudenberg also was found to be un- 
satisfactory for this purpose. Even on increasing the amount of reagent 
and repeating the procedure, products of low methoxy content were ob- 
tained. Finally, the procedure given by Hess and Pichelmayer actually 
was used with good results. After nine successive methylations a tri- 
methylcellt~lose with 43% methoxyl was obtained. 

As expected, this method was found to be suitable for the methylation 
of the cellulose regenerated from the trisulfonic acid ester; the trimethyl- 

5 Irvine, J. Chem. Soc., 123, 529 (1923). 
0 Hess and Pichelmayer. Ann., 450, 31 (1926). 
7 Urban and Freudenberg, Cellulosechemie, 7, 73 (1926). 
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cellulose obtained was found to be identical with the trimethylcelh~lose 
described by Hess and co-workers. It might be added that the solubility 
in water of the trimethylcellulose from cellulosetrisulfonate is practically 
negligible. I t  is known that trimethylcelluloses are increasingly soluble 
in water with increasing degree of depolymerization, derivatives of native 
cellulose being less soluble than preparations from slightly degraded cellu- 
lose. This fact is a further indication that the cellulose trisulfonic acid 
ester is a derivative of coniparatively slightly degraded hydrated cellulose. 

Experimental Part 
Attempts to Hydrolyze the Pyridine Salt of the Cellulose Trisu1fonate.-The 

pyridine salt of the cellulose trisulfonate is prepared by adding 3 g. of carefully dried 
cotton t o  a mixture of 11.6 g. of chlorosulfonic acid and 27 4 g. of pyridine (care!) and 
heating the reaction mixture on the water-bath for one hour. Swelling of the c-llulose 
is noticed first and a sirupy, viscous mass is finally obtained. The mixture is cooled 
and water is added, from which the ester salt is precipitated, for example, with alcohol. 
This is repeated several times. Details of procedure and constitution of the rcagerit 
are given in the earlier report.' 

(a) No hydrolysis could be effected on shaking the pyridine salt with an excess 
of water for three days, nor by boiling under reflux for eight days. 

(b) With N/50, N/10, N/2 and 2 N potassium hydroxide no hydrolysis of the 
SOpH groups could be effected, either on the shaking machine or on boiling under reflux. 

(c) Aqueous hydrochloric acid of various higher concentrations was found to 
effect the splitting of the SOsH groups on boiling, but its use resulted in a degradation 
of the cellulose part of the substance. 

(d) Finally the hydrolysis was accomplished with methyl alcoholic hydrochloric 
acid. The best results for this type of hydrolysis of the above salt were obtained by 
heating a sample with absolute methyl alcohol containing 0.25% of dry hydrogen 
chloride gas in an autoclave a t  110". A dark, clear, pyridine-containing liquid and a 
white powder were obtained. The liquid gave a sulfate reaction and a strong reduction 
of Fehling's solution; a small amount of an osazone could be precipitated, indicating 
the presence of sugars. The residue was washed with water (negative test for sulfate). 
A determination of the methoxyl groups gave the following results: subs., 6.475 mg.: 
AgI, 0.799 mg. Found: OCH3, 1.63. 

This product was white, contained no nitrogen or sulfur, was insoluble in water 
but  was soluble, however, in hot 2 N potassium hydroxide and in cuprammine solution. 
It was possible to dye it  with substantive dyes in the same shade and fastness as cotton. 

(e) The most convenient method of hydrolyzing the SO,H groups was the fol- 
lowing: 50 g. of ester salt was boiled under reflux for six hours with 200 cc. of methyl 
alcohol t o  which 5% of concd. aqueous hydrochloric acid was added. After filtration 
of the brownish-yellow pyridine sulfate-containing liquid, the residue was extracted in a 
Soxhlet apparatus with boiling water until no sulfate could be detected. It was then 
washed with alcohol and ether. Only a very small portion of the product thus obtained 
was found t o  be soluble in hot strong potassium hydroxide and precipitable from it with 
acids. After drying i t  a t  100' the product was found t o  have lost its solubility in alkalies. 
It is, however, easily soluble in cuprammine solution. The specific rotation was deter- 
mined with the light of so-called "Effektkohlen" for blue light. 

Hydrolyzed product (1.2991 g.) was placed in a 100-cc. volumetric flask, mix7-d 
with 1.3522 g. of copper hydroxide prepared according to the method of J. Habermam,& 

* Habermann, Z. anorg. Chem.. 50, 318 (1906). 
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wetted with concd. ammonia and diluted t o  the mark of the flask. A slight turbidity 
could not be removed either by filtration or by centrifuging the solution. I n  order t o  
obtain comparable results a parallel run was made with native cellulose (cotton). The  
product of hydrolysis showed: a = 7.50"; cotton, or = 6.75"; methoxyl content of 
product of hydrolysis, traces only. 

Acetylation of the Product of Hydrolysis.-In parallel runs 20 g. each of the above 
product of hydrolysis (prepared according t o  Procedure (e)) and cotton was heated a t  
30' for eight hours with 75 cc. of glacial acetic acid, 75 cc. of acetic anhydride and 2 cc. 
of concd. sulfuric acid. Since the product of the above hydrolysis was not entirely 
dissolved, both mixtures were treated for sixteen hours more. They were filtered 
through a glass filter. The solution obtained irom the native cotton was found t o  be 
more viscous than the product obtained from the regenerated cellulose. The acetyl- 
cellulose was separated in the ordinary way by precipitation in water, filtration, drying in 
a desiccator and purification by dissolving in chloroform and precipitating with ether. 

The yields of crude products were 90% obtained from cotton and 81yo from rc- 
generated cellulose. 

'I'riacetate from cotton O."' = - 21.65" (CHC13) 
D 2 X 147x0 

Triacetate from regen- lE 
0.540 = -21.72" (Chloroform) eratpd cellulose = 2 x 1,2431 

Both triacetates were hydrolyzed according t o  the procedure given by Hess
g 

with methyl 
alcoholic sodium hydroxide and found to yield identical products, as expected. 

Methylation.-Ten grams each of the above products of hydrolysis (from native 
cellulose-triacetate and from the triacetate obtained from hydrolyzed cellulose tri- 
sulfonate) were powdered and treated for several days with 20 cc. of potassium hy- 
droxide (1: l ) ;  80 cc. of water was added and methylation was accomplished with 
dimethyl sulfate according to the method of Hess and P ~he lmayer .~  The reaction was 
carried out a t  55-60" in nine successive steps. The dimethyl sulfate was added drop 
by drop, with efficient stirring, as indicated in Table I.  

H20, NaOH, 
Stcps cc. g.  

I 100 10 
I1 . . .  15 

PREPARATIONAL DATA 

(CH3)2SO4, 
cc. Minutes Steps 

5 10 IV 
10 

5 10 
5 10 

30 V 
10 VI 

5 10 VII 
5 10 VIII 

30 I X  

H20, NaOH, 
cc. g. 

. . 50 

(CH3)B04, 
cc. Minutes 

. . 10 
10 10 
10 10 
. . 30 
40 180 
20 180 
10 180 
10 180 
10 180 

The first isolation of the reaction product was accomplished after the  fifth step, 
by washing the mixture on a hot-water funnel with boiling water until freed from 
sulfate. For the next methylation the residue was transferred to  the reaction flask 
with the proper amount of ice water. After the seventh step the product obtained was 
slightly soluble in benzene. The ninth methylation yielded a substance almost entirely 
soluble in benzene. Purification was accomplished by repeatedly dissolving the product 

Kurt Hess, "Chemie der Cellulose und ihrer Begleiter," page 415. 
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in benzene and precipitating it  with ligroin. The fractional extraction with ice water 
as  given by Hess and Pichelmayer was found to be superfluous since the products in both 
cases were found to be insoluble. After the reprecipitation the product was treated with 
ether and finally dried in a vacuum to constant weight. The analyses prove the presence 
of a tritnethylated product. 

Anal. Subs., 4.552 mg. : CO2, 8.734 mg. ; H20, 3.211. Subs., 4.309 mg. : AgI, 
13.794 mg. Subs., 0.1177: C02, 0.2278; H20, 0.0840. Subs., 0.1528: AgI, 0.5177. 
Calcd. for CsH,Oa(CH3)3: C, 52.91; H, 7.90; OCHB, 45.50. Found: (on crude product 
before reprecipitation) C, 52.34; H, 7.89; OCH3, 42.29; (pure product) C, 52.80; 
H, 7.99; OCH8, 44.77. 

The rotation of the trimethylcellulose obtained by the hydrolysis of 
cellulose trisulfonate was 

0'180 = -18.46' (benzene) 
D 1 X 0.9751 

The rotation of trimethylccllulose obtained by the hydrolysis of triacetyl- 
cell~llose was 

loo 
O 210 = - 18.58' (benzene) 

D 1X1.1302 

Summary 

To determine whether a trisulfonic acid ester obtained from cellulose 
by the action of a pyridine-chlorosulfonic acid reagent on cellulose was 
( I )  a derivative of undegraded or very slightly degraded cellulose, (2) a 
degradation product or (3) a repolymerized degradation product, it was 
hydrolyzed by means of methyl alcoholic hydrochloric acid. The 
sulfur-free product of hydrolysis showed (in cuprammine solution) a rota- 
tion of the order of magnitude given for native cellulose. Even though 
this was already a fairly good proof that the original ester was a true 
derivative of cellulose, this product of hydrolysis was converted to tri- 
methyl- and triacetylcellulose. The products obtained were found to be 
most closely related to known preparations from native cellulose. The 
direct conversion of the cellulose trisulfonic acid ester into trimethyl- or 
triacetylcellulose could not be accomplished. 

CHICAGO, ILLINOIS 
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[CONTRIBUTION FROM THE LABORATORY OP PHYSICAL CHEMISTRY OF TRE UNIVERSITY 

OP UPSALA] 

THE PH-STABILITY REGIONS OF SERUM ALBUMIN AND OF 
SERUM GLOBULIN 

In a previous communication1 a report has been given of the determina- 
tion by ultracentrifugal methods of the molecular weights of serum albumin 
and serum globulin a t  their isoelectric points. I t  was found that both these 
proteins when isolated in an appropriate manner are homogeneous with 
regard to molecular weight. Serum albumin gave the value 67,500 =t 2000 
and serum globulin 103,800 =t 3000. For serum albumin the sedimenta- 
tion constant a t  20° is 4.21 X 10-l3 and for serum globulin 5.66 X 10-13. 
The corresponding diffusion constants are 6.10 X loe7 and 5.41 X lo-'. 
Serum albumin has practically the same molecular weight, the same sedi- 
mentation constant and the same diffusion constant as hemoglobin, while 
serum globulin resembles as regards these constants r-phycocyan a t  a 
PH of 6.8. A few preliminary experiments were performed in order to 
determine the molecular weights of the products obtained from serum glob- 
ulin by fractional precipitation, viz., the so-called euglobulins and pseudo- 
globulins. The data obtained seemed to indicate that the originally homo- 
geneous globulin was partially decomposed during the process of fractiona- 
tion. It was therefore concluded that euglobulin and pseudoglobulin most 
probably represent artificial products not originally present in the blood 
serum. 

The eminent importance of the serum proteins makes i t  desirable t o  
extend the determination of their molecular weights to  a wider range of 
PH and also to study more thoroughly the question of the homogeneity of 
serum globulin. 

Preparation of Material.-The protein material was prepared from horse blood. 
Serum albumin was isolated from the serum as described under the head "serum albu- 
min 11" of the previous communication. The stock solution which served for the de- 
terminations in the middle PH region was kept at  a PH of 4.8 (0.008 M in acetic acid and 
0.012 M in sodium acetate). The stock solution for determinations in extreme acid and 
extreme alkaline solutions was kept in electrolyte-free condition. 

Serum globulin was isolated from the serum as described under the head "serum 
globulin 11" of the previous communication. The main part of the stock solution was 
kept a t  a PH of 5.5 (0.19 M in KHzPO* and 0.009 M in Na2HPO4). For the determina- 
tions on the acid side of the isoelectric point a stock solution was prepared in the fol- 
lowing way. The material was precipitated three times with ammonium sulfate, as 
before, dissolved in acetate buffer of PH 4.6 (0.1 M in acetic acid and 0.1 M in sodium 
acetate), and dialyzed against the same buffer until the outer liquid was free from sulfate 
and chloride. 

1 T. Svedberg and R.  Sjogren, THIS JOURNAI,, 50, 3318 (1928). 
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Pseudoglobulin and euglobulin were prepared from the serum globulin stock solu- 
tion by  dialyzing a t  5 O for a week against distilled water saturated with toluene. After 
this treatment, followed electrodialysis with a current density of 0.5 milliampere per 
sq. cm. for thirty-six hours. After filtering, the pseudoglobulin solution was brought to  
a PH of 5.5 by making it  0.019 M in KHzPOl and 0.001 M in NazHPOa. The euglobulin 
precipitate formed during the dialysis and the electrodialysis was washed with distilled 
water, saturated with toluene until the filtrate was found to be free from protein and 
then dissolved completely in phosphate buffer of PH 5.5 (0.19 M in KHgP04 and 0.009 M 
in NazHP04) and dialyzed against the same buffer for a week. 

Light Absorption.-The measurements were made with the Judd- 
Lewis spectrophotometer in 20 mm. cells. Serum albumin was measured 
in O.lOyo solution, serum globulin, pseudoglobulin and euglobulin in 0.05 
and O.lOyo solutions. In Tables I and I1 the data for serum albumin and 
serum globulin are given. 

Wave length Wave length Extinction ------- Solvent-------- PH of of maximum of minimum coeff 
Subs. M Subs. M soln. in pp in ~. lp  r / ~  of max 

H C1 0.046 KC1 0.054 1 . 4  278 250 5 0 
H Cl ,007 KC1 ,093 2 . 2  278 254 4 8 
H Ac .018 NaAc ,002 3 .6  280 252 4 8 
NazHP04 ,032 NaOH ,002 9 .4  278 250 5 2 
NazHP04 .026 NaOH ,012 10.4 278 252 7 4 

----- 
Subs. 

HC1 
HAc 
HCl 
HAc 
NaOH 
KHzPO4 
KHzP04 
NaOH 

-- Solvent---------. PH of 
M Subs. M soln. 

0.072 KC1 0.005 1 . 3  
,023 NaAc ,023 
,025 KC1 ,025 2 . 5  
,023 NaAc .023 
,023 
,026 NazHPOc .I74 7 .5  
,002 NazHPOd ,003 12.5 
.048 NaCl 1% 

OF SSRUM GLOBULIN 

Wave length Wave length Extinction 
of maximum of +nimum coeff. 

in a~ in pp c/c of max. 

285 255 18.0 

The measurements show that within the limits of error the position of the 
maximum and the minimum does not change with PH. The extinction a t  
the maximum is independent of PH except a t  high alkalinity, where it  in- 
creases slightly for serum albumin as well as for serum globulin. In the 
previous communication the maximum extinction coefficient of isoelectric 
serum globulin was found to be 22. The lower value of 18 now found is 
probably due to difference in the protein material. A slight change in the 
chemical composition would in all probability not affect the molecular weight 
but  might very well make itself visible in the light absorption. The study of 
the sedimentation constant has shown that the serum albumin molecule is 
stable within the PH region 4.0-9.0 and the serum globulin molecule in the 
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region 4.0-8.0. The sedimentation equilibrium determinations indicate 
that the first stage in the decomposition of both these proteins consists in 
the disintegration into submolecules of approxin~ately the mass one-half 
of the original molecule in the case of seruln albumin and probably one- 
third in the case of serum globulin. This 15 
disintegration (being proved to be reversi- 
ble) will in all probability not affect the 
chemical or optical properties of the protein 
very much and this accounts for the con- 
stancy of the light absorption. It is of 10 

interest to compare this behavior of the 
serum proteins with ' that of Bence- Jones 3 
p r ~ t e i n . ~  In the case of this latter protein 
the first stage in the decomposition consists 
in the breaking down of the protein unit 
itself and this is accompanied by a strong 
increase in light absorption. 

The light absorption of pseudoglobulin 
was measured both in electrolyte-free condi- 400 300 200 

tion and in phosphate buffer a t  PH 5.5 (SO~U- Wave length, p ~ .  

tion 0.019 M in KHzP04 and 0.001 M in Fig. I. 

Na2HP04). The position of the maximum was found to be 279 pp and of 
the niinimum 252 pp. The extinction coefficient of the maximum was 11.5. 
In Fig. 1 the absorption curve is traced. The absorption of pseudoglobulin 
is markedly lower than the absorption of the original serum globulin. 

Euglobulin was also examined with regard to light absorption. It was - 

found to resemble very much 
;I s x 10-l3 the original serum globulin, 
d u 

% 6 X 10-l3 being thus quite different 
8 from pseudoglobulin. 
33 

.P 4 X 10-13 
Y 

The PH-Stability Region 
u 
C 

of Serum Albumin and of 
2 2 x 10-13 Serum Globulin.-A num- .,. 
2 ber of sedimentation velocity 'a runs were made in the oil- 

' ' " 13turbine ultracentrifuge3 a t  PH. 
Fig. 2. 40,000-45,000 r. p. m. and 

20' in the cell. The time of 
centrifuging varied from three to five hours. The solutions were brought 
to the desired concentration and PH immediately before starting the run. 

T. Svedberg and B. Sjogren, THIS JOURNAL, 51, 3594 (1929). 
T. Svedberg, "Colloid Chemistry," 2d ed., Chemical Catalog Co , Inc., New 

York, 1928, p. 153. 
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TABLE 111 
SERUM ALBUMIN, SEDIMENTATION VELOCITY MEASUREMENTS 

7-----Solvent-------.--, PH of Concn. of 
Subs. M Subs. M soln. protein, % 
HCl 0.046 KC1 0.054 1.4 1.10 
HCl .007 KC1 ,093 2.15 0.25 
HC1 ,007 KC1 .093 2.08 1.10 
HCl ,007 KC1 .I40 2.16 0.25 
H Ac ,018 NaAc ,002 3.60 1.10 
HAca ,018 NaAc ,002 3.64 0.25 
HAc .016 NaAc ,004 3.98 0.25 
H Ac .008 NaAc ,012 4.8 0.25-1.25 
HAc ,008 NaAc .012 4 .8  0.25 
HAc ,008 NaAc .012 4 .8  - 0.25 
HAc ,008 NaAc .012 4 .8  0.71 
H Ac ,003 NaAc ,017 5.41 1.07 
KHzPO4 ,095 NazHP04 ,005 5.46 0.18 
KHzP04 ,050 Na2HP04 .050 6.67 0.20 
KHzPO4 .012 NazHPOl ,188 7.82 1.10 
NaOHa ,002 NazHPO4 .032 9.40 1.10 
NaOHa .002 NazHP04 ,032 9.40 1.10 
NaOHa .012 Na2HP04 ,026 11.10 0.70 
NaOWU .025 Na2HY04 .017 11.80 0.55 
NaOH .050 NaCl 2% 12.40 0.55 

a 1% in NaCl. 
' Mean value of previous determinations. 

TABLE IV 
SERUM GLOBULIN, SEDIMENTATION VELOCITY MEASUREMENTS 

Solvent-------------, PH of Concn. of 
Subs. M Subs. M Subs. M soln. protein, % 
HCl 0.072 KC1 0.005 HAc 0.023 1 . 3  0.73 

NaAc ,023 
Same soln. after standing at 5" for 20 days 
HCl ,025 KC1 ,025 HAc ,023 2.46 0.75 
NaOH .023 NaAc ,023 
HAc .I80 NaAc .020 3.67 0.75 
HAc .10 NaAc .10 4.54 0.50 
KHzPO~ .I90 NazHP04 .009 5 .5  0.12-1 .OO 
KH2PO4 .I90 NazHP04 .009 5.41 1.08 
KHzPO4 .I40 NazHP04 ,060 6.50 0.05 
KHzP04 ,044 NazHPO4 ,156 7.27 .64 
KHzP04 .026 NazHP04 ,174 7.57 .10 
KH2P04 .026 Na2HP04 .I74 7.57 .10 
KHzP04 ,003 NaOH ,005 NazHP04 ,031 9.41 .08 
KHzP04 .005 NaOH .017 Na2HP04 ,026 10.56 .08 
KHzP04 ,003 NaOH ,042 NazHP04 ,017 11.22 .06 
KHzP04 .002 NaOH ,048 NazHP04 ,003 12.52 .04 

NaCl 1% 
Same soln. after standing at 5 for 6 days 
Same soln. after standing at 5' for 14 days 

" Mean value of previous determinations. 
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The determinations of the sedimentation constant ~ 2 0 0  are summarized 
in Tables 111 and IV and in the diagram, Fig. 2. For serum albumin the 
sedimentation remains constant from PH 4 to 9 and for serum globulin 
from 4 to 8, These PH ranges therefore represeht the stability regions of 
serum albumin and serum globulin. The behavior of these proteins out- 
side the stability regions will be discussed later. 

The diffusion was found to be normal only in the vicinity of the isoelectric 
point. Both on the acid and the alkaline side of this point the diffusion 
was considerably depressed, indicating gel f~ rmat ion .~  

 h he Sedimentation d Pseudo- 75 
globulin and Euglobu1in.-Two 
different preparations of pseudo- '5 
globulin were studied. The.runs 4 60 

were made in the same way as in 
the case of serum albumin and $ 
serum globulin and a t  a PH of 5.5 8 25 
(solutions 0.019 &I in KHzP04 
and 0.001 M in NazHP04). The $ 
first material gave for the sedi- 
mentation constant s , ,~  = '7.72 X Distance from meniscus, cm. 
10-l3 in 0.13y0 solution, the sec- Fig. 3. 
ond material s,,~ = 6.44 X 10-l3 
in 0.10% solution and 6.52 X 10-l3 in 0.60% solution. The diffusion con- 
stant showed considerable drift with time, indicating that the protein in 
question is a mixture of different molecules. The solutions also contained 
from 5-10% of non-centrifugible substance. 

75 Euglobulin was centrifuged a t  
c a PH of 5.5 and in a phosphate 
.- + buffer 0.190 M in KH2P04 and 
U 

% 50 0.009 A1 in NazHP04. Two runs a were made, one in 0.12y0, the 
b C) other in 0.63%, solution. Both 

4 25 runs gave sedimentation curves 
Ed > - of a very peculiar shape, indicat- 

8 ing that the protein material in 
question is a mixture of different 

0 
0'25 0'50 0'75 kinds of molecules. In Fig. 3 the 

Distance from meniscus, cm. 
euglobulin sedimentation curves 

Fig. 4. 
for the times thirty, fifty and 

seventy minutes after the start are given. For the sake of comparison Fig. 4 
gives the corresponding serum globulin curves. In the case of serum glob- 
ulin the shape of the curves is that of a simple molecular species, while the 

Compare T. Svedberg and B. Sjogren, THIS JOURNAL, 51, 3594 (1929). 
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euglobulin curves show that this protein contains two different main con- 
stituents and probably some other component in lower concentration. 

The splitting up of serum globulin into pseudoglobulin and euglobulin is 
not a reversible process. The sedimentation of a mixture of pseudo- 
globulin and euglobulin showed that the native serum globulin cannot be 
synthesized from these products by mixing them in the same proportion in 
which they are formed by dialysis of serum globulin. 

The Molecular Weights of the Decomposition Products of Serum 
Albumin and of Serum Globulin.-The change in the value of the sedi- 
mentation constant a t  PH 4 and 9 in the case of serum albumin and PH 4 
and 8 in the case of serum globulin indicates that a t  these hydrogen-ion 
concentrations the molecules of the serum proteins begin to disintegrate. 
Because of the anomalous diffusion i t  was not possible to calculate the 
molecular weights of the decomposition products from sedimentation 
velocity measurements. Earlier experiments have shown that sedimenta- 
tion equilibrium determinations give the right value of molecular weight 
even in cases where the diffusion is depressed owing to gel formation or 
forces acting between the protein molecules. Sedimentation equilibrium 
runs were therefore made on serum albumin and serum globulin in the acid 
decomposition region. In the alkaline region the formation of non-centri- 
fugible decomposition products renders such determinations uncertain. 

Sedimentation equilibrium runs were further made on the isoelectric 
pseudoglobulin material studied above. 

In  Table V the equilibrium measurements are given. 

DECOMPOSITION PRODUCTS OP SBRUM ALBUMIN AND SERUM GLOBULIN. SUMMARY OP 

SEDIMENTATION EQUILIBRIUM MEASUREMENTS 
Protein Solvent PH of soh. Mol. wt. 

Acid serum albumin 0 007 Af in HCI 0 093 M in KC1 2 2 60,000 to 21,000 
Acid serum albumin 007 M in HCI ,093 M in KC1 2 2 54,000 to 20,400 
Acid serum globulin 025 M in HC1 025 M in KC1 2 5 59,000 to 23,000 

023 M in HAc .023 M in NaAc 
023 M in NaOH 

Isoelectric pseudoglobu- 019 M in KHzPOd 5 5 99,300 to 53,200 
lin ,001 M in NaaHPOd 

The data of Table V confirm the conclusion drawn from the sedimenta- 
tion velocity measurements. The acid serum albumin and serum globulin 
as well as the isoelectric pseudoglobulin are mixtures of molecules of dif- 
ferent weight. Euglobulin was not studied in sedimentation equilibrium 
because the sedimentation velocity measurements had conclusively shown 
this protein to be a mixture of different molecular species. 

The molecular weights of the acid serum albumin and serum globulin 
range from about 60,000 to about 20,000, those of the isoelectric pseudo- 
globulin from about 100,000 to about 50,000. 
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The Reversibility of the Acid and Alkaline Decamposition.-It is of 
considerable interest to state whether the decomposition of the serum 
albumin and serum globulin molecules in acid and alkaline solutions is 
reversible or not. In  order to  test the revcrsibility, solutions of serum 
albumin and serum globulin were brought to acid or alkaline reaction and 
left in this condition for a short time (from one hour to one day). The 
solutions were brought back into the stability region either by direct addi- 
tion of the suitable reagents or by dialysis a t  low temperature against a 
buffer of the desired PH. Both procedures gave the same result. The 
sedimentation constant was found to have become normal again, which 
proves that the change is reversible. In Table VI the data are sum- 
marized. 

TABLE VI 
SERUM ALBUMIN AND SERUM GLOBULIN, REVERSIBILITY OP DECOMPOSITION 

PH of PH of ~ - - s * o o  X lo'"-- 
Subs., First Second first second First Second Mean nor- 

% solvent solvent soln. soln. soln. soln. mal value 

0.25Serum 0.007 Min  0 008 Min 2 2 4.8 3.50 4.27 4.21 
albumin HC1 HAc 

0.093Min 0.012Min 
KC1 NaAc 

0.25 Serum 0.007 Min  0.008 Min  2.2 4.8 3 50 4.44 4.21 
albumin HC1 H Ac 

0.093Min 0 0 1 2 M i n  
KC1 Na Ac 

0.30Serum 0 017 Min  0 017 Min 11.8 6 8 3.05 4.46 4.21 
albumin NaaHPOa NazHP04 

0.025Min 0.017Min 
NaOH KHzPO4 

0.025 M in 
NaCl 

010Serum 0.017Min 0.190Min 1 1 8  5 .5  5.05 5.77 5.66 
globulin NazHP04 KHzPO4 

0.025Min 0.009Min 
NaOH NazHPO4 

Discussion of Results 

The ultracentrifugal study of serum albumin and serum globulin a t  
different hydrogen-ion concentrations has shown that the sedimentation 
constant is independent of PH within the range 4-9 for serum albumin &d 
4-8 for serum globulin. These PH ranges therefore represent the stability 
regions of these proteins. On the acid side of PH 4 and on the alkaline side 
of PH 9 the sedimentation of serum albumin decreases rapidly. Addition 
of potassium or sodium chloride does not effect any change in the sedi- 
mentation constant, showing that the Donnan potential is sufficiently 
eliminated. The diffusion is depressed, probably owing to gel formation, 
but there is not much drift in the diffusion constant with time. The ma- 
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terial is therefore not very unhomogeneous. The sedimentation equilibri- 
um runs in the acid region show that there are molecules of different weights 
present. The trend of the equilibrium curves (variation of molecular 
weight with distance from the center of rotation) indicates that the bulk of 
the material probably has a molecular weight between 30,000 and 40,000. 
It is therefore quite possible that the first stage in the acid (and alkaline) 
decomposition of serum albumin consists chiefly in disintegration into 
molecules of half the normal weight. 

On the acid side of PH 4 the sedimentation constant of serum globulin 
increases with increasing acidity and also with time. The diffusion is de- 
pressed but also shows a considerable drift with time, indicating that the 
material is very unhomogeneous. The rapid sedimentation indicates 
aggregation of part of the decomposed protein. On the other hand, the 
sedimentation equilibrium run in the acid region shows that there is present 
a considerable amount of material with a molecular weight between 30,000 
and 40,000. On the alkaline side of PH 8 the sedimentation a t  first in- 
creases with increasing alkalinity, reaches a maximum at a PH of about 10.5 
and then decreases rapidly. The aggregation, therefore, is confined to  a 
narrow PH region. 

It is of interest to note that various investigators5 have found that the 
salting out effect of, say, ammonium sulfate on the serum proteins is inde- 
pendent of PH from about 4 to about 9 and increases rapidly outside this 
acidity range. Thus Csap6 and v. Klobusitzky5' found the salting out to 
be constant between PH 4.9 and 7.5 and a strong increase a t  3.9 and a t  9.3. 
Geil15' found constancy in the range 5.0-7.6 and a strong increase at 4.0. 
The region of constant salting out effect therefore corresponds fairly well 
with the PH stability region as determined by means of the ultracentrifugal 
analysis. 

With regard to the nature of pseudoglobulin and euglobulin, the ultra- 
centrifugal analysis has shown that both of these proteins are mixtures of 
molecules of different weight. The sedimentation constant of pseudo- 
globulin is considerably higher than that of native serum globulin. The dif- 
fusion constant shows a considerable drift with time, indicating that the 
material is very unhomogeneous. The equilibrium run gave values -of 
molecular weight between 100,000 and 50,000. The heavier molecules 
which must be present to account for the high value of the sedimentation 
constant were probably too close to the bottom of the cell in the sedimenta- 
tion equilibrium run to be noticed. 

Euglobulin is still more unhomogeneous than pseudoglobulin. It is 

6 (a) A. Homer, Biochem. J., 11, 21 (1917) ; 13, 278 (1919) ; (b) St. RusznyBk, 
Biochem. Z., 140, 179 (1923); (c)  J. Csapb and D. v. Klobusitzky, ibid., 151, 90 (1924); 
(d) D. v. Klobusitzky, ibid., 209, 304 (1929); ( e )  T. Geill, Dissertation, Kopenhagen, 
1928. 
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characterized by the presence of very large particles settling rapidly during 
centrifuging. Tbe sedimentation curves (Fig. 3) are of a peculiar shape, 
indicating the presence of two distinctly different groups of molecules. 
A mixture of pseudoglobulin and euglobulin is unhomogeneous with regard 
to sedimentation and is, therefore, not identical with the native serum 
globulin, which is quite homogeneous (Fig. 4). The opinion put forward 
by the present writers in the previous communication, viz., that  pseudo- 
globulin and euglobulin are but laboratory products which do not exist in 
the blood, is strongly supported by the above measurements. 

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 serum albumin and serum globulin and to  the study 
of the molecular weights of pseudoglobulin and euglobulin. 

2. Serum albumin is stable within the PH range 4-9 and serum globulin 
within the range 4-8. 

3. Outside the stability region the molecules of these proteins break up 
into smaller units. The first stage of the disintegration of the serum al- 
bumin molecule probably consists in the formation of molecules of half the 
normal weight. The breaking up of the serum globulin molecule is a t  
first accompanied by the formation of aggregation products and then pro- 
ceeds with the formation of products of lower molecular weight. 

4. Pseudoglobulin and euglobulin are not homogeneous with regard to  
molecular weight, as is the case with both serum albumin and native serum 
globulin. E$uglobulin is more unhomogeneous than pseudoglobulin and 
contains aggregates of large mass. It is not possible to  regain the original 
serum globulin by mixing pseudoglobulin and euglobulin. The two latter 
proteins are to be regarded as laboratory products and are not present in 
the blood. 

UPSALA, SWEDEN 
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[CONTRIBUTION FROM THE CHEMICAL DEPARTMGNT, UNIVERSITY OF BRISTOL] 

THE REDUCTION OF QUERCETIN 

Whereas fluorone, xanthone, thioxanthone, acridone, anthraquinone and 
their derivatives yield dimolecular products on reduction in acid solution,l 

quercetin (I), under identical conditions, gives cyanidin chloride (II).2 
C1 

This is remarkable, coilsidering that other pyrone derivatives behave nor- 
mally, as shown by Baeyer and P i ~ c a r d , ~  who found, for example, that 
dimethylpyrone, if reduced with zinc dust and hydrochloric acid, yields sub- 
stance 111, from which the crystalline perchlorate (IV) may be obtained. 

This abnormal behavior of quercetin, as recorded by Willstatter and 
Mallison, and the importance of the production of cyanidin chloride from 
quercetin to  the chemistry of the anthocyanidins, has led us to re-investi- 
gate this reaction. 

The results obtained by us lead to the conclusion that quercetin behaves 
normally, giving the dimolecular product (V) . 

See Houben, "Die Methoden der organischen Chemie," 3rd ed., Vol. 11, 1925, pp. 
270 ff. 

Willstatter and Mallison, Sitzb. Preuss. Akad. Wiss., 769 (1914). 
Baeyer and Piccard, Ann., 384, 208 (1911); 407, 34G (1914). 
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Cl 

$ HCl 

v 
Following the nomenclature xanthylene (VIII), suggested by Kostanecki 
and Gurgenjanz4 for the dimolecular reduction product from xanthone, the 
name quercetylene chloride is suggested for substance (V). The remarkable 
similarity between quercetylene chloride, C30H21012C1 + 2H20, and cyanidin 
chloride, C16H110EC1, which not only resemble each other in almost all re- 
spects, but require exactly the same carbon content (C, 55.8), easily accounts 
for the fact that Willstatter and Mallison should have assumed that they 
had synthesized cyanidin chloride, since owing to the scarcity of material 
(0.165 g.) a t  their disposal, no chlorine analysis, which would have clearly 
emphasized the difference between these two substances, was possible. 

The conversion of the intermediary reduction product, quercetylene, into 
quercetylene chloride (V), is in agreement with the observations of Baeyer 
and Piccard, already referred to, and also with the observations made by 
Lowenbein and Rosenba~m,~  showing for example that a substance having 
structure (VI) is easily converted by acids into the pyryllium derivative 
(VII). 

To test further our mechanism for the production of quercetylene chloride, 
we have also investigated xanthylene (VIII), from which we have obtained 
the ferrichloride (IX), and the diferrichloride (X), which were prepared 
according to the following scheme. The preparation of chlorides from 
xanthylene, however, presented some difficulties, which is t o  be expected 
in the light of Gomberg and Cone's6 observation on the influence of hy- 
droxyl groups on chloride formation. 

Kostanecki and Gurgenjanz, Ber., 28, 2310 (1895). 
Lowenbein and Rosenbaum, Ann., 448, 233, 246 (1926). 

6 Gomberg and Cone, ibid., 370, 142-208 (1909). 
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2 %  
t, 'I' c 

The reduction of rhamnetin, 7, methylquercetin (compare I), which ac- 
cording to  Robertson and Robinson7 is reduced to rhamnetinidin chloride, 
7-methylcyanidin chloride (compare 11), also proceeds normally, leading to  
7,7'-dimethylquercetylene chloride (compare VII). This product, freshly 
prepared, contains loosely bound hydrochloric acid, which i t  easily loses on 
standing, and then gives correct analytical values for 7,7'-dimethylquer- 
cetylene chloride. This loss of hydrochloric acid accounts for the unsatis- 
factory analytical data commented on by Robertson and Robinson,8 who 
did not analyze for chlorine, and therefore assumed the increase in carbon 
content to be due to loss of water of crystallization. 

Experimental 
Quercetylene Chloride (V).-(1) The reduction product (0.2252 g.), prepared accord- 

ing to Willstatter and Malli~on,~ was purified by dissolving in 25 cc. of methyl alcohol, 
to which 25 cc. of 12% hydrochloric acid was added, the solution being concentrated 
on a water-bath. In this manner three fractions, resembling cyanidin chloride in their 
general properties, were obtained. 

Anal. Subs. (dried in desiccator), 5.145, 4.555, 4.638 mg.: COz, 10.503, 9.284, 
9.435 mg. : HsO, 1.957, 1.577, 1.732 mg. Subs. (dried in desiccator), 3.70, 7.40, 5.507 

7 Robertson and Robinson, J. Chem. SOC., 2205 (1927). 
Ref. 7, p. 2206. 
Willstatter and Mallison, Sitzb. Preuss. Akad. Wiss., 775 (1914). 
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mg.: AgCl, 0.879, 1.610, 1.196 mg. Subs. (dried by standing in high vacuum over Na- 
OH for six days), 4.783 mg.: AgC1, 1.037 mg. Calcd. for C30H2,Ol~Cl + 2Hz0: C, 
55.80; H, 3.91; C1, 5.51. Found: C, 55.67, 55.58, 55.47; H, 4.23, 3.87, 4.15; Cl, 
5.88, 5.38, 5.37, 5.36. 

(2) To a boiling solution of 10 g. of quercetin in 300 cc. of acetic anhydride, 40 
g. of zinc dust was added in three portions, causing the solution to turn deep red. After 
heating for forty-five minutes over a Bunsen flame, the cooled solution was poured into 
500 cc. of ST0 hydrochloric acid, the zinc dust being carefully extracted with hot glacial 
acetic acid. The light yellow colored reduction product was dissolved in 175 cc. of 
absolute alcohol and heated for two and one-half hours with 75 cc. of concentrated hy- 
drochloric acid, during which time the solution turned deep red; 50 cc. of water was 
added, and the solution concentrated, a further 50 cc. of water being added after some 
time. The solid (8.5 g ) which separated was collected, dried and then dissolved in 
75 cc. of alcohol, to which was added 75 cc. of 12y0 hydrochloric acid. On concentra- 
tion of the solution, 5.3 g. of prismatic crystals, containing only 3.% of chlorine, was ob- 
tained. This product was rejected. On further concentration, 2.4 g. of a substance 
containing 5.5Y0 of chlorine was obtained and dissolved in 50 cc. of methyl alcohol, 
the solution being concentrated in the presence of 50 cc. of 12% hydrochloric acid. 
Well-defined prisms which resembled the reduction product of Willstatter and Mallison 
in every respect were obtained. 

Anal. Subs. (dried in desiccator), 9.108, 4.032 mg.: CO,, 18.649, 8.237 mg.: 
HzO, 3.361, 1.520 mg. Subs. (dried in desiccator), 5.132 mg.: AgC1, 1.098 mg. Calcd, 
for C30H21012C1 + 2HzO: C, 55.80; H, 3.91; C1, 5.51. Found: C, 55.85, 55.71; H. 
4.11,4.19; C1, 5.29. 

7,7'-Dimethylquercetylene Chloride (Compare V).-The reduction with zinc dust 
(40 g.) in acetic anhydride (100 cc.) was carried out according to Robertson and 
R~binson,~  with the exception that not rhamnetin, but tetra-acetylrhamnetin (4.5 g.) was 
employed for the reaction. The use of acetylrhamnetin offered the advantage that  in- 
stead of an ill-defined, sticky product, as observed by Robertson and Robinson, a definite 
yellow solid was obtained. The hydrolysis of this acetylated reduction product, as well 
as its purification, was carried out according to these workers, and the product obtained 
corresponded to theirs. 

Anal. (Air-dried product) Subs., 3.191, 4.568 mg.: COz, .6.047, 8.657 mg.: HzO, 
1.304, 1.882 mg. Subs., 3.806 mg. : AgC1, 1.445 mg. Subs., 4.136 mg. : AgI, 2.608 
mg. (Pregl-Zeisel). Calcd. for CiaHisOsCl + 2H2O (rhamnetinidin chloride): C, 
51.54; H, 4.56; C1, 9.53; OCHs, 8.32. Found: C, 51.68; 51.65; H, 4.57, 4.61; C1, 
9.39; OCH3, 8.32. (Dried in desiccator.) Subs. (after standing for twenty-four hours). 
5.219 mg. : AgCl, 1.558 mg. Found: C1, 5.39. Subs. (after standing for four days), 
5.613, 5.388 mg.: AgC1, 1.176, 1.101 mg. Found: C1, 5.18, 5.06. Subs. (after standing 
for five days), 3.843 mg.: AgCl, 0.796 mg. Subs. (after standing for twelve days), 
6.932 mg.: CO,, 14.419 mg.: HzO, 2.937 mg. Subs. (after standing for fifteen days), 
8.332 mg.: CO2, 17.362 mg.: H20, 3.520 mg. Calcd. for C32H25012Cl + 2He0: C1, 
5.25; C,57.1; H,4.34. Found: C1,5.12; C,56.73,56.84; H,4.74,4.73. 

In eonnection with these analyses it is noteworthy that true pyryllium compounds 
have constant chlorine content; thus, for example, 3,5,7,3',4'-pentahydroxyflavylium 
cliloride, prepared according to Pratt and Robinson,'o remains constant after standing 
in a desiccator for many months. 

Anal. Subs, 5.494 mg.: AgCI, 2.301 mg. Calcd. for C16H1106Cl + HzO: C1, 
10.42. Found: C1, 10.36. 

lo Pratt and Robinson, J. Chem. Soc., 127, 172 (1925). 
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Xanthylene Ferrichlorides 
Manoferrichloride (IX).-Into a suspension of 0.22 g. of xanthylene in 50 cc. of 

alcohol, gaseous hydrogen chloride was passed for fifteen hours a t  OO. After standing 
overnight in the ice chest, the solution was filtered from the unchanged xanthylene 
(0.12 g.), and to the yellow solution a concentrated solution of ferric chloride in concen- 
trated hydrochloric acid was added, until a cloudiess was produced, the solution being 
kept cool. The solution was diluted with concentrated hydrochloric acid, when, on 
standing, the ferrichloride separated in glittering, yellowish-brown scales which could 
not be recrystallized without decomposition, either from glacial acetic acid, benzene or 
alcohol. The product did not melt below 320 ". 

Anal. Subs., 4.549 mg.: COZ, 9.199 mg.: HzO, 1.317 mg. Subs., 6.650 mg.: 
AgCl, 6.879 mg. Calcd. for C2sHlrOzFeC14: C, 55.81; H, 3.04; C1, 25.40. Found: 
C, 55.15; H, 3.24; C1,25.66. 

Diferrichloride (X).-To a suspension of 0.5 g. of xanthylene in 5 cc. of glacial 
acetic acid was added 5 cc. of glacial acetic acid saturated with chlorine. The reddish- 
brown solid formed was dissolved in 25 cc. of concentrated hydrochloric acid and to 
the red filtered solution was added a concentrated solution of ferric chloride in concen- 
trated hydrochloric acid. The brick-red solid (0.4 g.) was crystallized from a large 
quantity of glacial acetic acid, brick-red, glittering prismatic needles which did not melt 
below 320 O, being obtained. 

Anal. Subs., 5.101, 4.388 mg.: COz, 7.802, 6.679 mg.: HzO, 1.100, 0.895 mg. 
Subs., 8.085 mg.: AgC1, 12.236 mg. Calcd. for CzaHleOzFezCls: C, 41.27; H, 2.12; 
C1,37.57. Found: C, 41.71; 41.51; H, 2.41, 2.28; C1, 37.44. 

If, to a hot solution of 0.5 g. xauthylene in 250 cc. of glacial acetic acid, a concen- 
trated solution of ferric chloride in concentrated hydrochloric acid was added, a deep 
red solution was produced instantaneously, deep red needles being deposited on stand- 
ing. The product (0.7 g.) crystallized from a large quantity of glacial acetic acid in 
carmine-colored needles which did not melt a t  320". They proved to be a mixture of 
the mono- and diferrichlorides. This is in agreement with the results of Lowenbein," 
who has shown that the hydrogen atom marked* in Formula (IX) is easily oxidized 
by ferric chloride in the pyryllium series. The production of a mixture consisting of 
(IX) and (X) is therefore evident. 

Anal. Subs., 8.163, 5.244 mg.: COz, 13.098, 8.471 mg.: HzO, 2.218, 1.403 mg. 
Subs., 3.528 mg.: AgCl, 4.867 mg. Calcd. for C~6H1~02FeC14; C, 55.81; H, 3.04; C1, 
25.40. Calcd. for CnaH~aOzFezCls: C, 41.27; H, 2.12; C1, 37.57. Found: C, 43.76, 
44.06; H, 3.04,2.99; C1, 34.13. 

In  conclusion we wish to thank Miss C. M. Fear for all the analytical data 
recorded in this communication. 

Summary 

It is shown that the reduction of quercetin leads to a dimolecular reduc- 
tion product, quercetylene chloride, instead of t o  cyanidin chloride, as 
stated in the literature; and that a similar reduction product, 7,7'-di- 
methylquercetylene chloride, is obtained from rhamnetin. 

l1 Lowenbein, Ber., 57, 1517 (1924). 
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THE INDUCED ADDITION OF ETHYLENE AND CHLORINE 
BY T .  D. STBWART AND DONALD M  SMITH^ 

RSCEIVSD FEBRUARY 16, 1930 PUBI,ISH@D JULY 3. 1930 

In  a previous paper1 i t  was shown that when chlorine gas and ethylene 
gas react a t  the surface of the containing vessel, there is formed mo- 
mentarily a product which is not ordinary ethylene dichloride. This inter- 
mediate product may either react rapidly with chlorine to yield 1,1,2- 
trichloro-ethane and hydrogen chloride or i t  may be converted into stable 
ethylene dichloride. This latter step is promoted by oxygen. These 
changes are expressed in the following equations, the reactants being 
considered as gases although the reaction takes place upon the wall. 

catalyst 
c 2 1 1 4 ~ 1 , )  + c!x(,,) -----+ C2H4C12* 

0 2  
C Z H ~ C ~ Z *  -+ CZHL!IZ(~~~) + 36,400 calories 

wall 
(11) 

Deactivator 
C ~ H ~ C I B *  4- Cle(gas) + C?HzC13* + HC1 ------- -+ CzH,Cl~gs~) + HCl(ga,) + 

58,100 calories (111) 

The starred formula represents the intermediate compound of high energy 
content, which appears only a t  the surface and may involve the catalyst in 
its composition or be adsorbed upon the glass surface. Evidence that i t  is 
an activated form of ethylene dichloride is presented later. 

We now propose to examine the mechanism by which tlie reaction energy 
is used to induce the first reaction (Equation I). This reaction is the rate 
determining step of the total reaction and its specific reaction rate is as- 
sumed to have two components. First there is the thernral coniponeiit, 
or specific thermal reaction rate, with which the reaction energy is not 
concerned. This rate is determined by the catalytic conditions and the 
temperature. The reaction is autocatalytic under the conditions used and 
the catalyst is the reaction product, ethylene dichloride or trichloro- 
ethane, which, if present as a liquid film upon the surface, is considered to  
be of constant activity. The second component is the induced reaction 
rate, whose magnitude depends upon that of the thermal rate, and upon 
the length of the reaction chains2 

catalyst 
C2H4 f C12 ----+ CZH4Cl; 

C2H4C1: + CJTi f Cln --+ 2C2114Cl:. . . . . . (Ia) 

and by Squation I11 
C2HzC1: + CzH4 + Clz + C2I-IjCl; + C2HdCl:. . . . . . (Ib) 

Stewart and Smith, THIS JOURNAL, 51, 3082 (1929). 
The efficiency of propagation of the chains is very low, otherwise the reaction 

rate would approach that  of a n  explosion. Occasional explosions in highly condensed 
systems support this mechanism. 
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If we assume that for the reaction product to act 2,s a catalyst it must be 
activated, then for the thermal rate the activated catalyst is in thermal 
equilibrium with the main mass of the catalyst, whereas the induced com- 
ponent of the reaction is caused by the production during the reaction of 
activated catalyst in excess of thermal eq~ilibriurn.~ The sum of these two 
components is the quantity experimentally determined and is termed the 
enhanced specific reaction rate. 

The method of experimentation has already been described. 

The Specific Thermal Reaction Rate 

Subsequent to the series of experiments described in the previous paper, 
the addition reaction4 was studied in the presence of oxygen to insure the 
minimum of any induced reactions. In  this way the purely catalytic in- 
fluence of trichloro-ethane and of ethylene dichloride could be compared. 

Table I gives a summary of the results. In the last column the second 
order reaction rate constants are given as an arithmetical average of the 
various values calculated by intervals, together with the mean deviation 

TRICHLORO-ETHANE AND OF A MIXTURE OF THE TWO, DEPOSITED UPON AN EVACUATED 

GLASS SURFACE, UPON THE RATE OF ADDITION OF ETHYLENE AND CHLORINE GASES 

Pressures are in centimeters of mercury. dxldt = K1',(a - x)(b - x). Pressure of 
oxygen, 35.0 cm. 

Part A. Temperature, 20.0" 
Vapor pressure Initial concentrations K: X lo3 

Expt. Catalyst Initial Final Chlorine (a) Ethylene (b) (average) 

7-2 CzH4Clz 6 . 1  6 . 0  5 . 7  16.10 1.8*0.10 
7-3 CdIzC13 1 . 8  2 5 5.09 14 89 1.3*0.15 
7 4  Mixture 3 . 6  3 9 4 .28  15.59 1 .5+0.26  
7-5 Mixture 3 . 6  3 . 8  14 52 4.26 1 . 3 + 0  10 
7-6 Mixture 3 . 6  4 . 5  13.51 13.43 3.1*0.35 

Part B. Temperature, 10.3' 
7-7 Mixture 2 . 5  2 . 9  4.78 14.41 3 . 7 e 0 . 1 5  

Direct activation of ethylene and chlorine through collision, sufficient t o  bring 
about reaction, seems unlikely since alone they do not react a t  all upon dry glass sur- 
faces. For the thermal reaction a t  least, the catalyst must be adsorbed upon the 
surface. The fact that the thermal reaction rate has a negative temperature coefficient 
indicates the reversible formation of a compound or "complex" between the catalysts 
and reactants. 

In  this paper the term "addition reaction" refers to  that series of steps as  out- 
lined above which results only in ethylene dichloride (I and 11). The term "substitu- 
tion reaction" correspondingly denotes trichloro-ethane as the sole (organic) product 
( I  and 111). The term "induced addition reaction" involves only the rate-determining 
step (Equation I, I a  or Ib) of these two reactions and indicates an enhanced rate of 
either addition or substitution, depending upon the nature of the following reaction. 
"Induced substitution" refers only to Equation 111. 
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from the average. There was no pronounced trend in the constants for 
any one experiment. 

The variation of the specific reaction rate with variation in the composi- 
tion of the liquid phase is small, in the presence of a large amount of 
oxygen. The numerical magnitude of the constants reported in the previ- 
ous paper are in good agreement when all the factors governing the reaction 
rate are considered. It would appear that ethylene dichloride is a better 
catalyst than is trichloro-ethane, but this conclusion is inconsistent with 
the data presented in the previous paper. I t  is believed that the trichloro- 
ethane is the better catalyst (when adsorbed) and is also a more efficient 
deactivator, so that the difference in reaction rates in Expts. 7-2 and 7-3 
is simply an indication that the chain or induced part of the reaction is 
more inhibited by trichloro-ethane than by ethylene dichloride. As will 
appear later, chlorine is a powerful deactivator, so that its inability to  re- 
duce the constant in Expt. 7-5 to a lower value than 1.3 X may be 
taken as an indication that this value, with the mixed liquids as catalyst, 
represents the true thermal specific reaction rate. It is important to note 
that large variations in the composition of the liquid film produce small 
changes (40%) in this specific reaction rate, as compared to the effect 
(1000%) of oxygen (see next section). In Table I we have the first indi- 
cation of the effect upon the specific reaction rate of the relative flroportion 
of the reactants. When either one is in excess, the reaction is slower, excess 
chlorine being more effective than excess ethylene in lowering the specific 
reaction rate. This fact alone indicates the existence of an induced addi- 
tion reaction even in the presence of thirty-five centimeters' pressure of 
oxygen and with the mixed liquids as a film upon the surface. Excess of 
ethylene almost eliminates the chain reaction, and excess of chlorine re- 
duces the reaction rate to the thermal value. Finally i t  must be presumed 
either that the catalytic activity of ethylene dichloride and of trichloro- 
ethane are nearly equal, or that only one (trichloro-ethane) is the effective 
catalyst, regardless of its relative amount. The latter view is supported 
by the existence of an inhibition period when saturated ethylene dichloride 
vapor is initially present but not in the presence of trichloro-ethane vapor. 
The catalyst is active only when adsorbed upon the wall, which accounts 
for the effectiveness of small amounts as compared to large amounts. On 
this view, liquid ethylene dichloride is not a strong catalyst, but as a liquid 
supports the induced part of the enhanced reaction rate. 

The deactivating conditions described above seem adequate largely to  
eliminate the induced substitution (Equation 111). For this purpose oxy- 
gen appears almost specific. Water vapor had little effect upon the sub- 
stitution. 

The Enhanced Reaction Rate 
In  the absence of oxygen the specific rate of the reaction is much greater 
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than in its presence. Table I1 presents the results of some typical experi- 

Catalyst, liquid reaction products; temperature, 20.0°; pressures in cm. of mer- 
cury; time in minutes. A is the pressure of ethylene, B that of chlorine and x that  of 

d s  dx 
the ethylene used up, then, (1) - = K: ( A  - z ) ( B  - x) (2)  = K: ( A  - x)(B - 2s). at 
The constant is calculated by idtervals, and the pressures correspond to the times of the 
first and last constant calculated. 

Expt. 5-9 Expt. 6 4  Expt. 6-5 Expt. 7-1 
Partial pressures Partial pressures Partial pressures Partial pressures 
Initial Final Initial Final Initial Final Initial Final 

C2H4 11.72 
Clz 7 . 3 5  
Vapor 1.85 

Time 

80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
9 1 
93 
95 
97 
99 

101 
105 

Time K !  X 1 0 3  

16 . . 
17 11.5 
18 16.7 
19 18.2 
20 22.0 
21 34.6 
22 32.7 
23 32.7 
24 31.3 
25 31.3 
27 20.2 
29 19.7 
31 21.0 
33 K," X 103 

44 . . 
49 21.5 
54 27.0 
59 23.0 

Time 

14 
15 
16 
17 
18 
19 
20 
2 1 
22 
25 
32 

Time 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

The law for the reaction rate which is here used would not seem to be 
satisfactory, since a marked trend in the constants usually is found. Other 
laws, such as those involving other powers of the pressures than unity, were 
less satisfactory. Moreover, under deactivating conditions this law is 
very satisfactory and the increase in the magnitude of the constants over 
the values given in Table I, together with the trends, finds a reasonable 
explanation on the basis of the factors developed in the succeeding section. 

The enhanced specific reaction rate is seen to be from five to twenty times 
that of the thermal rate. Accordingly, upon the assumption that the 

If the reaction were mostly substitution, bu t  partly addition, the addition re- 
action was presumed to occur exclusively a t  the end of the reaction when the chlorine 
concentration was low. There would be a short period in which the two reactions 
would be concurrent, i. e., Equation I being succeeded in part by Equation I1 and in 
part by Equation 111, but finally the latter would disappear. 



July, 1930 T H E  INDUCED ADDITION OF ETHYLENE AND CHLORINE 2873 

thermal reaction initiates the induced chains, these chains are seen to in- 
volve on the average from five to twenty links. The product formed by 
the induced reaction is then over 80% of the total, and the enhanced rate 
is largely dependent upon factors affecting the induced reaction. 

Discussion of Results 

Variables Affecting the Enhanced Specific Reaction Rate.-These may 
be listed as follows: (1) catalyst for the thermal reaction, (2) the extent 
of the liquid film, (3) ratio of the pressures of the reactants, (4) actual 
pressures of the reactants, (5) deactivators other than the reactants and 
products, (6) temperature. 

The first variable has already been considered. The other variables are 
used in tentative explanation of the apparent autocatalysis after separation 
of the liquid film, and the decrease in the constant toward the conclusion of 
the reaction (Table II).6 Since the specific thermal reaction rate is con- 
stant in the presence of the liquid film and affected only slightly by small 
variations in its composition, this autocatalysis is to be ascribed to  an effect 
upon the induced reaction of a changing condition within the film itself. 
The continued formation of the reaction products as liquids, with drainage 
to the bottom of the vessel, leads to a steady state condition of maximum 
opportunity for the induced reaction. The reaction within the liquid film 
(or accompanying its presence) is not thermally initiated, but is induced 
within the liquid phase by the thermal reaction occurring a t  the glass- 
liquid or glass-vapor interface. This statement is proved by the facts that 
separation of liquid in the presence of oxygen does not cause such a large 
increase in reaction rate, and that upon ordinary glassware the reaction is 
not autocatalytic. Hence the increasing reaction rate is connected with 
the setting up of a steady condition of the liquid film, modified by any 
changes in composition of the film during the reaction. A higher vapor 
pressure indicates a higher percentage of ethylene dichloride. This in turn 
permits an increased chance of induced addition reaction (greater specific 
enhanced reaction rate) and also an increased chance of the induced substitu- 
tion reaction (Equation 111). Thus in Expt. 7-1, in the presence of liquid 
ethylene dichloride and excess ethylene, the reaction is very rapid, some- 
what autocatalytic (no inhibition period), and comfiletely substitution. 

The third and fourth variables account for the falling off in the specific 
reaction rate of the enhanced reaction. This phase of the work is still 
under investigation, since the evidence concerning them is confused with 
changing composition and character of the liquid film. Table I presents 

6 At zero time there was no vapor present in Expt. 5-9 so that collsiderable time 
elapsed before the separation of liquid and any reasonable approach to constant cata- 
lytic conditions. In Expts. 6 4  and 6-5 there were 3.7 and 5.4 cm. pressure of ethylene 
dichloride present a t  zero time, respectively, and in Expt. 7-1 liquid ethylene dichloride 
was present a t  zero time. 



2874 T. D. STEWART AND DONALD M. SMITH Vol. 52 

the best evidence that the chance of an indi~red addition reaction is in- 
creased when the reactants are in equal concentrations. There is reason 
to  believe the maximum chance should occur a t  this point under otherwise 
given conditions. Table I11 presents what other evidence there is that 
excess of either reactant in the absence of oxygen reduces the specific 
reaction rate. 

TABLG 111 
THE EPFECT OP THE RELATIVE PROPORTIONS OF THE REACTANTS UPON THE SPECIPIC 
ENHANCED REACTION RATE UNDER FAIRLY CONSTANT CATALYTIC CONDITIONS AND 

UNIFORMITY ob LIQUID FILM 

Temperature, 20.0'. All pressures are in cm. of mercury. No oxygen or water 
present. 

Vapor Pressure of reactants 
Expt. pressure Chlorine Ethylene K: X 10' K: X 103 

6 4  2.6 5.0 3.8 . . 3 1 
G 9  3.3 6.0 0.7 1.5 
6 4  2.6 1.5 2.0 22 
5-9 2.1 1.5 8 5 16 
6-5 3 9 1.5 13.8 16 
6-8 3.7 1.5 15.7 8 
7-1 5.8 1.5 13.6 25 
6 4  2.6 7 5 5.0 32 
6-9 3.7 15.1 5.0 2.7 

6 4  2.6 0.9 1.5 22 
6-9 3.3 7.7 1.5 2.5 

Excess of chlorine is very effective in eliminating the chain reactions, 
excess of ethylene less so. The results of Expt. 7-1 again indicate that the 
composition of the liquid film is very important in determining the extent 
of the induced reaction, or the length of the reaction chains. 

The chance that the reaction energy is used to induce further reaction is 
greatest when there is equal chance of collision of the reactants with the 
activating center. If there is a greater chance of chlorine molecules striking 
this center than of ethylene, the reaction energy will be dissipated among 
the chlorine molecules, and vice versa.' Thus a decrease in the specific 
rate constant is to be expected if one constituent is used up a t  a different 

The inefficiency of propagation of the chains infers a high sensitivity to de- 
activators, which is inconsistent with the fact that the total quenching of the induced 
part of the reaction has been difficult t o  achieve. The answer to  this anomaly may lie 
in part in the heterogeneous character of the reacting system; on the other hand, 
since both chlorine and ethylene may act as deactivators as well as reactants, the 
length of the chain may depend in part upon the ratio of their concentrations, and 
within limits be largely independent of their actual concentrations. This factor must 
be studied further, but it  suggests that increase in reactant concentration automatically 
increases the deactivation capacity and, conversely, if one is depending upon excess 
of one reactant, as in the present instance, to  help eliminate the chains, a very large 
excess may be required. Adsorbed oxygen, trichloro-ethane and chlorine appear t o  be 
the best deactivators, but none is effective in traces only. 
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rate than the other, leaving one in increasing excess as the reaction pro- 
ceeds, and even a t  equal concentrations the specific reaction rate may de- 
crease with decreasing concentration of the reactants. This was observable 
in Expt. 7-6 (Table I) in which, after the pressures of ethylene and chlorine 
fell to 2 cm. of mercury, the constant for the reaction dropped to  the value 
2.3 X A further explanation of this decrease in rate could be found 
in the idea that the uniformity of the film of liquid influenced the induced 
reaction. As the reaction slows, the rate of deposition of liquid lessens and 
the character of the film may change. The heterogeneous character of 
the reaction suggests other factors such as adsorption and diffusion which 
may play a smaller part in this effect. 

The fifth and sixth variables require no further comment. Three ex- 
periments (not included above) made a t  10.0' in the absence of oxygen 
indicate a negative temperature coefficient for the enhanced reaction rate, 
with some indication that a t  lower temperatures a positive coefficient might 
be found, i. e.,  the induced reaction may disappear faster with lowering 
temperature than is compensated for by the negative temperature co- 
efficient of the thermal reaction. 

The Reaction Mechanism and the Nature of the Intermediate Prod- 
uct.-The equations presented above represent the proposed mechanism 
of the reaction. Only one mole of hydrogen chloride is formed for each 
mole of ethylene that reacts, even in the presence of liquid ethylene di- 
chloride and excess of chlorine. It seems evident that the energy of addi- 
tion is available to induce the exothermic substitution, and the substitution 
may induce the addition, but the total energy of the two reactions is not 
utilized to induce further chlorination. There are three possible reasons 
for this. First, the trichloro-ethane may rapidly distribute the excess 
energy to the walls, or other inert substances, before the collisions occur 
which are necessary to promote further substitution. Second, the energy 
may not be transferable from the trichloro-ethane to ethylene dichloride 
and chlorine in such a way as to induce substitution, even though collisions 
could take place during the life time of the energy laden trichloro-ethane. 
The total energy might be transferred to another molecule of the same kind, 
but not to one of a different kind. Third, the evolution of hydrogen chlo- 
ride may be a factor in the rapid distribution of the reaction energy. 

Whenever trichloro-ethane is formed, the chain reaction leading t o  
chlorination is broken, and the question arises as to whether the reaction 
energy is ever actually transferred to a second molecule in such a way as t o  
activate that molecule for a specific reaction. The induced substitution 
reaction (Equation 111) need not presume such a transfer, since the mole- 
cule chlorinated may be the precise molecule formed in the addition re- 
action (squation I). However, it was shown in the previous article that  
the presence of ethylene dichloride enhanced the chance of the substitution 
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reaction, and that the presence of other substances, notably oxygen, de- 
creased that chance. 

This effect of the ethylene dichloride could be explained as follows. 
(I) Of all the deactivators present, ethylene dichloride is the only one 
which could receive the reaction energy and utilize it to promote a sub- 
stitution. This presumes a transference of energy of high intensity from 
one molecule to another. The chance of an ethylene dichloride molecule 
possessing the energy would depend in part upon the relative concentra- 
tions of the various substances present and hence the chance of substitution 
would increase in the presence of ethylene dichloride. (2) Normal ethyl- 
ene dichloride might prolong the life of an activated ethylene dichloride 
through association, or, in the liquid film, by offering mechanical protection 
or a medium of existence apart from the wall where i t  was formed. (3) 
Chlorine is a deactivator and, having received the energy of reaction, its 
chance of taking part in a substitution reaction would be enhanced by the 
presence of ethylene dichloride. However, the fact that when chlorine 
does act as a deactivator the amount of substitution does not exceed the 
maximum represented by the above equations, would appear to eliminate 
this view from serious consideration. 

There is, then, good reason to believe that a normal ethylene dichloride 
molecule may receive the reaction energy, being itself activated suffi- 
ciently to  react with chlorine; but the source of the energy is a "nascent" 
ethylene dichloride, termed above an "intermediate product," and except 
for their energy content the two molecules are identical. Equation I1 
then becomes reversible under these specific conditions, i. e. ,  the source 
of the activation energy is an ethylene dichloride molecule of high energy 
content. 

It should also be noted that although the reactions represented by Equa- 
tions I and I1 may be reversible, the intermediate addition product is usu- 
ally not in equilibrium with either the reactants or the final product during 
the reaction. Its formation is the slow step in the total reaction, and its 
rate of formation depends upon other processes, such as activations or 
complex formation, involving the reactants and catalysts. These in turn 
are in true equilibria, except as noted hereafter. 

The thermal reaction requires a catalyst, which in the case of an evacu- 
ated glass surface is either ethylene dichloride or trichloro-ethane, or both, 
which are adsorbed.& The negative temperature coefficient of the rate of 
the reaction indicates an equilibrium involved in the rate determining 
step, of the type 

0 

If water is present it is preferentially adsorbed and the reaction is not auto- 
catalytic. Upon a paraffin surface there is no adsorption and no reaction. I t  is 
probable that  if the dry liquid reaction products were used as a solvent, in the dark, 
there would be little or no homogeneous reaction. 
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Catalyst (activated or adsorbed) + Cle 3 Complex + Heat  (IV) 
Complex + CzHq --+ Product (activated) ( v >  

The equilibrium represented by Equation IV involves not the catalyst as 
a whole, but only that portion capable of entering into complex formation, 
such as some activated form. The reason that the surface-adsorbed 
catalyst is more effective than the liquid may be that adsorption stabilizes 
the complex formation or lowers the activation energy. To the extent that  
the catalyst may become activated in the liquid phase, a liquid phase re- 
action will take place. 

I t  is then apparent that the intermediate reaction product (Equation I) 
is a potential catalyst itself, and represents an amount of activated catalyst 
in excess of that in true thermal equilibrium. By Equation IV this means 
a higher concentration of the complex chlorine addition product and hence 
a faster or enhanced specific reaction rate. 

According to this picture of the mechanism, there is no essential differ- 
ence between the thermal and the induced reactions. Photons, or any 
other source of activation within the liquid phase, might induce the reac- 
tion, and there is evidence

g 
that light induces a gas phase reaction under 

the conditions of the present experiments. Of particular importance is the 
idea that by this mechanism the reaction energy need not be transferred 
a t  all from one molecule to another to induce the rate-determining step of 
the reaction. The presence of the liquid film brings about a faster reaction 
either by permitting the surface-formed intermediate to  escape from the 
surface with its energy, thereby initiating a reaction chain within the liquid, 
or receives this energy by transfer with the same result. 

Summary 

The addition of ethylene and chlorine is probably a chain reaction, being 
self-induced. The role of the catalyst for the thermal reaction and the 
mechanism of the induced reaction are discussed. 

BERKELEY, CALIPORNIA 

To be presented in a separate communication. 
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ROTENONE. VI. DERRIC ACID 
BY F. B. LAFORGE AND I,. E. SMITH 

RECEIVED FEBRUARY 21, 1930 PUBLISHED JULY 3, 1930 

It has been established that the rotenone molecule is composed of two 
component parts which are joined together on the one hand by a chain of 
carbon atoms containing a carbonyl group and on the other by a lactone 
linkage. 

Tubaic acid, C12H1204, corresponds to the first part and is obtained by 
boiling rotenone with alcoholic potassium hydroxide. Although a great 
deal has been learned about this cleavage product, its constitution has not 
yet been fully established, and it is a t  the present time the subject of 
further investigations. 

Derric acid, which corresponds to the other half of the rotenone mole- 
cule, was isolated by us and described in a previous comm~nication.~ 
I t  is a dibasic acid having the formula C12H1407 and contains the original 
methoxyl groups of rotenone as well as the carboxyl group which, as the 
lactone group, is present in rotenone and many of its derivatives. Derric 
acid was prepared by peroxide oxidation of an acid having the formula 
CzsH240s, which was obtained by treating dehydrorotenone with alcoholic 
potassium hydroxide, with or without the addition of zinc dust.2 The yield 
of derric acid has been subsequently improved and it is now far more easily 
accessible than tubaic acid. Although its constitution is not yet fully 
established, we have nevertheless accumulated sufficient data to obtain a 
general idea of its nature. Derric acid is optically inactive. Oxidation 
by means of alkaline permanganate gives a dibasic acid which melts a t  263' 
with evolution of carbon dioxide3 and which is represented by the formula 
Cl1Hl2O7. I t  forms a crystalline barium salt. Chromic acid oxidation of 
derric acid apparently gives the same compound but in much smaller yield. 
Energetic permanganate oxidation in neutral or acid solution destroys 
derric acid almost entirely, but in some experiments a very small yield of a 
monobasic acid was obtained which may have the formula ClaHlz05. 
However, the yield of this acid is a t  the best very small, and often none a t  all 
is obtained. In no case has it been possible to obtain a compound having 
the formula of a dimethoxybenzoic or dimethoxyphthalic acid. 

All these facts indicate that derric acid is a dimethoxyphenylhydroxy- 
COOH 

succinic acid of the formula (CH30)2(C6Hs)COH and that its oxidation prod- 
CH2 

I COOH 
uct is a dimethoxyphenyltartronic acid. Derric acid is thus the hydroxy 

1 LaForge and Smith, THIS JOURNAL, 52, 1091 (1930). 
* Butenandt. Ann., 464, 252 (1928). 

Derric acid itself does not evolve gas on fusion. 
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derivative of the acid which corresponds to the second part of the rotenone 
molecule and which would itself be a dimethoxy-phenylsuccinic acid of 

COOH 
formula (CHs0)2(CsH3jCH . We are now attempting the synthesis of 

CH2 
(11) COOH 

these acids. 
Butenandt, in his most recent a r t i~ l e ,~  gives considerable attention to 

dehydrorotenone and other compounds of the dehydro series. He ad- 
vances the suggestion that the loss of the two hydrogen atoms involved in 
the formation of the dehydro compounds takes place in the half of the 
molecule which we represent by derric acid and not in that half correspond- 
ing to tubaic acid. This is a possibility which we have also considered. 
In many respects such a theory is in close agreement with the facts. For 
instance, if the grouping involved is represented by the partial formula I, 

-C 
resented by the change to 111. II . Also, dehydrodihydroxyrotenonic 

CI-I 
011) coo- 

acid C23H2408 (derris saure according to Butenandt) might contain the 
co- 

grouping IV -&OH which in turn would be expected to yield derric acid 
$Hz 

I 
(IV) COOH 

on oxidation. Furthermore, tubaic acid does not yield dehydrotubaic acid. 
We have, however, abandoned this theory for the following reasons. 

First, dehydrorotenone and its analogs dihydrodehydrorotenone and de- 
hydroisorotenone are formed by dehydration of hydroxyl derivatives.' 
As far as this goes, it is also possible that these hydroxy derivatives could 
contain the grouping IV but with the lactone group still intact, and that 
the elements of water could be extracted to form dehydrorotenone and then 
two molecules of water added again to form the acid of formula C23H2408, 

with the opening of the lactone ring. In that case the hydroxyl derivatives 
(rotenolone, etc.) would be expected to give the same acid as the corre- 
sponding dehydro derivatives. Nothing of the kind happens, but roteno- 
lone or acetylrotenolone on treatment with zinc and alcoholic potassium 
hydroxide yield rotenol and derritol exactly as does rotenone itself. More- 
over, if the acid Cz3HzaO8 did actually contain the grouping IV, then i t  
should be easily dehydrated by alcoholic sulfuric acid; but instead of such 
a reaction taking place, simple esterification results and a quantitative yield 
of the ethyl ester of the original acid is obtained. 

Butenandt, Ann., 477, 245 (1930). 
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Second, although formula 111 contains an acid methylene group which 
might react with oxidizing reagents to form diketones of the rotenonone 
type, we have shown that such derivatives are in all cases derivatives of 
the dehydro series1 which would not contain the necessary methylene group 
according to the above scheme. 

Third, i t  is difficult to understand how the loss of two hydrogen atoms in 
the part of the molecule represented by derric acid could so alter the 
properties of the whole molecule with respect to the formation of derritol. 

Although we realize that the scheme which we have already proposed5 

to  explain the dehydro derivatives is open to objections, we have neverthe- 
less preferred it to the theory which we have discussed above. 

Derric Acid.-Two grams of dehydrodihydroxyrotenonic acid of formula C23H2408 
is dissolved in 25 cc. of 5% potassium hydroxide. The solution is warmed to 60°, 
and 6 cc. of 30% hydrogen peroxide added in small portions, after which i t  is boiled to  
remove any excess hydrogen peroxide. The reaction is complete when a test portion 
of the solution, diluted with water, gives no precipitate on acidifying with hydro- 
chloric acid. Usually there is formed a small amount of a black precipitate which is 
removed mechanically. A slight excess of hydrochloric acid is added, and the solution 
is extracted with ether. The ether solution is dried with sodium sulfate and the solvent 
removed. The resulting crystalline material is washed with chloroform and recrys- 
tallized by dissolving in ethyl acetate and addiug warm n-butyl ether. The compound 
melts a t  171 ". The yield varies somewhat but averages 0.4.5 g. of recrystallized acid. 

Subs., 0.1806 g. in 10 cc. of water showed no rotation in a 1-dm. tube, [a], 0. 
Oxidation of Derric Acid.-Eight-tenths of a gram of derric acid is dissolved in 100 

cc. of water, and the solution is made slightly alkaline with potassium hydroxide. The 
solution is heated on the steam-bath, and 1.8 g. of potassium permanganate dissolved in 
100 cc. of water is added in small portions. After the manganese dioxide has settled out 
the solution is filtered and the filtrste evaporated to  a small volume. When the solu- 
tion is acidified with hydrochloric acid, a white crystalline precipitate is formed which 
is filtered off and recrystallized from water. The substance crystallizes in two forms, 
one of which contains water of crystallization. When dried a t  110° it melts a t  261- 
263 ". The yield is 0.5 g. 

Anal. Subs., 0.0646, 0.0645: CO2, 0.1220, 0.1221; HzO, 0.0270, 0.0263. Calcd. 
for CllH1207: C, 51.56; H, 4.68. Found: C, 51.50, 51.66; H, 4.65, 4.53. Subs., 
0.0207: cc. of N/lO KOH, 1.55. Calcd. mol. wt. : 256. Found: 266. 

Barium Salt.-One gram of the acid was dissolved in 20 cc. of hot water, and a hot 
solution of barium hydroxide was added until the solution was slightly alkaline. The 
barium salt crystallized out a t  once and was dried a t  110 O. 

Anal. Subs., 0.1505: BaSOa, 0.0890. Calcd. for C11H1207: Ba, 35.05. Found: 
34.8. 

The original acid was obtained when the barium salt was dissolved in water and the 
barium removed with sulfuric acid; melting point, 263 ". 

Anal. Subs., 0.0636: COz, 0.1210; H20, 0.0263. Calcd. for C11H1207: C, 51.66; 
H,4.68. Found: C,51.87; H,4.59. 

When 0.8 g. of derric acid in 100 cc. of water with the addition of 1 g. of magnesium 
sulfate was oxidized by adding 1 8 g. of potassium permanganate in 100 cc. of water in 
the  same manner as described above, another acid was sometimes obtained with a 

LaForge, THIS JOURNAL, 52, 1102 (1930). 
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maximum yield of 0.07 g. It melted a t  183" and was probably a monobasic hydroxy 
acid. This acid has not been available in sufficient quantity for satisfactory study. 

Anal. Subs., 0.0520, 0.0520: COZ, 0.1095, 0.1098; I-120, 0.0272, 0.0266. Calcd. 
for CloHlzOa: C, 56.6; H, 5.66. Pound: C, 57.41, 57.57; H, 5.81, 5.68. Titration. 
Subs., 0.0159: 0.7 cc. of N i l 0  KOH. Calcd. mol. wt. : 212. Found: 227. 

Dehydrodihydroxyrotenonic Acid Ethyl Ester.-One gram of the acid was boiled 
for three hours in 10 cc. of 10% alcoholic sulfuric acid. The ester crystallized on cooling 
and was recrystallized from 95y0 alcohol. I t  crystallized in needles melting a t  9g0. 
The yield was nearly quantitative. 

Anal. Subs., 0.0704: COZ, 0.1092; H20, 0.0383. Calcd. for Cg5H2808: C, 65.78; 
H,6.14. Found: C,65.55; H,6.04. 

Summary 
Derric acid of formula Cl2Hl4O7 which is obtained by peroxide oxidation 

of dehydrodihydroxyrotenonic acid of formula CZaH2408 is oxidized by 
permanganate to  a new dibasic acid of formula Cl1Hl2O7 having the prop- 
erties of a dimethoxytartronic acid. It seems likely that the rotenone 
molecule contains the grouping corresponding to a dimethoxyphenyl- 
succinic acid. Such an assumption might explain the formation and prop- 
erties of dehydrorotenone. A possible explanation of the formation of 
dehydrodihydroxyrotenonic acid by the addition of the elements of water 
to the double bond is open to theoretical objections. 

WASHINGTON, D. C. 

SPIRANS WITH FOUR AROMATIC RADICALS ON THE SPIRO 
CARBON ATOM1 

Ullmann and VJ~rstemberger,~ by heating the crude 2-phenyltriphenyl- 
carbinol (A) with sulfuric acid, and Khotinsky and Patzewitch3 by heating 
the same with acetic acid obtained 9,9-diphenylfluorene (C). We have 
now succeeded in preparing the carbinol pure and in crystalline state, but 
our attempts to convert i t  into carbinol chloride (B) resulted invariably 

"---,  

spontaneously 

' Part of a dissertation submitted by R. G. Clarkson to the Faculty of the Uni- 
versity of Michigan in partial fulfilment of the requirements for the degree of Doctor 
of Science, 1929. 

Ullmalln and Wurstemberger, Ber., 38, 4105 (1906). 
Khotinsky and Patzewitch, ibid., 42, 3106 (1909). 
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in for~at ion of tbe szse  dlpE,eny1f%1orer,e, ever, when the mildest 
conditions of procedure were employed. 

We then prepared 9-(2-biphenyl)-9-fluorenol, anticipating greater sta- 
bility both for this carbinol and its carbinol chloride. The fluorenol could 
indeed be recrystallized unchanged from acetic acid, but the addition of a 
drop of hydrochloric acid to the solution brought about an immediate 
closure of the ring. The compound so formed, spiro-bifluorene (Formula 
I, Table I), is the simplest possible representative of that class of spirans 
in which the spiro carbon atom is linked by all its four valencies to groups 
of the purely aromatic series. Very few examples of such spirans are de- 
scribed in the l i t e ra t~re .~  This proneness of the o-biphenyl and other 
similar groups toward ring closure we have now sought to utilize in ex- 
tending our knowledge of the new type of spirans. A list of those which 
have been prepared is given in Table I, indicating the carbinols that give 
rise to the spirans. The names of the carbinols and the corresponding 
spirans are given in the experimental part. 

Experimental 
2-Phenyltriphenyl Carbino1.-2-AminobiphenyF was converted i ~ t o  2-cyanobi- 

phenyl by essentially the same procedure as has been since described by Schlcnk and 
Bergmann;= b. p. 202-204' a t  43 mm. As these authors give for their substance a 
melting point of 41 ", and ours, after recrystallization, melted a t  35-36", we have further 
verified the constitution of the compound by synthesizing i t  from o-cyanodiazonium 
hydroxide and b e n ~ e n e . ~  

2-Phenylbenzophenone was obtained by the action of phenylmagnesium bromide 
upon 2-cyanobiphenyl with a yield of 76%. When reduced with magnesium-magne- 
sium iodide m i x t ~ r e , ~  the ketone gives, instead of the expected pinacol, 9-phenyl- 
fluorene, but only in 25% yield. 

A solution of 6.5 g. of 2-phenylbenzophenone in 50 cc. of ether was added to a solu- 
tion of phenylmagnesium bromide obtained from 8 g. of bromobenzene. After re- 
fluxing overnight, the solid magnesium carbinol salt was filtered off and decomposed with 
a n  ice-cold solution of ammonium chloride. The crude solid carbinol was filtered from 
the aqueous solution of the salts, dried and recrystallized from a mixture of benzene and 
petroleum ether as large, slightly yellow clumps; m. p. 87-88'; yield, 5.2 g., or 63%. 

Anal. Calcd. for CzsHzoO: C, 89.25; H, 6.00. Found: C, 89.05; H, 5.85. Mol. 
wt. (in benzene). Calcd.: 336. Found: 338. 

The failure of previous investigators2s3 to obtain this carbinol in the solid state may 
be attributed to the partial deconlposition of the carbinol in their process of steam dis- 
tillation. The substance can be safely steam distilled only if every trace of acid is pre- 
viously removed. 

Radulescu, in the "Publications de l'Institut Chimique de Cluj," 1926-1928, 
Vols. I-V, supplies a fairly complete bibliography on spirans. We desire t o  express 
t o  Dr. Radulescu our appreciation for a copy of these publications. 

Graebe and Rateanu, Ann., 279, 257 (1894). 
Schlenk and Bergmann, ihid , 464, 33 (1928). 
Gomberg and Bachmann, THIS JOURNAL, 46, 2339 (1924). 
Gomberg and Bachmann, ibid., 49, 236 (1927). 
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When a solution of the carbinol in acetic acid is heated, an orange-red color develops: 
after a few minutes of boiling the liquid becomes filled with crystals of the colorless 
diphenyllluorene (Formula C) and the color of the solution fades completely. 

All attempts to  prepare the carbinol chloride yielded the same hydrocarbon (C). 
The chloride evidently passes over into the fluorene spontaneously, for treatment of the 
carbinol with acetyl chloride, even a t  0 ", produces the fluorene. 

An analog of 2-phenyltriphenyl carbinol, namely, 2,3',3"-triphenyltriphenyl car- 
binol, was prepared from 3-bromobiphenyl and the 
ester of 2-phenylbenzoic acid. The crude carbinol 
resisted all efforts to  obtain it  crystalline. It was 
converted into 9,9-di-(3-biphenyl)-fluorene (A) by 
heating a n  acetic acid solution of the carbinol with 
a few drops of sulfuric acid and formed colorless 

crystals; m. p. 190-193 ". 
Anal. Calcd. for CnHze: C, 94.43; H, 5.57. Found: C, 94.09; H, 5.48. Mol. 

wt. (in benzene). Calcd.: 470. Found: 480. 

9,9'-Spirobifluorene (I) 
9-(2-Biphenyl)-9-fluoreno1.-2-Iodobiphenyl was prepared from the amino com- 

pound by Sandmeyer's reaction, b. p. 183-186" a t  32 mm. Our yield was usually 7595, 
and the iodide reacted directly with ordinary magnesium, requiring no agency for ac- 
t i ~ a t i o n . ~  To the Grignard reagent from 14.0 g. of 2-iodobiphenyl was added 9 g. of 
fluorenone in small portions; the mixture was refluxed overnight on a steam-bath. 
The yellow precipitate was filtered, washed with a little absolute ether and decomposed 
with ice and ammonium chloride. The carbinol was filtered, dried and recrystallized 
from alcohol, or from a mixture of benzene a n d  petroleum ether as colorless prisms; 
m. p. 169-170"; yield, 70%. 

The compound is more stable than 2-phenyltriphenyl carbinol; a pure sample 
may be recrystallized unchanged froni glacial acetic acid. The crude carbinol, which 
contains traces of adsorbed iodine, is converted to  the spiran by such treatment.1° 

Anal. Calcd. for CzsHlsO: C, 89.78; H, 5.43. Found: C, 90.05; H, 5.27. Mol. 
wt. (in benzene). Calcd.: 334. Found: 330. 

The Spiran (I).-One drop of hydrochloric acid was added to a boiling solution of 
5.0 g. of the above fluorenol in 10 cc. of acetic acid. Boiling was continued for a minute 
or two until the yellow color disappeared, and water was then added to the hot solution 
until the latter became turbid. After cooling the solution, the large glistening plates of 
spiran were filtered and dried. A further quantity of the product was obtained by di- 
luting the filtrate with water. The compound may be recrystallized from alcohol or 
from a benzene-petroleum ether mixture; m. p. 198-199"; yield, 4.0 g. 

The spiran was also obtained by allowing a benzene-acetyl chloride solution of the 
carbinol to  stand overnight a t  room temperature. Evaporation of the solvent yielded 
large prisms of the hydrocarbon. The substance is not affected by boiling with zinc 
dust and acetic acid, and does not add bromine. 

Anal. Calcd. for C2bH16: C, 94.90; H, 5.10. Found: C, 95.07; H, 5.11. Mol. 
wt. (in benzene). Calcd.: 316. Found: 316. 

Q Gilman, Kirhy and Kinney, THIS JOURNAL, 51, 2261 (1929), gave a yield of 
51.70/0, and used activated copper-magnesium alloy to start the Grignard reaction. 

lo Compare Ref. 8, p. 246, 
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A definite proof concerning the course of our condensation reaction would be 
afforded if the same spiran (11) resulted (1) on the one hand from 9-(2-phenoxypheny1)- 
9-fluorenol (A), and (2) on the other hand from 9-(2-biphenyl)-9-xanthenoi (B). Such 
is the case. 

(A) (11) (B) 

(1) Synthesis of the Spiran (11) from 9-Flurenone 
2-Iododiphenyl Ether.-The method of Jones and Cook" was used in prepaing 

2-nitrodiphenyl ether, except that o-chloronitrobenzene was substituted for the o- 
bromo compound and the reaction was carried out a t  150 instead of 100". The nitro 
ether was reduced to  the amino ether, and through Sandmeyer's reaction converted into 
the iododiphenyl ether. 

The iodide boils a t  198-202 O at  32 mm. ; m. p. 54-56 ". 
Anal. Calcd. for ClrHgOI: I ,  42.72. Found: I, 42.88. Mol. wt. (in benzene). 

Calcd.: 296. Found: 289. 

9-(2-Phenoxypheny1)-9-fluorenol (Formula A).-It is necessary to use large 
volume of ether in preparing the Grignard reagent from the above iodide since the halo- 
magnesium compound is likely to crystallize from concentrated solutions upon the metal 
in large compact prisms. After boiling a solution of 8.9 g. of the 2-iodo compound in 
ether for two hours with 0.73 g. of magnesium, the metal had completely dissolved. 
A solution of 5.4 g .  of fluorenone was added and the mixture was refluxed overnight. 
The insoluble magnesium product was filtered, washed with a little ether, and decom- 
posed with ice and ammonium chloride. The recrystallized carbinol, slightly brown 
clumps, melted a t  154'; yield, 5.7 g. 

Anal. Calcd. for CzsHlsOz: C, 85.68; H, 5.18. Found: C, 85.47; H, 5.02. Mol. 
wt. (in benzene). Calcd.: 350. Found: 354 

The Spiran (XI).--Three g. of the carbinol was boiled for a few minutes with a 
mixture of 10 cc. of acetic acid and 3 cc. of acetyl chloride. Upon cooling the solution, 
glistening colorless crystals of spiran were obtained; m. p. 212-213"; yield, 2.2 g. 

Anal. Calcd. for C2SH160: C, 90.33; H, 4.85. Found: C, 90.28; H, 4.70. Mol. 
wt. (in benzene). Calcd.: 332. Found: 325. 

This spiran is the mother substance of the dihydroxycarboxylic acid described by 
Bischoff and Adkins. lz 

(2) Synthesis of the Spiran (XI) from Xanthone 
A solution of 4.9 g. of xanthone in 60 cc. of hot benzene was added to the Grignard 

reagent from 7 g. of 2-iodobiphenyl and the rcaction mixture boiled overnight. The 
insoluble magnesium salt was separated and decomposed in the usual way, and the 
crude product purified. The pure material crystallized in colorless needles from a 
mixture of benzene and petroleum ether; m. p. 130'; yield, 4.3 g. 

11 Jones and Cook, THIS JOURNAL, 38, 1537 (1916). 
l2 Bischoff and Adkins, ibid., 45, 1030 (1923). 
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Analysis indicated that  the substance was not the expected xanthenol (B), but a 
molecular compound of (B) with xanthone in the ratio of one to  one. Similar com- 
pounds have been reported by others.13 I n  solution, dissociation into the components 
ensues, as is shown by the molecular weight determination made upon the complex. 
The free carbinol (B) could not be obtained directly from the double compound; but 
after conversion of the xanthenol component of the complex to the spiran (11), the xan- 
thone, which remained unchanged, could be readily removed. 

Anal. Calcd. for (CzsHlsOn + C13H802): C, 83.29; H, 4.80. Found: C, 83.49; 
H, 4.82. Mol. wt. (in benzene). Calcd. for (350 + 196) + 2 = 273. Found: 275. 

One gram of the double compound was dissolved in 20 cc. of acetic acid and warmed 
an the steam-bath for three hours. Crystals of the spiran slowly separated, 0.52 g. 
being obtained. From the mother liquor 0.22 g. of pure xanthone was isolated. The 
spiro compound obtained in this way melted a t  212". Mixed with the spiran prepared 
from the fluorenol (A) i t  melted a t  212-213 O .  The structure of the spiran is thus defi- 
nitely established since it  must contain both the fluorene and xanthene rings. 

2-Iodo-4'-methyl-diphenyl Ether.-2-Nitro-4'-methyl-diphenyl ether was prepared14 
by  a procedure similar to  that for 2-nitrodiphenyl ether, from potassium p-cresylate and 
o-chloronitrobenzene. The amine was obtained from the nitro compound and was then 
converted into the iodide. The iodide distilled a t  210-215' a t  34 mm. and solidified 
t o  a mass of colorless needles; In. p. 41 O ;  yield, 74%. 

Anal. Calcd. for ClsI-11101: I ,  40.72. Found: I ,  40.94. Mol. wt. (in benzene). 
Calcd.: 310. Found: 313. 

9-(2-Phenyl p-Tolyl Ether)-6-bromo-9-fluoreno1.-The direct bromination of 
fluorenel5 was used to prepare 2-bromofluorene. The employment of repeated crystalliza- 
tions suggested by these authors was avoided by distilling the crude product under re- 
duced pressure; b. p. 234-239' at 48 mm.; m. p. 110"; yield, 65%. The bromofluorene 
was oxidized with sodium dichromate and acetic acid, and the  fluorenone twice re- 
crystallized from glacial acetic acid as beautiful yellow needles; m. p. 143-145".'6 

A solution of 15.5 g. of 2-iodo-4'-methyl-diphenyl ether in absolute ethyl ether was 
boiled with 1.2 g. of magnesium for four hours on a steam-bath. One hundred cc. of 
benzene was then added and 12.9 g. of 2-bromofluorenone was introduced in small 
portions. The mixture was refiuxed overnight and the insoluble product was then 
filtered and decomposed in the usual way; yield, 14 g. The pure carbinol formed pale 
yellow cubical crystals and melts a t  175O. 

Anal. Calcd. for CzaHleOzBr: Br, 18.03. Found: Br, 18.04. Mol. wt. (in ben- 
zene). Calcd.: 443. Found: 441. 

The Spiran (III).-Heating a concentrated solution of the above carbinol in glacial 
acetic acid, to which a few drops of concentrated hydrochloric acid had been added, 
produced the spiran as colorless needles; rn. p. 201 O. 

Anal. Calcd. for CaeH17OBr: Br, 18.90. Found: Br, 18.63. Mol. wt. (in ben- 
zene). Calcd.: 425. Found: 427. 

We had hoped to convert the methyl group to a carboxyl group, which would en- 
able us  to  form salts of the spiran with optically active bases, and thus perhaps re- 

'3 Schlenk and Hertzenstein, Ann., 372, 27 (1910); Ref. 8, p. 253. 
l4 Cook and Shenvood, THIS JOURNAL, 37, 1835 (1915). 
la Courtot and Vignati, Bull. soc. chim., [4] 41, 58 (1927). 
l6 Gomberg and Pernert, THIS JOURNAL, 48, 1378 (1926), give 14g0. 
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solve the acid into its stereoisomers. The effort was unsuccessful, since the methyl 
group could not be oxidized without destroying the spiran linkage. 

9,9'-Spirobixanthene (N) 
9-(2-Phenoxypheny1)-9-xantheno1.-To the Grignard reagent from 0.6 g. of mag- 

nesium and 7.4 g. of 2-iododiphenyl ether was added a solution of 4.9 g. of xantlione in 
25 cc. of hot benzene. The mixture was refluxed on the steam-bath overnight and the 
precipitate filtered, washed and decomposed. The recrystallized carbinol, slightly 
brownish clumps of crystals, melted at 136-137"; yield, 6.3 g. No tendency toward 
formation of a complex with xanthone was noticed in the case of this carbinol. 

Anal. Calcd. for C2~H1803: C, 81.94; H, 4.95. Found: C,  81.72; H, 4.81. Mol. 
wt. (in benzene). Calcd.: 366. Found: 365. 

The Spiran (IV).-Heating a solution of 3 g. of the carbinol in 15 cc. of acetic acid 
for three hours produced 2.2 g. of 9,9'-spirobixanthene; shining colorless needles; m. p , 
283-284" (cow.). 

Anal. Calcd. for C25H1602: C, 86.18; H, 4.63. Found: C, 86.38; H, 4.86. Mol. 
wt. (in benzene). Calcd.: 348. Found: 349. 

In this spiran there are two bridge oxygen atoms instead of one, as in xanthone. 
These oxygen atoms may, potentially, form so-called oxonium salts. In  distinction 
from xanthone, in the case of the spiran, devoid as it is of C=O groups, no evidence of 
salt formation was noticed, neither with dry hydrogen bromide nor with perchloric 
acid.17 

Spiro-9-fluorene-9'-(9,lO-dihydro-anthracene) (V) 
Attempts to prepare carbinols by the action of Grignard reagents from 2-iodobi- 

phenyl and from 2-iododiphenyl ether upon anthrone were unsuccessful. The desired 
spirans were obtained in another way, by extending the ring closures to diphenylmethane 
derivatives. 

2-Bromo-dipheny1methane.-2-Bromobenzophenone was reduced18 with zinc 
amalgam to the corresponding diphen~lmethane. The crude product was distilled and 
yielded a colorless liquid which neither solidified nor became viscous a t  0'; h. p, 192- 
198" a t  32 mm.; yield, 5070. A large amount also of higher-boiling material was formed 
during the reduction. 

Anal. Caled. for CIrHllBr: Br, 32.35. Found: Br, 32.15. Mol. wt. (in benzene). 
Calcd.: 247. Found: 252. 

9-(2-Benzylpheny1)-9-fluoreno1.-An ether solution of 2-bromodiphenylmethane 
completely dissolved 1.21 g. of magnesium in the course of four hours of boiling. Nine 
grams of fluorenone was added and the mixture was refluxed overnight. The insoluble 
yellow product was filtered, washed with ether and decomposed. The recrystallized 
carbinol, large colorless prisms, melted a t  132-133 O ;  yield, 10.4 g. 

Anal. Calcd. for CzeH2oO: C, 89.62; H, 5.79. Found: C, 89.37; H, 5.91. Mol. 
wt. (in benzene). Calcd.: 348. Found: 351. 

The Spiran (V).-Five grams of the carbinol was dissolved in 20 cc. of boiling acetic 
acid and one drop of concentrated hydrochloric acid was added. The solution became 
deep yellow and then decolorized after a few minutes of boiling. Beautiful white needles 
of the spiran crystallized from the cold solution; m. p. 207"; yield, 4.0 g. 

Anal. Calcd. for C26H18: C, 94.51; H, 5.49. Found: C, 94.55; H, 5.61. Mol. 
wt. (in benzene). Calcd.: 330. Found: 327. 

l7 Gomberg and Cone, Ann., 376, 232 (1910). 
l8 Clemmensen, Ber., 47, 681 (1914). 
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9-(2-Benzylpheny1)-9-xantheno1.-The carbinol was prepared from 0.6 g. of mag- 
nesium, 6.2 g. of 2-bromodiphenylmethane and 4.9 g. of xanthone; colorless needles, 
from a mixture of ether and petroleum ether; m. p. 146'; yield, 6.9 g. 

Anal. Calcd. for CssHzoO~: C, 85.69; H, 5.53. Found: C, 85.52; H, 5.56. Mol. 
wt. (in benzene). Calcd.: 364. Found: 369. 

The Spiran (VI).-The spiran was obtained by heating 3 g. of the xanthenol 
for two hours on the steam-bath with a mixture of 10 cc. of acetic acid and 3 cc. of acetyl 
chloride. Colorless leaflets, m. p. 257-259 (corr.). 

Anal. Calcd. for Cz6H180: C, 89.85; H, 5.24. Found: C, 89,57; H, 5.25. Mol. 
wt. (in benzene). Calcd.: 3.46. Found: 343. 

Spiro-9-fluorene-9'- (lo-phenyl-9,lO-dihydro-anthracene) (VII) 
Since 2-bromodiphenylmethane was found to react so readily with magnesium, it  

was decided to attempt the preparation of a Grignard reagent from 2-bromotriphenyl- 
methane. 

9-(2-Benzhydrylpheny1)-9-fluoreno1.-Our 2-bromotriphenyl carbinol melted a t  
104-105°.19 The carbinol was reduced to the methane by the use of concentrated hy- 
driodic acid; m. p. 84-85'. 

After twenty-four hours of boiling, a solution of 8.1 g. of 2-bromotriphenylmethane 
in 50 cc. of toluene and 50 cc. of ether had completely dissolved the equivalent amount 
of magnesium. Toluene is essential, owing to the .slight solubility of the Grignard re- 
agent in ether alone. Fluorenone, 4.5 g., was added and the mixture was refluxed over- 
night. The insoluble product was filtered from the cooled solution and decomposed in 
the  customary -way; yield, 51%. The recrystallized carbinol, colorless needles, melts 
a t  192". 

Anal. Calcd. for C32H240: C, 90.53; H, 5.70. Found: C, 90.45; H,  5.81. Mol. 
wt. (in benzene). Calcd.: 424. Found: 429. 

The Spiran (VII).-The corresponding spiran was obtained by boiling an acetic 
acid solution of the carbinol containing a few drops of concentrated hydrochloric acid 
until the brown color which first appeared had faded; white needles; m. p. 267-268" 
(corr.). 

A d .  Calcd. for Ca2HZ2: C, 94.54; H, 5.46. Found: C, 94.26; H, 5.43. Mol. 
wt. (in benzene). Calcd.: 406. Found: 408. 

Spiro-9-xanthene-9'-(10-pheny1-9,10-dihydro-anthracene) (VIII) 
9-(2-Benzhydrylpheny1)-9-xantheno1.-The reaction mixture from 4.9 g. of xanthone 

and the Grignard reagent from 8.1 g. of 2-bromotriphenylmetliane was worked up as  de- 
scribed for the preceding carbinol. White needles from benzene-petroleum ether; 
m. p. 200-205' with decomposition. Analysis and molecular weight determination 
showed the product to  be a molecular complex of xanthone with the new xanthenol, one 
t o  one. 

The Spiran (VIII).-The spiran was obtained in the usual way from acetic and 
hydrochloric acids. Colorless needles from a mixture of xylene and acetic acid; m. p. 
334335" (corr.). 

Anal. Calcd. for C ~ L H Z ~ O :  C, 90.96; H, 5.25. Found: C, 90.58; H, 5.33. Mol. 
wt. (in benzene). Calcd.: 422. Found: 431. 

l9 Gomberg and Van Slyke, T ~ t s  JOURNAL, 33, 535 (1911). Tschitchibabin, Ber. 
44, 456 (1911), gives it  as 158'. 
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Spiro-9-fiuorene-9'-(10,10-dipheny1-9,10-dihydro-anthracene) (IX) 
9-(2-3iphenyl)-lO,lO-diphenyl-9,10-dihydro-9-~thranol.--A hot solution of 6 9 

g .  of 10,10'-diphenylanthr0ne~~ in 50 cc. of toluene was added t o  the Grignard reagent 
from 5.6 g. of 2-iodobiphenyl and the mixture refluxed on the steam-bath overnight. 
The crude carbinol was extracted with petroleum ether, which removed any biphenyl 
present, and was crystallized from a mixture of benzene and petroleum ether; slightly 
yellow clumps; m. p. 231-234' with decomposition; yield, 55%. 

Anal. Calcd. for C38Hz80: C, 91.16; 11, 5.64. Found: C, 90.98; H, 5.76. Mol. 
wt. (in benzene). Calcd.: 560. Found: 497. 

The Spiran (IX).-Upon boiling a solution of the carbinol in acetic acid the liqutd 
became red-brown and deposited the spiran in glistening white needles; m. p. 363- 
364" (corr.) ; yield, quantitative. 

Anal. Calcd. for ClgHzc: C, 94.57; H, 543. Found: C, 94.87; H, 5.43. hlol. 
wt. (in benzene). Calcd.: 482. Found: 494 

Spiro-9-xanthene-9'-(10,10-diphenyl-9,10-dihydro-anthracene) (X) 
9-(2-Phenoxyphenyl)-10,10-diphenyl-9,10-hyo-9-anthrol.-The carbinol was 

obtained from 6 g. of 2-iododiphenyl ether, 0.5 g. of magnesium and 6.9 g. of diphenyl- 
anthrone by the method of preparation used for the preceding carbinol. The crude 
product was recrystallized by  extraction with benzene in a Soxhlet extractor; colorless 
microscopic crystals, only slightly soluble in benzene or toluene, m. p. 276-278" (corr.); 
yield, 74%. 

Anal. Calcd. for CasRraOz: C, 88.34; H, 5.46. Found: C, 88.32; H, 5.59. Mol. 
wt. (in benzene). Calcd.: 516. Found: 511. 

The Spiran (X.)-Boiling an acetic acid solution of the anthranol caused the forma- 
tion of the spiran; minute crystals, m. p. 377380" (corr.); yield, quantitative. 

Anal. Calcd. for C38H2cO: C, 91.53; H, 5 26. Found: C, 91.50; H, 5.16. Mol. 
wt. (in benzene). Calcd : 498. Found: 511. 

Di-spiro-9,9'-di-fluorene-9"9'"-(9,10-dihydro-anthraeene) (XI) 
9,lO-Di-(2-biphenyl)-anthraguino1.-To the Grignard reagent from 15.6 g. of 2- 

iodobiphenyl, 5.8 g. of anthraquinone, finely divided,21 was added in small portions. Two 
hundred cc. of dry toluene was then added and most of the ether was distilled. The 
mixture was boiled overnight under a reflux condenser, then decomposed in the customary 
manner and the precipitated anthraquinol was removed by filtration. The teluene 
layer was evaporated and the residue of this crude anthraquinol was extracted with 
petroleum ether, in order to  remove biphenyl from the carbinol. The amount of bi- 
phenyl (3.7 g.) corresponded to 45% of the starting iodo product and indicated a very 
incomplete Grignard reaction. The combined two carbinol samples were repeatedly 
extracted with fresh portions of alkaline sodium hydrosulfite until the liquid was no 
longer colored. The residue, now free from anthraquinone, was washed with water and 
with alcohol and thoroughly dried. The anthraquinol, very slightly soluble in the usual 
organic solvents, was crystallized by extraction with xylene in a Soxhlet extractor; 
small pearly leaflets; m. p. 353355' (corr.) with decomposition; yield, 3.6 g., which 
corresponds t o  25%. 

Anal. Calcd. for C,sHzsOz: C, 88.34; H, 5.46. Found: C, 88.50; H, 5.35. Mol. 
wt. (in quinoline). Calcd.: 516. Found: 509. 

20 Haller and Guyot, Bull. soc. chim., [3] 17, 877 (1897). 
21 Kovache, Ann. Chim., [9] 10, 227 (1918). 
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The Di-spiran (XI).-This was obtained by heating a suspension of the above 
anthraquinoi in a mixture of acetic acid and acetyi chloride for four hours; microscopic 
needles; yield, quantitative. The compound was recrystallized from quinoline; m. p. 
471474" (corr.). 

Anal. Calcd. for C38H24: C, 94.96; H, 5.04. Found: C, 94.83; H, 5.04. Mol. 
wt. (in quinoline). Calcd.: 480. Found: 454. 

Di-spiro-9,9'-di-xanthene-9 ",9"'-(9,lO-dihydro-anthracene) (XII) 
9,lO-Di-(2-phenoxypheny1)-anthraquino1.-he procedure of preparation was 

similar to that used for the preceding carbinol, using anthraquinone and the Grignard 
reagent from 2-iododiphenyl ether. The compound was crystallized from xylene, in 
which it is only slightly soluble; yield, 47%; shining colorless needles; m. p. 351353" 
(corr.), with decomposition. 

Anal. Calcd. for C3sHnsOd: C, 83.18; H, 5.15. Found: C ,  83.58; H, 5.21. Mol. 
wt. (in quinoline). Calcd.: 548. Found: 549. 

The Di-spiran (XII).-The anthraquinol just described proved more refractory in 
eliminating water than any of the others here mentioned, a mixture of acetic acid and 
acetyl chloride producing no change. The di-spiran was obtained by heating 3 g. of the 
anthraquinol with a mixture of 20 cc. of acetic acid and 2 cc. of sulfuric acid for eight 
hours on the steam-bath. The substance was recrystallized from quinoline; m. p. 
487490 " (corr.) ; yield, 70%. 

Anal. Calcd. for CasH2402: C, 89.04; H, 4.72. Found: C, 88.70; H, 4.72. Mol. 
wt. (in quinoline). Calcd.: 512. Found: 489. 

We attempted to prepare a di-spiran of another type, by dehydrating 7,&di-(2- 
biphenyl)-acenaphthodiol (A). Heating in the usual way with acetic acid and hydro- 
chloric acids did not, however, produce the expected di-spiran (B), but instead the pina- 
colin (C). 

7,s-Di-(2-biphenyl)-acenaphthodio1.-Finely divided acenaphthoquinone, 4.55 g., 
and the Grignard reagent from 14 g. of 2-iodobiphenyl in toluene were refluxed over- 
night. The gummy product was hydrolyzed and yielded a mixture of oil and solid. 
The oil was removed by washing the solid several times with cold alcohol, and the solid 
pinacol was recrystallized several times from a mixture of benzene and petroleum ether; 
slightly yellow powder; m. p. 168"; yield, 3.9 g., or 32%. 

Anal. Calcd. for C36H2602: C, 88.14; H, 5.33. Found: C, 88.54; H, 5.30. 
Mol. wt. (in benzene). Calcd.: 490. Found: 485. 

The Pinacolin (C).-Two grams of the pinacol, when heated on a steam-bath with 
10 cc. of acetic acid containing a few drops of hydrochloric acid, began to deposit crys- 
tals. After four hours the color of the solution still persisted, but no further crystacza- 



tion could be observed. The product was filtered and recrystallized from a mixture of 
xylene and acetic acid; colorless, shining plates; m. p. 265-267O (corr.) ; yield, 1.5 g .  

Anal. Calcd. for CssHz,O: C, 91.50; H, 5.11. Found: C, 91.67; H, 5.05. Mol. 
wt. (in benzene). Calcd.: 472. Found: 480. 

Treatment with alcoholic potash hydrolyzed the pinacolinZ2 with the production 
of a n  acid, m. p. 252-254' (corr.). Apparently the rearrangement of the pinacol t o  the 
corresponding pinacolin takes place more readily than does spiran formation. 

Summary 

1. It has been found that the chlorides of tertiary aromatic carbinols 
containing the o-biphenyl group decompose spontaneously to  give 9,9- 
disubstitution products of fluorene, which may be obtained by treating the 
carbinol with mild dehydrating agents. 

2. This reaction has been extended to tertiary aromatic carbinols 
which contain, instead of the o-biphenyl group, the o-phenoxyphenyl-, 
o-benzylphenyl or o-benzhydrylghenyl group, respectively. The tendency 
toward ring closure on the part of these carbinols and carbinol chlorides 
has been utilized by us in preparing new spiro compounds 

In all, twelve new spirans have been prepared, including two di-spirans. 
The spirocarbon atom has all its four valencies occupied by aryl groups- 
such spiro compounds being a t  present only little known. 

The complex spirans, all beautifully crystalline, are characterized by un- 
usually high melting points and by extreme insolubility. In accord with 
the views of Radules~u4~~3 the spirans were all found to be colorless. 

ANN ARBOR, MICHIGAN 

z2 Beschke and Kitaj, Ann., 369, 202 (1909). 
23 Lowenbein and Katz, Ber., 59, 1377 (1926). 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF NOTRE DAME] 

A NEW METHOD OF PREPARING ACETALS. 11. ACETALS OF 
MONOHYDRIC ALCOHOLS 

Monohydric acetals, in limited number, have been prepared by several 
methods, such as the method of Reichert, Bailey and Nieuwland,' and the 
standard method described by Adkins and N i ~ s e n . ~  

The process described in this paper consists in the condensation of 
acetylene with the monohydric alcohols into the corresponding acetals, in 
the presence of a new catalyst, boron fluoride in methyl alcohol with mer- 
curic oxide, discovered by Nieuwland and Vogt3 and recently discussed 
i n  THIS JOURNAL. 

The reaction is presumed to take place in two steps4 (1) the formation 
of a vinyl ether; (2) immediate change of the vinyl ether to  the acetal, 
in acid solution by the addition of a second molecule of alcohol, thus 

By this method all of the acetals of the monohydric alcohols, from 
methanol through the amyl alcohols, tertiary alcohols up to  nonyl alcohol 
and quite a number of the phenyl alcohol acetals were made. The pro- 
cedure is nearly uniform for all alcohols treated and may be illustrated by 
the case of iso-amyl alcohol. 

Experimental 
Dry acetylene gas was passed into a mixture of 200 g. of iso-amyl alcohol and 10 g. 

of a 63% solution of the catalyst, boron fluoride in methyl alcohol with 1 g. of mercuric 
oxide added. After the theoretical amount of acetylene (29.5 g.) had been absorbed, 
the contents of the flask was treated with a small amount of water, the acid neutralized 
with potassium carbonate, the acetal extracted with ether and dried over potassium 
carbonate. The ether was distilled off, and the solution fractionated, the products 
obtained being unconverted alcohol and aceial. I n  all cases the acetal was treated with 
metallic sodium to prove its freedom from hydroxylic impurities. 

Fractionation was the method used to recover the acetal, and this method proved 
satisfactory since a number of the acetals reported in the literature were successfully 
prepared. Methyl alcohol acetal, isopropyl alcohol acetal, methyl propyl Lrbinol 
acetal and diethyl carbinol acetal required special methods of procedure for their 
recovery. 

According to a process by Nieuwland (unpublished) a high-boiling aromatic frac- 
tion, xylene, was used as a solvent in the case of methyl alcohol acetal. The procedure 

Reichert, Bailey arid Nieuwland, THIS JOURNAL, 45, 1552 (1923). 
Cf. "Organic Syntheses," John Wiley and Sons, Inc., New York, 1923, Vol. 111, 

p. 1. 
Nieuwland, Vogt and Poohey, THIS JOURNAL, 52, 1018 (1930). 
Cf. Hill and Pidgeon, ibid., 50, 2718 (1928). 
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was as follows. After the required amount of acetylene had been absorbed, the acid in 
the flask was neutralized with potassium carbonate. The mixture was then distilled 
and to the distillate was added about one-third its volume of water, with vigorous 
shaking. The methyl alcohol and any aldehyde present were fouhd in the lower layer; 
xylene or the higher fraction of solvent naphtha was then added and after vigorous 
shaking the lower water layer was separated. The upper solvent layer, containing 
nearly all of the acetal, was treated in a flask with 50-75 g. of potassium carbonate and 
20-25 g. of anhydrous barium oxide and refluxed for ten minutes on a water-bath. 
I t  was then distilled from the xylene. 

In the cases of the acetals of isopropyl alcohol, methyl propyl carbinol and di-ethyl 
carbinol, the ether was distilled off and the solution fractionated. The distillate con- 
taining acrtal and any alcohol was treated with calcium chloride and water to remove the 
alcohol. After separating the two layers, the acetal was dried over potassium carbonate, 
tested with metallic sodium and redistilled. 

TABLE I 

PREPARATIV~ DATA AND PKYSICAL CONSTANTS OP COMPOUNDS (ASTERISKS DENOTE 

NEW COMPOUNDS) 
Taken, Yield 

Ethylidene compound g. g. % B. p., "C. d4 n~ 

Methyl alcohol 200 104 37 64-65 0. 849426 1 . 376226 
Ethyl alcohol 200 104 40 101-102 0 .  825OZ3 1. 378g30 
Propyl alcohol 203 90 37 146-148 5 0. 825626 1 . 393gZ6 
Isopropyl alcohol* 200 97 40 82-84 0.  785525 1. 379026 
Butyl alcohol 100 39.5 33 6 197-198 0 831226 1 .409OS 
n-Sec.-butyl alcohol* 31 14 35 55-60 (16 mm.) . . . . . 1 .396P9 
Primary isobutyl alcohol 200 102 43.4 168-169 0 812324 1.4037%& 
n-Amy1 alcohol 200 117 51 5 -114-116 (16 mm.) 0 828226 1.4159% 
Isobutyl carbinol 200 117 51 5 210-211 0. 827gZ3 1.  4175%$ 
Sec.-butyl carbinol 200 100 43 6 205-206 0 826Z25 1. 416526 
blethylpropyl carbinol* 130 45 30 120-123 0 .812824 1 .406924 
Methylisopropyl carbi- 

no1 * 59 21 30 142-145 . . . . . . 1.4095"' 
Diethyl carbinol* 78 36 40 120-121 0. 81202' 1. 40502' 
Dimethyl ethyl carbi- 

nol* 200 123 53.7 90-93 0. 827gZ6 1.3965" 
Diethyl methyl carbi- 

nol* . . .  . . .  . . 96-99 . . . . . . 1 .38722J 
Triethyl carbinol* . . .  . . .  . . 114-116 . . . . . . 1.4135'6 
Methylethyl butyl car- 

binol* . . .  . . .  . . 125-128 . . . . . . 1.414525 
Ally1 alcohol . . .  . . .  . .  9&93(16mm.) ...... 1.4351" 
Tetrahydrofurfuryl al- 

cohol* 104 37 31.6 153-155 (18 mm.) 1.3700" l .  4563?6 
Cyclohexanol* . . .  . . .  . . 131-134 (16 mm.) 0. 9560'6 1 465175 
Benzyl alcohol* 200 102 45.5 187-189 (16 mm.) 1. 0+5525 1 5 3 9 F  
Diphenyl carbinol* . .  . . .  . . 201-202 (18 mm.) . . . . . . 1 554525 
Phenyl ethyl alcohol* 122 68 50.4 204-205 (16 mm.) 1 .  0180% 1.  530Zz6 
Phenyl methyl carbinol* . . . . . . . . 164-166 (17 mm.) . . . . . . 1 5365% 
Phenyl ethyl carbinol* 70 31 40 185-187 (16 mm.) . . . . . . 1. 549525 
Phenyl methyl ethyl 

carbinol * . . .  ,,. . . 200 (14 inm.) ...... i . t i s 0 1 ~ ~  
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Physical constants and analyses were determined as soon as possible after 
the acetai was recovered, since the acetals had a tendency to decompose 
on stan

di

ng. 
Table I shows the ethylidene compounds prepared by this new method, 

their physical constants and the yields obtained. Blank spaces in the 
table are the result of incomplete data since in these cases it was not pos- 
sible to  recover the acetal completely. 

I n  explanation of this table, it might be said that Eastman purified 
chemicals were used, and those alcohols not obtained from the above source 
were prepared and purified in our laboratories, mostly by the Grignard 
method of making alcohols. 

Tertiary butyl alcohol acetal was prepared from a technical grade of the 
alcohol. It was found to have the following physical constants: b. p. 
78-81, d2,8 0.8528, ng 1.4050. However, technical tertiary butyl alcohol 
obtained from petroleum cracked gases contains isopropyl alcohol, which is 
difficult to remove, and it is conceivable that the acetal formation observed 
with this grade of tertiary butyl alcohol was due to the presence of this 
impurity. Attempts to make tertiary butyl alcohol acetal from the pure 
alcohol, melting a t  25O, failed. 

Triphenyl carbinol acetal was also prepared, using glycol acetal as a 
solvent. The reaction was rapid and vigorous, and a white solid, having 
the following physical constants, was obtained: b. p. 211' a t  18 mm., m. p. 
93O, yield 43%. It had a melting point in close proximity to triphenyl- 
methane but the following evidence pointed to acetal formation. The 
crystalline structure of the acetal was uniform throughout, separating 
from ethyl alcohol in long needle crystals. Crystals were also obtained 
using benzene as the solvent. These crystals gave a melting point of 93- 
94O. Triphenylmethane forms a molecular compound with one molecule 
of benzene, melting at 75'. Molecular weight determinations showed the 
acetal to be approximately twice that of triphenylmethane. The analysis 
of the acetal closely checked the calculated amount of carbon and hydrogen. 
The acetal when first formed gave the characteristic aldehyde test when 
hydrolyzed with dilute hydrochloric acid. 

If during the course of the reaction in the preparation of these acetals, 
the absorption of acetylene slowed down, mercuric oxide and catalyst were 
added to speed up the reaction. When the absorption was very rapid, the 
flask was cooled to prevent the decomposition of the acetal and the for- 
mation of tarry residues. In some cases the reaction proceeded slowly 
until about one-half of the theoretical amount of acetylene had been ab- 
sorbed and then the absorption was quite rapid until the reaction was com- 
pleted. It seemed that the acetal itself acted as a solvent, hastening the 
reaction. 

The acetylene and alcohol were thoroughly dried before they entered the 
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reaction; otherwise, the presence of water in the reaction caused the for- 
mation of acetaldehyde and crotonaldehyde, tars or resins were formed and 
the yield of acetal was lowered. 

An interesting fact was noticed with respect to all tri-carbinols with which 
we experimented, i. e., the acetals formed from tri-carbinols all gave boiling 
points below the boiling points of the alcohols. It is also noteworthy that 
although the formation of the Grignard reagent becomes increasingly diffi- 
cult as the carbon content increases, due to the formation of alkenes, with 
acetals the reaction is just the reverse. Tertiary alcohols, in general, as the 
carbon content increased, formed acetals with increasing ease. 

Furfuryl alcohol, which is a weak ring compound, decomposed during 
acetal formation. Tetrahydrofurfuryl alcohol, however, reacted quite 
smoothly and gave a very stable acetal. Cyclohexanol gave the acetal 
over a long period of time and also left a resin, soluble in ether. Oximes 
did not react, since the hydroxyl of an oxime evidently is different from the 
hydroxyl of an alcohol. Tetramethyldiaminobenzhydrol did not react, 
since the diamino groups attacked the catalyst in the solution. Benz- 
hydrol, on the other hand, reacted quite rapidly and gave a high-boiling 
and stable acetal. Borneo1 and terpineol did not form acetals. Secondary 
octyl alcohol gave an acetal, but could not be recovered as i t  decomposed 
above 180' at  20 mm. 

Although several of these acetals had been made by the sulfuric acid 
method, yet quite a number of acetals made by this new method probably 
could not have been made by the old method, since the sulfuric acid would 
have destroyed the alcohol before the reaction could have taken place. 
Benzyl alcohol acetal, for example, could not have been made by the sul- 
furic acid method for the above reason. 

Acetals have a distinctive ethereal odor, which was noticed in almost all 
cases. The odors of the aliphatic alcohol acetals were similar, while the 
aromatic acetals varied. For instance, phenylethyl alcohol, used in per- 
fumes, gave an acetal having an odor of horse-radish. The acetals also were 
found to be stable in the presence of alkalies, but hydrolyzed into acetalde- 
hyde and the corresponding alcohol in the presence of dilute acids. 

Nine representative acetals were analyzed, both molecular weight and 
carbon and hydrogen determinations being made. The molecular weight 
determinations were made by the boiling-point method, ethyl alcohol being 
used as a solvent. There were three possibilities as to the compound in 
considering molecular weight determinations; (1) the alcohol from which 
the acetal was made; (2) the vinyl ether (we found no evidence of vinyl 
ether formation) ; (3) the acetal. Since our molecular weight determina- 
tions showed that it could not be the alcohol or vinyl ether, we concluded 
that it was the acetal. The analyses of the same compounds came fairly 
close to the theoretical, as calculated, but since the alcohol and the acetal 
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vary in percentage composition only by the weight of the acetylene, in 
mcst cases the difference iil the per ce~lt. of carbon and hydrogen of both the 
alcohol and the acetal was so small as to be within the range of experi- 
mental error for both. 

Table I1 shows the data obtained on the molecular weights and analyses 
of the nine respective acetals. 

Acetals 

Isoamyl alcohol 
Sec.-butyl carbin01 
n-Amy1 alcohol 
Tetrahydrofurfuryl alcohol 
Triphenyl carbinol 
Benzyl alcohol 
Diphenyl carbinol 
Phenylethyl alcohol 
Cyclohexanol 

Mol. 
Formula Calcd. 

CizH2e02 202 2 
C12H2602 202 2 
C ~ ~ H ~ E O Z  202 2 
C12H2204 230 2 
C40H3402 546 3 
C16H1802 242 1 
C28H2e.02 394 2 
CTgH2202 270.2 
C14H2602 226 2 

W t S .  
Found 

215 9 
209.0 
205 0 
242.6 
527.8 
255 5 
402 9 
264.4 
224.0 

Analyses, % 

C Ca'cd. 
Found 

H C H 

71 21 12 96 70 86 12 62 
71 21 12 96 70 67 12 48 
71 21 12 96 71 88 12 68 
62 56 9 63 62 53 9 59 
87 86 6 27 87 92 6 07 
79 29 7 49 80 18 7 07 
85 23 6 65 86 01 6 78 
79 95 8 28 79 08 8 07 
74 27 11 58 73 75 11 24 

Summary 

1. Using a solution of boron fluoride in methyl alcohol with mercuric 
oxide as a catalyst, a series of acetals of the monohydric alcohols has been 
prepared. 

2. A number of these compounds have been prepared for the first time, 
and cannot be made by any other known methods from acetylene or from 
acetaldehyde. 

3. Furfuryl alcohol, oximes, borneol, terpineol and tetramethyldiamino- 
benzhydrol do not give acetals by this method. 

4. Tertiary alcohols, in general, as the carbon content increases, give 
acetals with increasing ease of formation. 

5. Attempts to make tertiary butyl alcohol acetal with the pure alcohol 
melting a t  2 5 O  failed. 

6. Acetals formed from tri-carbinols give boiling points below the boil- 
ing points of their alcohols. 

NOTRE DAME, INDIANA 
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THE ULTRACENTRIFUGAL STUDY OF GELATIN SOLUTIONS 
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The behavior and properties of gelatin solutioris have been studied for a 
long time past. In spite of all this work, there does not appear to be any 
clear agreement between the views of different investigators regarding the 
condition of gelatin in the sol state. Several workers regard gelatin solu- 
tions as molecularly dispersed, while others maintain that they are dis- 
tinctly colloids. In fact, Thomas Graham1 himself gives gelatin as a typical 
example of a colloid, his chief consideration being based on the low diffusi- 
bility of the particles. Recent work2 in this Laboratory has shown that, 
in spite of the very high molecular weights and the low diffusion constants 
of the proteins, they show certain characteristics of molecular dispersions, 
viz., uniformity of the particles with regard to mass and size. 

From a study of the scattering of light in gelatin solutions one of us3 came 
to the conclusion that gelatin sols are polydispersed. The extent to which 
a particular sol is molecularly dispersed depends upon its concentration and 
temperature. At low concentrations (about 0.5%) and above 30' the sols 
may be regarded as molecular dispersions. When such a sol (at the iso- 
electric point) is cooled below 25' the intensity of the scattered light in- 
creases rapidly, indicating a marked molecular aggregation. This occurs 
only in a narrow region near the isoelectric point.4 Below PH 4 and above 
Pa 7.5 the Tyndall effect is practically independent of temperature, show- 
ing that in these regions of PH no aggregation of gelatin molecules takes 
place. In  fact, i t  has been shown by one of us5 that a t  a PH of about 3, 
gelatin sols set to gels without any change of the light-scattering capacity 
whatsoever. It was therefore thought to be a matter of considerable 
interest to examine the molecular state of gelatin and see how far the above 
views obtained from light-scattering measurements are supported by an 
ultracentrifugal study of gelatin solutions. This method of investigation 
has the great advantage of indicating whether the sols are homogeneous or 
not, and, if more or less homogeneous, the approximate molecular weight 
can be found out. 

Thomas Graham, Phil. Trans. Roy. Soc., 151, 183 (1861). 
Svedberg and co-workers, THIS JOURNAL, 48,430, 3081 (1926) ; 49, 2920 (1927) ; 

50, 525, 1399, 3318 (1928); 51, 539, 550, 2170, 3573, 3594 (1929); 52, 241, 279, 701 
(1930). 

Krishnamurti, Nature, November 2 (1929); a detailed account of the work 
will be published shortly. 

Kraemer and Dexter, 3. Phys. Chem., 31, 764 (1927). 
Krishnamurti, Proc. Roy. Sac. (London), A122, 100 (1929). 
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Material Used.-The material was leaf gelatin for photographic purposes. It was 
sufficiently pure for this investigation, and hence i t  was not further electrodialyzed; 
for previous researches on other proteinst have shown that their molecular weights are 
not affected by the presence of salts in the solution. Further, the prcsence of a small 
trace of salt in the gelatin was negligible since all the measurements were made in solu- 
tions of comparatively high electrolyte content. 

A 3.5v0 stock solution of this gelatin was prepared, saturated with toluene in order 
to  prevent bacterial growth, and stored in an  ice box a t  0 O. Just before starting a run 
the solution of the required strength was prepared by diluting the warmed stock solu- 
tion of gelatin with a buffer solution of the desired PH. The buffers used were sodium 
acetate-acetic acid mixtures over the range of PH 5.6 to 4.0, and mixtures of the primary 
and secondary phosphates over the alkaline range. The PH values of the gelatin solutions 
prepared were measured electrometrically. The investigation was limited to  a region 
of PH between 2.5 and 7.5, as beyond these values most proteins are known to  break 
up into smaller units. Since even in this range the gelatin solutions were not homo- 
geneous, it  was thought that the system would be rendered more complicated a t  higher 
acidity or alkalinity. 

Partial Specific Volume.-The partial specific volume of gelatin was 
determined pycnometrically at  30 and 20°, and calculated according to the 
method described before.? The results are given in Table I. It is clear 
from the figures that the partial specific volume is practically unaffected by 
changes in the temperature, concentration and PH value. Further, the 
value of V obtained for gelatin is distinctly lower than the corresponding 
value for other proteins (which was found to be between 0.743 and 0.749). 

TABLE I 
PARTIAL SPECIPIC VOLUME OF GELATIN 

Temp., "C. Solvent PH Concn., % Part. sp. volz 

30 Water 5.6 2 0 0.682 
30 Water 5 . 6  1 .0  .682 
20 Water 5 6 1 .0  ,682 
20 Acetate buffer 4.0 1 . 0  ,685 

In fact, the specific volume of gelatin in the dry state as determined by 
Taffels is 0.744. I t  is of interest to note in this connection that a large 
contraction (probably of the solvent) takes place when gelatin is brought in 
contact with water. This contraction as determined by Svedberg: viz., 
0.059 cc. per gram of gelatin is practically equal to the difference between 
the specific volume of gelatin in the solid state and that in solution. I t  thus 
appears that the great divergence of the value of V of gelatin in solution 
from those of other proteins is due to this contraction. 

Light Absorption.-The light absorption of an unbuffered gelatin 
solution of PH 5.6 and concn. 0.2% was determined with the Judd-Lewis 

a Cf. Svedberg and Stamrn, THIS JOURNAL, 51,2177 (1929). 
Svedberg and Chirnoaga, ibid., 50, 1401 (1928). 
Taft'el, J. Chem. Soc., 121, 1971 (1922). 
Svedberg, THIS JOURNAL, 46, 2676 (1924). 
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spectrophotometer. The specific absorption coefficient is given by e /c  = 
l/cd X log I/fo, where c is the concentration, d the thickness of the solution, 
I. the intensity of the light beam after passing through the solvent, and I 
the intensity of light after passing through the same thickness of solution. 
In Fig. 1 E ~ G  is plotted against the wave length of light. On comparing 
this curve with those of other proteins, it 
will be found that a steep fall occurs at  
about 240 pp for gelatin, as for other pro- 
teins, but instead of the maximum at 276 pp, 
the curve is flat in the case of gelatin. The 
light absorption between 250 ,up and 290 pp, 

though small compared with that of other 
proteins, is still sufficient for the ultracen- 
trifugal investigation. 

Ultracentrifugal Investigation 400 . 300 200 

A. Sedimentation Velocity Method.- Wave length, pp. 

Fig. 1.-Light absorption of gelatin This method has been described in detail in 
at PH 5 6 .  

previous papers. According to this it is 
possible to determine the molecular weight of a protein, when its solution is 
a uniform dispersion. The molecular weight is given by the relation 

1w = 
R Ts 

D (1 - VP) 
where R is the gas constant, T the absolute temperature, s the specific 
sedimentation velocity, i. e., l / w 2 x  X dx/dt, V the partial specific volume 
of the protein, p the density of the solvent, x the distance from the axis of 
rotation, w the angular velocity and t the time. 

The values of the specific sedimentation velocity were all reduced to 20° 
by means of the relation sl/sz = 712/91, and the diffusion constants by means 
of the relation D1/Dz = Tls2/T2sl where 71 is the viscosity of the solution. 

The present investigation was carried out with 0.4% gelatin solutions. 
It was not possible to work with solutions of various concentrations, for 
with the more concentrated solutions there was an indication of gel forma- 
tion, whereas with the more dilute ones the light absorption was not suf- 
ficient to work conveniently in the ultracentrifuge. 

The determination of the molecular weights by the above method requires 
the knowledge of the diffusion constant. The values of D obtained in the 
case of heterogeneous systems like gelatin sols are not true diffusion con- 
stants, and hence it is not possible to calculate the molecular weight of 
gelatin by this method. The determination of the sedimentation con- 
stant under different conditions is nevertheless of great interest, since i t  
would give an insight into the nature of gelatin solutions. A summary of 
all of the sedimentation velocity runs is given in Table 11. It will be seen 
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from the results that: (1) within a region of PH between 4.6 and 6.0, the 
sedimentation constant obtained even with freshly prepared solutions is 
quite high and is not reproducible (i. e. ,  i t  is irregular) and corresponds to  
that obtained with proteins like serum globulin having an approximate 
molecular weight of 100,000. 

(2) Within this PH range the effect of aging on the sedimentation con- 
stant s is very marked; there is a considerable increase of s with age-the 
more so the nearer the solution is to the isoelectric point. This suggests an 
aggregation of gelatin molecules-a conclusion which is in perfect accord 
with the light-scattering measurements made by one of  US.^,^ In  fact, the 
aggregation is so marked that the particles sediment almost completely in 
a very short time. 

Fig. 2.-Sedimentation of 0.4% gelatin in acetate 
buffer in a centrifugal field about 100,000 times 
gravity. Upper picture: PIX 4 8, 15 min. between 
exposures, rapid sedimentation Lower picture: 
PH 4 0, 30 min between exposures, slow sedimen- 
tation, s = 3.75 X 10-13. 

(3) At and below PH 4 and also a t  PH 7.5 the sedimentation constant (s) 
is much lower and corresponds to that of egg albumin with a molecular 
weight of about 35,000. Further in this region aging has practically no 
effect on s, thereby indicating that no aggregation of the gelatin molecules 
takes place. This also is in1 harmony with the light-scattering measure- 
ments. The marked difference between the sedimentation velocities in the 
neighborhood of the isoelectric point and a t  PH 4 is clear from the illustra- 
tions in Fig. 2. 

(4) At PH 2.5 there is no appreciable sedimentatiotl even a t  a speed of 



July, 1030 ULTRACENTRIFUGAL STUDY OF GELATIN SOLUTIONS 2901 

about 41,000 r. p. m. (corresponding to a centrifugal force of about 100,000 
times that of gravity), thus indicating that at this PH the gelatin molecules 
have been largely decomposed. This is, in fact, what one would expect in 
view of the very similar behavior of other proteins. I t  is of further interest 
that the range of stability on the alkaline side of the isoelectric point is 
much wider than on the acid side. A more detailed investigation is, how- 
ever, necessary to settle the nature and the extent of the decomposition in 
solutions of high acidity and alkalinity. 

TABLE 11 

SIJMMARY OP SEDIMENTATION VELOCITY MEASUREM~TS ON GELATIN 

Sedimentation velocity 
Concn., (szoo X 10'3) 

No. Solvent PH yo Fresh soln. After aging Remarks 

1 Acetatebuffer 4 0  0.4 3 3 3  . . .  ...... 
2 Acetate buffer 4 0 .4 . . 3.75 Soln. 1 kept for 2 days 
3 Acetate buffer 4 .8  .4 Sediments . . .  Near isoelectric point 

very rapidly 
4 KCI+HClsoln. 4 6  .4 8.10 ... . . . . . .  
5 Acetatebuffer 5 5  .4 4.96 ... . . . . . .  
6 Acetate buffer 5 .5  .4 . . Sediments Soln. 5 kept for 2 days 

almost completely 
in 30 min. 

7 N/50 KC1 soln. 5 6 .4 5 92 ... A few hours after prepara- 
tion of sol 

8 N/50 KC1 soln. 5.6 .4 4 99 . . .  . . . . . .  
9 N/50 KC1 soln. 5 6 .4 . . 13 42 Soln. kept overnight 

10 N/50 KC1 soln. 5.6 .4 5.69 . . .  ...... 
11 N/50KClsoln. 5 6  .4 . .  8 30 Soln. 10 kept for 2 days 

. . .  12 N/50 KC1 soln. 5.6 .8 3 62 Forms a weak gel. 
13 Phosphate buffer 7 5 .4 3 64 . . .  . . . . . .  
14 Phosphate buffer 7 5 .4  . . 3 43 Soln. 13 kept for 2 days 

. . .  15 KC1 f HCl soln. 2 5 .4 No appre- Gelatin probably dec. at this 
ciable sedimentation PH 

The "diffusion constant1' D as calculated by the method indicated in 
previous papers is a real constant only in the case of a monodisperse system 
but not for a polydisperse system like gelatin, where the value of D has been 
found to vary with time from the beginning of the run. This is clearly 
seen from Table 111 which gives the results of a typical run made with a 
gelatin solution at  PH 5.6. 

F'igure 3 gives the curves showing the variation of this "apparent diffu- 
sion constant" D with time in the different runs. It will be seen from the 
curves that the higher the sedimentation velocity, the higher are the values 
of D, and, what is more interesting, the more steep is the time-D curve. 
I t  is clear that this apparent diffusion is caused by the blurring of the 
boundary which is, in this case, due to the sedimentation of the particles of 
different molecular weights a t  different velocities. This would cause a 



TABLE 111 
RESULTS OF A TYPICAL SEDIMENTATION VELOCITY RUN MADE UPON A GELATIN SOLU- 

TION OF PH 5.Ga 
Concn. 0.4%; V = 0.682; p = 1.0; length of column of soln., 1.20 cm.; exposure 

time, 60 sec.; temp., 19.5'; average speed, 40,800 r. p. m. 
SZQ 

Sedimentation Centrifugal cm /sec. Diffusion Dzoo 
At, Ax, Mean x ,  force, per cm./sec.' Time, Mean Z, cm."sec. 

sec. cm. cm. w2x X 10-7 X 10'8 sec. cm. X 107 

900 0.035 4 578 8.44 4 87 1800 0.030 5.81 
900 .035 4.613 8.42 4.88 2700 ,045 8.72 

1800 ,075 4 668 8.48 5 14 4500 .080 16.4 
1800 .075 4.743 8.66 5 00 6300 .I20 26 2 
1800 .075 4.818 8.79 4.93 8100 .I50 31.8 

a At is the time interval between exposures; Ax the distance through which the 
part of the boundary where the concentration is half the constant part of the solution 
has moved; "mean Z" is the mean of the distances on the photometer curves from the 
point where the concentration is 50% to the point where the concentrations are 25 
and 75Y0, respectively, the concentration in the unchanged part of the solution being 
taken as  10070. 

separation of the boundaries of the different molecular species. Now the 
interesting question arises whether the blurring is due to the presence of 
different chemical entities in the solution or to the presence of particles of 

Time, sec. 
Fig. 3.-Variation of apparent diffusion constant with 

time of centrifuging for 0.4% gelatin solutions (the 
numbers of the curves refer t o  Table 11). 

various sizes, which represent varying degrees of molecular aggregation. 
It appears from the results that both are possible. In the case of gelatin 
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solutions at  PH 4.0 and 7.5, the variation of D with time is small, whereas 
within the region of f ' ~  4.6-6.0 it is very large. The considerable increase 
of the sedimentation velocity of the gelatin particles and of the light-scat- 
tering capacity of gelatin sols within the region of Pa 4.6-6.0 clearly indi- 
cates a very marked aggregation of the gelatin molecules. It is thus ap- 
parent that this causes a heterogeneity in the system and is responsible for 
the great increase of D with time. 

I t  can also be seen from the curves in Pig. 3 that even with gelatin solu- 
tions a t  PH 4.0 and 7.5, there is an appreciable increase of "D" with time. 
Since there is no aggregation a t  these PH values, this effect is to be associ- 
ated with the heterogeneity of the original gelatin solutions, i. e., the exist- 
ence of different molecular species in gelatin. 

B. Sedimentation Equilibrium Method.-This method enables us to 
find out with greater certainty than the previous one whether the system is 
heterogeneous or not, and, if heterogeneous, the approximate molecular 
weights of the different molecular species can be calculated. The molecular 
weight, according to this method, is given by 

where R, T, V, p and w have their usual meaning and CI and c2 are the con- 
centrations at  distances XI and xz from the center of rotation. 

This method is based on the 80,000 
equilibrium reached in the cell 
during centrifuging between dif- 
fusion and the centrifugal force. ; 60,000 

As in the case of gelatin solu- $ 
tions of PH between 4.6 and 
6.0, the marked aggregation of 3 40~000 

the gelatin molecules causes a 3 
heterogeneity in the system, it 
was thought best to work at  PH 201000 

4.0, where the aggregation is 
practically negligible. Two 

- 

f 

Q=: 

runs were therefore madelo by 5 6  5 7  5 8  5.9 6.0 
the sedimentation equilibrium Distance from axis of rotation, cm. 

method at  PH 4.0. TIle results Fig. 4.-Variation of molecular weight with 
of one of the runs are given in distance from axis of rotation for two equilib- 

Table IV. The results of the rium runs made on gelatin solutions of PH 4.0. 

two runs are plotted graphically in Fig. 4. I t  is clear from the results that 
gelatin solution is a heterogeneous system and that the values of the molec- 
ular weight determined a t  various distances from the center of rotation 

lo These two runs were made by Mr. Bertil Sjdgren, to whom we desire t o  express 
our best thanks. 
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vary from about 70,000 to 11;000, It appears from the curves that a 
molecular species of about 11,000 is present to a comparatively large extent. 

TABLE IV 
RESULTS OP A SEDIMENTATION EQUILIBRIUM RUN MADE UPON A GELATIN SOLUTION 

AT PH 4 
Concentration, 0.4%; acetate buffer, PH 4.0 (0.016 M in HAc and 0.004 M in 

NaAc); V = 0 682; p = 1.000; T = 293.2; length of column of solution, 0.42 cm.; 
thickness of column 0.8 cm.; distance of outer end of soln. from axis of rotation 5 95 
cm.; speed 11,000 r. p. m.; standard, K2Cr04, Af/200; thickness of standard cell 0.4 
cm.; time of exposure 30, 60 and 120 sec.; exposures made after 40, 57 and 74 hours of 
centrifuging; aperture of lens F:36; optical and photographic conditions as usual. 

Distances, cm. Mean concn., % No. of Molecular 
x2 XI  t 2  CI exposures weight 

5 94 5.89 0 606 0.417 2 73,000 
5.89 5.84 .417 .332 8 44,900 
5.84 5 79 .332 .286 8 29,630 
5.79 5.74 ,286 ,260 8 19,110 
5 74 5 69 .260 .244 8 12,840 
5 69 5.64 .244 ,232 8 10,280 
5.64 5 59 ,232 .222 8 9,070 

From the exposures at different times i t  can be seen that gelatin is under- 
going change during the sedimentation equilibrium run. It is therefore 
possible that the equilibrium does not represent exactly the same state of 
gelatin as did the samples which were used in the sedimentation velocity 
measurements. 

The molecular weights of all monodisperse proteins hitherto examined 
(excepting the hemocyanins with molecular weights of the order of millions) 
have been found to be one, two, three or six times 35,000. Lower values 
than 35,000 have been observed for decomposition products of these pro- 
teins and also in the case of polydisperse protein systems where there was 
reason for believing that decomposition had taken place during the process 
of isolating the protein. 

It therefore seems probable that the molecular species of about 11,000 
is a product of hydrolysis of gelatin nlolecules and, in fact, it is quite natural 
to  expect from the methods of manufacture that gelatin is a complex sub- 
stance containing some of the products of hydrolysis. 

On the other hand, the data so far collected do not exclude the possibility 
that a molecular species with a weight around 11,000 is really present in 
the original protein together with other species of higher molecular weights, 
or the possibility that 11,000 is the real molecular weight of gelatin and that 
the higher values represent aggregation states. 

Discussion of Results 
The ultracentrifugal study of gelatin solutions has been fruitful in re- 

vealing the heterogeneous nature of the sols. The measurements of the 
specific sedimentation velocity have shown that within a range of PH 4.6- 
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6.0 there is a very marked aggregation of the gelatin molecules; whereas a t  
PH 4 and 7.5 there is practically no aggregation-a conclusion tvhich is in 
complete harmony with the light-scattering measurements. It has been 
found that the diffusion constants calculated from the sedimentation veloc- 
ity runs are only apparent, because they have been found to increase with 
time, which is not the case in a monodisperse system. This clearly points 
out the heterogeneous nature of gelatin sols even at PH 4 where there is no 
aggregation. The sedimentation equilibrium runs with gelatin sols a t  PH 4 
have confirmed the above view and have shown that the gelatin solutions 
have different molecular species with molecular weights ranging from 
70,000 to 11,000. Previous estimates of the molecular weight of gelatin 
have given very different values. Thus, Biltzll found a value of 17,000; 
Schryver12 found a similar value of 17,000 to 19,000; C. R. Smith13 from 
osmotic pressure measurements of isoelectric gelatin found a value of 96,- 
000. More recently, Cohn14 has calculated a minimal molecular weight of 
about 10,300 from analytical data. In view of the great divergence in the 
values of the molecular weight of gelatin as given by various workers, one 
can hardly attach great importance to the previous estimates. 

It has been realized by several investigators that gelatin is a complex 
substance, and that it is impossible to isolate a single chemical species in 
gelatin. Recently, however, Schryver15 and also Northrup and Kunitz16 
report that they have succeeded in fractionating gelatin into "soluble" and 
"insoluble" portions. It has not been shown definitely whether one of the 
fractions is not, in reality, obtained by the hydrolysis of gelatin molecules. 
The molecular species of molecular weight 11,000, which is present in gelatin 
to a large extent (as shown by the sedimentation equilibrium runs), is 
probably a decomposition product of gelatin. E'urther investigation is 
necessary to  settle this point definitely. 

The expenses connected with these experiments have been defrayed by a 
grant from the foundation "Therese och Johan Anderssons Minne." 

Summary 
1. The partial specific volume of gelatin was found to be 0.682, whereas 

the corresponding value for other proteins is about 0.745. The difference 
between the two values is equivalent to the contraction (0.059 cc./g.) 
which takes place when gelatin is brought in contact with water. Further, 
the specific volume was found to be practically unaffected by changes in 
temperature, concentration and PH value. 

l1 Biltz, 2. physik. Chem., 91, 705 (1916). 
l2 Schryver, Biochem. J., 17, 487 (1923). 
l3  C. R. Smith, THIS JOURNAL, 43, 1350 (1921). 
l4 Cohn, Hendry and Prentiss, J. Biol. Chem., 63, 764 (1925). 
l5 Schryver and Thimann, Biochem. J., 21, 1284 (1927). 
l6 Kunitz and Northrup, J. Gen. Physiol., 12, 379 (1929). 
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2. The light absorption of gelatin was determined by means of the 
Judd-Lewis spectrophotometer. It was found to be small compared to the 
light absorption of other proteins, and, further, in place of the maximum a t  
276 pp as observed in the case of other proteins, the curve is flat in the case 
of gelatin. 

3. The previously developed ultracentrifugal methods (both the sedi- 
mentation velocity and equilibrium methods) have been fruitful in reveal- 
ing the rnolecrilar state of gelatin a t  diff'erent H-ion concentrations. 

4. These investigations have revealed the fact that within the region of 
PH 4.6-6.0 there is a very marked aggregation of gelatin molecules-the 
more so the nearer we are to the isoelectric point-whereas a t  PH 4.0 and 
7.5 there is practically no aggregation. 

5. The "apparent diffusion constant" was found to increase with time. 
This is due to a progressive separation of the boundaries of the different 
molecular species, and is a clear indication of the heterogeneity of the sol. 
It was found that the aggregation of the particles in the region of PH 4.6- 
6.0 causes a great increase in the heterogeneity of the solution. 

6. Even at PH 4, where there is practically no molecular aggregation, 
the sols are heterogeneous. Sedimentation equilibrium runs on gelatin 
solutions a t  PH 4 confirm this view and show a drift in +h-...o'w-ef& 
molecular weight from 70,000 a t  the bottom of the cell to about 10,000 a t  
the top of the cell. 

7. It appears probable that the molecular species with molecular weight 
about 11,000, which is present in the solution to a comparatively large ex- 
tent, is due to the decomposition products of gelatin. 

8. At PH 2.5 there is no appreciable sedimentation in gelatin solutions 
even a t  a speed of about 41,000 r. p. m. (corresponding to a centrifugal force 
of 100,000 times that of gravity), thus indicating that a t  this PH the gelatin 
molecules have been largely decomposed. 

UPSALA, SWEDEN 



Jtlly, 1930 COMPONENTS OF POTATO STARCH 2907 

~CONTRIBU'I'ION FROM THE CHEMICAL LABORATORY OF THE NEW JERSEY COLLEGE FOR 

WOMEN, RUTGERS UNIVERSITY] 

SEPARATION AND PROPERTIES OF THE TWO MAIR 
COMPOMENTS OF POTATO STARCH1 

BY M. E. BALDWIN 

Since starch became recognized as granules composed of two distinct 
parts, an outer envelope and an inner more soluble portion, various methods 
for the separation of these components and certain of their distinguishing 
properties have been recorded. 

Gatin-Gruzewska2 effected a separation by treating potato starch with 
dilute alkali and, after neutralization and sedimentation, decanting the 
dissolved fraction or "amylose" from the residue or "arnylopectin." 
The "amylose" represented 4045% of the original starch, stained blue with 
iodine, and had a specific rotation of + 182.4' when measured in a 0.643% 
solution. The "amylopectin" represented 55-60% of the starch, stained 
red-violet with iodine, and had a specific rotation of +221° when measured 
in a 0.178Yo solution. 

Tanret3 by treatment of potato starch with hot water, sedimentation 
and decantation, estimated of "amylose." 

Sherman and Baker4 subjected a thin paste of potato starch, prepared 
a t  S5', to centrifugal force and obtained about 15% in the more soluble or 
"P-amylose" fraction. 

Samec and Mayer5 electrodialyzed a dispersion of potato starch pre- 
pared a t  120°. The less soluble or "amylopectin" ffaction represented 
83% of the starch, contained 0.77% of phosph~rus,~ and had a specific 
rotation of +195-196° in solutions concentrated by distillation. The 
"arnylose" fraction represented 17% of the starch, contained practically 
no phosphorus and had a specific rotation of + 18g0. 

Ling and Nanji7 fractionated potato starch by freezing a paste and, after 
melting the frozen mass, separating the solution of "amylose" from the 
undissolved residue of "amylopectin" by centrifuging. The "amylopectin" 
after being more completely freed of "amylose" by enzymic action had a 
specific rotation of +221 O. 

1 Some of the data included in this paper are taken from a dissertation, "On 
a 'Phosphorus-Free' Amylose from Potato Starch," by M. E. Baldwin, Columbia 
University, 1928. 

Gatin-Gruzewska, Compt. rend., 146, 540 (1908); 152, 785 (1911). 
Tanret, Bull. soc. chkm., 141 17, 83 (1915). 

* Sherman and Baker, THIS JOURNAL, 38, 1885 (1916). 
Samec and Mayer, Kolloid-Chew. Bekhefte, 13, 272 (1921). 

6 Samec, Minaeff and Ronzin, ibid., 19, 203 (1924). 
Ling and Nanji, J. Chem. Soc., 123, 2666 (1923). 
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Taylor and Iddles8 disintegrated starch grains, previously treated with 
hydrogen chloride in alcohol, with ammonium thiocyanate solution, then 
precipitated with alcohol and subjected the precipitate to ultrafiltration or 
electrodialysis. They obtained 97-98% of potato starch in the dissolved 
fraction ("8-amylose") which had a specific rotation of 181.6 calculated as 
[a]% from the mercury vapor line by a factor obtained from work on 
sucrose. 

A comparison of the results of these different methods reveals discrep- 
ancies among the values reported for specific optical rotation and shows 
that the ratio of the two fractions obtained varies with the solvent used, 
the effect of strong chemicals being to increase the percentage of starch 
in the more soluble fraction. 

The purpose of this investigation has been (I) to develop a method for 
the fractionation of potato starch which will make a sharp separation of 
the material of the outer envelope from that which makes up the interior of 
the grain, without subjecting the starch to strong reagents or high temper- 
atures, also, (2) to define more rigidly and compare the products. 

Experimental 

The method of separation which has resulted from this work is based 
upon the difference in water-solubility between the two parts of the starch 
grain. In general, it  consists of gelatinizing the grains and subjecting them 
alternately to a freezing process and a series of extractions, each step in the 
separation being carried out under such conditions as were found by ex- 
periment to be most favorable to the separation. In developing the 
method, series of test separations were made in which conditions of time, 
temperature and sequence of processes were systematically varied. The 
influence of each change on the separation was measured by making a 
comparative study of the properties of the products. Since it was known 
from the previous work of Gatin-Gru~ewska,~ Tanret3 and Samec and his 
c o - ~ o r k e r s ~ , ~  that the two main components of starch differ in specific 
rotation, phosphorus content and color-with-iodine, these properties were 
used as criteria of progress. Such conditions as caused the greatest di- 
vergence in these properties were selected and trial separations continued 
until the properties became, for each fraction, constant. These trial sepa- 
rations gave experimental bases for selecting the details of the final form 
of the method. 

The products obtained have been defined by determining the following 
properties: (1) specific optical rotation, (2) temperature coefficient of 
specific optical rotation, (3) phosphorus content, (4) color-with-iodine, 
(5) precipitability with alcohol, (6) precipitability with iodine in potas- 
sium iodide solution, (7) retrogradation. 

Taylor and Iddles, Ind. Eng. Chem., 18, 713 (1926). 
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The more soluble component has been designated as /3-amylose and the 
less soluble as a-amylose, 

The starch used was obtained from mature potatoes and purified by re- 
peated sedimentation in distilled water. The air-dry product contained 
13.6% of moisture. Its gelatinization temperature was 63O. Some of the 
grains became swollen at 60" but in order to have every grain swollen, a 
temperature of 63' for two minutes was necessary. 

Measurement of the Properties Used as Criteria of Progress in Develop- 
ing the Method 

Specific Optical Rotation.-The accuracy of the polariscope used was verified by 
determinations of the specific rotation of 5% solutions of pure glucose in water. These 
values checked the recent equilibrium value of 52.5' teported by Nelson and Beegle.9 

Clear dispersions of starch and of a-amylose were prepared for use in the polari- 
scope by heating 0.5% dispersions at  120° for one to two hours then concentrating to 
2-3y0 by distillation under reduced pressure. Solutions of fl-amylose were also concen- 
trated to 2-3% in this way. 

Optical rotations were read to 0.05' and estimated to 0.025'. The exact concen- 
tration of each dispersion was calculated from the weight of the material left after an 
aliquot was evaporated to dryness. a-Amylose was dried at 110 O, starch and p-amylose 
at  100 O. 

Phosphorus Content.-The percentage of phosphorus in starch and in a-amylose 
was determined by the magnesium ammonium phosphate method1@ and the strychnine 
phosphomolybdate method;" the percentage in 0-amylose by the strychnine phos- 
phomolybdate method. 

All reagents were tested for phosphorus and purified when necessary. 
Samples to be analyzed were ignited with magnesium oxide according to the method 

used by Vozarik12 and by Hibbard.la The residue was dissolved in hydrochloric acid 
and neutralized with ammonium hydroxide. 

Manipulation of the magnesium ammonium phosphate method was checked by 
determinations upon Na2HP04 which had been purified and dried. 

The strychnine phosphomolybdate method makes use of the cloud formed when 
strychnine phosphomolybdate is precipitated in acid solution. According to the 
directions of Pouget and Chouchakll a known phosphate and the unknown are compared 
in Nessler tubes and the depth of the one which equals the whole of the other is meas- 
ured. This manipulation was varied somewhat to increase the delicacy of the method. 
A series of aliquots of the standard was set up for comparison with a similar series of the 
unknown and after formation of the precipitate these two series were dovetailed. In 
this way two columns of percentages were obtained of which one column contained 
values too high and the other too low. By making the increments of the series SUE- 
ciently small, the percentage of phosphorus was determined with accuracy to the third 
decimal place. The amount of phosphorus used in the known series ranged from 0.00131 
to 0.00393 mg. 

Color-with-Iodine.-The method of Tanret3 was used in analyzing amylose solu- 

Nelson and Beegle, THIS JOURNAL, 41, 559 (1919). 
Pales, "Inorganic Quantitative Analysis," The Century Co., New York, 1925. 

ll Pouget and Chouchak, Bull. soc. chim., 5, 104 (1909); 9, 649 (1911). 
l2 Vozarik. 2. physiol. Chem., 76, 426 (1912). 
l3 Ribbibbard, J.  Ind. Ewg. Chm. ,  5, 998 (1913). 
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tions for blue-staining and violet-staining material. This method is based upon the 
property ot cellulose to  adsorb from water solution p-amylose but not a-amylose. 
Cellulose was placed in the amylose solutions and allowed to stand. At intervals of 
thirty minutes a portion of the liquid was removed by filtration and both the cellulose 
and the filtrate were tested with iodine in dilute potassium iodide solution. These tests 
were repeated until the color of the filtrate ceased to change. This method makes possible 
the detection of small amounts of either of the amyloses in solutions of the other. 

The Method of Separation 
Only the final form of the method is given here: two variations are in- 

cluded, one of which has been especially adapted to the preparation of a- 
amylose and the other to 0-amylose. 

Variation I. Separation of p-Amy1ose.-The details of the method with condi- 
tions so defined as to  give the best preparations of 8-amylose are as follows. One liter 
of 1.5% pastex4 is made up by pouring 15 g. of starch mixed with 100 cc. of distilled 
water into 900 cc. of water a t  63 ". The temperature of the mixture is raised to  63 " with 
a 70"-water-bath and held there for two minutes. After standing for two hours i t  is 
frozen in thin layers in aluminum pans. Freezing is completed in ten minutes. The 
frozen mass i s  melted over a 40" water-bath and filtered through washed filter paper 
t o  give Filtrate I and a residue which is mixed with the original volume of water, heated 
t o  55-60 ", toluene added and the mixture placed in an oven a t  55-60 " for sixteen hours. 
It is then filtered and the extraction process repeated. The residue is again frozen and 
t h e  extraction repeated three times or until the a t r a t e  is no longer stained with iodine. 
This method yields a series of six extracts containing p-amylose and a residue consisting 
of the grain envelopes or a-amylose. p-Amylose in the solid form is obtained from the 
extracts by precipitation with alcohol or by retrogradation. 

Variation 11. Separation of or-Amy1ose.-The details of the method with condi- 
tions so defined as t o  give the best preparations of a-amylose are as follows. Four 
portions of 1.5% paste, 300 cc. each, are made up by mixing, for each portion, 4.5 g. of 
starch with 30 cc. of distilled water and pouring the mixture into 270 cc. of water a t  85O. 
The  temperature of the paste is raised to  85" over a boiling water-bath. The paste is 
allowed t o  stand for two hours and is completely frozen in ten minutes. The frozen 
mass is melted and filteied. The residue is suspended in 8 liters of distilled water a t  
room temperature and allowed to settle for twenty hours. The extract is removed by 
decantation. This process is repeated with water a t  room temperature, then a t  85' 
and three times a t  room temperature or until the filtrate no longer stains with iodine. 
The grain envelopes, a-amylose, may be suspended in water and kept under toluene or 
dried and ground to a fine powder. 

Quantitative Measurements of the Fractions Obtained by the Two 
Variations of the Method 

Separations for the purpose of measuring quantitatively the fractions 
obtained were carried out parallel with separations used for preparing ma- 
terial for analyses. The data obtained are given in Tables I and 11. 

Some Details from the Experimental Development of the Method.- 
Except for the more significant observations and conclusions, the data 
from the individual series of test separations which led to the above method 
have been omitted. 

l4 The word paste is used to mean gelatmized grains suspended in water. 
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TABLE I 

Filtrate 
number 

VARXATION 1 FOR PREPARATION OP P - A ~ n o s e  

Separation No. I Separation No. I1 Separation No. 111 
400 cc. 1.5% paste 200 cc. 1.5% paste 200 cc. 1.5% paste 

, -- 
Milli- Amylose, Milli- Amylose, Milli- Amylose, 

Process by which grams of percentage grams of percentage grains of percentage 
filerate was obtained amylose of starch arnylose of starch amylose of starch 

Freezing 63 " paste 
Extracting at 55-60 " 
Extracting at 5 5 4 0  " 
Freezing residue 
Extracting at 55-60 " 
Extracting at 55-60 " 
Extracting at 55-60 " 
Extracting at 55-60 " 

VARIATION I1 FOR PREPARATION OF a-AMYLOSE 

Separation No. I Separation No. I1 
100 cc. 1.5% paste 100 cc. 1.5% paste 
7 -  

Milli- Amylose, Milli- Amylose, 
Filtrate Process by which grams of percentage grams of percentage 
number filtrate was obtained amylose of starch amylose of starch 

1 Freezing 85' paste 193.7 12.91 156.1 10.41 
2 Washing at room temperature 54.1 3.61 87 .0  5 8 0  
3 Washing at room temperature 8 . 6  0.57 9 . 7  0 .65  
4 Washing at 85 45.7 3.05 39 .5  2 .63  
5 Washing at room temperature 19 3 1 30 18.1 1.21 - -  - - 

321.4 21.44 310.4 20.70 

Microscopic Study.--The gelatinized grains of potato starch when 
first stained with iodine were violet. After a few seconds the color deep- 
ened and changed to blue. If the grains were crushed under a cover glass 
when first stained they appeared as burst sacs, stained violet, from which a 
blue-stained liquid had poured forth. If swollen, unbroken grains were 
frozen, then melted, they appeared as long fibers or collapsed sacs, floating 
in a liquid. The sacs stained violet; the liquid, blue. The expansion of 
the water with change of state during freezing exerted a pressure upon the 
grains which forced out the inner liquid. The collapsed sacs, when placed 
in warm water, became swollen for a second time and if they were ruptured 
by crushing, a liquid poured forth. This reswelling of the grains, crushed 
by freezing, to give a round sac containing a liquid showed that freezing 
did not rupture the sac. It was not necessary to rupture the sac in order 
to obtain from the grains the j3-amylose fraction. 

If gelatinized grains were allowed to stand in water, pamylose passed 
slowly from the interior of the grain into the surrounding liquid. The 
grain sacs behaved as dialyzing membranes through which the P-amylose 



passed. ,B-Amylose could thus be obtained by soaking the grains after 
gelatinization although freezing hastened and helped complete its removal. 

Influence of Change of Conditions.-Trial separations showed that in 
order t o  make a sharp separation i t  was necessary to control: (1) the tem- 
perature of gelatinizing the grains, (2) the time required for freezing the 
paste, (3) the temperature of extracting the grains. 

Temperature of Gelatinizing the Grains.-An illustration of the trial 
separations used to  develop the method is given in Table 111, where the 
temperature to which the grains were heated in making the paste was the 
condition varied. 

TABLE I11 
INFLUENCE OF TEMPERATURE OR GELATINIZING THE GRAINS 

Properties of material extracted 
Temp., OC. Phosphorus content [a]: Color-with-iodineo 

63 0.038% of extract 188.8 Blue, no violet detected 
0.0009% of precipitateb 189.1 Blue, no violet detected 

189.0 
75 Blue, trace of violet 
85 0.049% of extract 191.6 Blue, violet present 

190.8 
191 3 

100 Blue, violet in large amount 

a Colors were analyzed by Tanret's method. The solid separating from solution 
on standing contained 0.000970 of phosphorus; the filtrate from this solid contained free 
phosphate. 

From the data in this table it was learned that the material extracted a t  
6 3 O  had a blue color with iodine, which according to Tanret's method of 
analysis contained no violet-staining material, was practically phosphorus- 
free, and had an [a]g  of + 189'. If higher temperatures were used in 
gelatinizing the grains, the phosphorus content and specific rotation in- 
creased, while violet-staining material was found present. 

Time Required for Freezing the Paste.-Microscopical observations 
indicated that during the freezing, retrogradation16 took place and that 
the longer the time required for freezing the larger the amount of material 
which retrograded. This conclusion was verified by quantitative experi- 
ments. The precipitate which formed during the more rapid freezing 
consisted of finer particles which appeared as perfect spheres when magni- 
fied, while that obtained with slower freezing was made up of coarser parti- 
cles which appeared as larger spheres and conglomerates of spheres. 

The ease with which retrograded amylose was dissolved and completely 
extracted from the grain sacs decreases as the size of the particles in- 
creased. When only ten to twenty minutes had been required for freez- 

15 The term retrogradation is used to mean the separation of the material from 
solution as a solid, on standing. 
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ing, the precipitate passed into solution as soon as the temperature was 
raised t o  55'. In cases where freezing required several hours, the precipi- 
tate was so coarse that several days at  55-60' were insufficient for its 
solution. 

From the experiments on retrogradation during freezing and upon 
the character and solubility of the precipitate, it was concluded that short- 
ening the time interval during which P-amylose was held a t  a low temper- 
ature greatly facilitated the complete removal of P-amylose from the grain 
sacs. Therefore, the practice of freezing the paste completely in ten min- 
utes and melting it immediately over warm water was adopted. The ma- 
terial was thus subjected to a low temperature for not more than twenty 
minutes. 

The Temperature of Extracting &Arnylose from the Grains.-A de- 
tailed study of extracts made a t  different temperatures led to the following 
conclusions: a t  temperatures from 20 to 30' retrogradation of P-amylose 
took place within the grain sac and made its removal incomplete; a t  tem- 
peratures above 75' the solvent action of water on the a-amylose became 
appreciable. A temperature from 55-60' was found to be most favor- 
able to the separation. 

Properties of the Products, a- and 8-Amylose 

Specific Optical Rotation in Aqueous Solution. Starch.-The tem- 
perature a t  which different investigators prepared clear dispersions of starch 
in water has been reported variously from 120 to 150'. A study of this 
variable upon the specific rotation of starch was considered necessary as a 
basis for establishing conditions for further work. In preparing disper- 
sions for this purpose i t  was found that the greater the concentration, the 
higher the temperature and longer the time required to form dispersions 
clear enough for use in the polariscope. To obtain clear dispersions a t  a 
relatively low temperature and in a short period of heating, they were 
made up containing 0.5Yo starch and after heating in the autoclave, 
were concentrated to 2 to 3% by distillation under reduced pressure. The 
specific rotations of aqueous starch dispersions prepared a t  temperatures 
from 120 to 135' are given in Table IV. 

Temperature and 
duration of 

heatitlg dispersion 

[,];p~m temp. 

Determination Determination 
No. I No. I1 No. I No. I1 

0 . 5  hour at 120 O 193.8 194.1 
1 hour at 120' 194.0 194.2 194.3 
1 hour at 125 194.2 193.9 194.3 
1 hour at 130' 192.1. 192.8 
1 hour at 135' 189.5 189.5 
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The data in Table IV shovr~ that heating the dispersion a t  a temperature 
of 130' or higher caused a decrease in specific rotation; heating a t  120 or 
125' for one hour caused no decrease. Therefore, the temperature of 120' 
was selected for later determinations. The [a]: values for starch ranged 
from +193.8 to +194.3' with an average of + 194.1°. 

a-Amplose.-This fraction was prepared for the autoclave by boiling 0.5% sus- 
pensions with vigorous stirring until the grain sacs were broken into fine particles that 
settled very slowly. The suspensions were heated for one to two hours at  120' and 
concentrated to 2 3 y 0  by distillation under reduced pressure. Determinations upon 
different preparations are given in Table V. The [a]: values for a-amylose (prepared 
by Variation I1 of the method) ranged from +195.1 to +195.7O with an average of 
+195.5". 

p-Amylase.-The solutions of p-amylose used for rotation reading were the first 
filtrates (Filtrate I) obtained in the separation. Filtrates from later steps in the separa- 
tion were so dilute that during the time required to concentrate them, retrogradation 
took place. The first filtrates contained 0.1 to 0.4% of /3-amylose. They were con- 
centrated to 2 3 %  before direct readings were taken. Determinations upon different 
preparations are given in Table V. The [a]: values for 0-amylose (prepared by Varia- 
tion I of the method) ranged from +188.8 to +189.6°, with an average of +189.3". 
The specific rotation of 8-amylose was found to be unaltered by previous heating for 
one hour a t  120 ". 

a-Ataylose @-Amylose 
Prepared by Prepared by Prepared by Prepared by 
Variation I Variation I1 Variation I Variation I1 

B5 195.6 C1 195.6 B1 189.6 C3 190.8 
B5 195.1 C3 195.4 B2 189.1 C4 191.6 
B6 195.5 C4 195.2 B3 189.6 C5 191.3 
337 195.7 B4 188.8 

B8 189.3 
339 189.2 

persion reading, Prepn. reaiing, Prepn. reading, 
no. OC.  ID no. C. [WID no. OC. falo 

B5 
BlO 
C3 
B5 
B5 
B5 
C3 
B5 
B 10 
B5 
B10 
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Effect of Temperature upon Specific Optical Rotation.-Determina- 
tions of specific rotation were made a t  different temperatures from 20 t o  
30" and the data are given in Table V1. 

From these data in Table VI i t  may be seen that when the direct rotation 
readings are made a t  different temperatures the [ajD values fur starch and 
its components decrease as the temperature increases. Expressed as 
formulas these data become 

[a]', of starch = 214.2 - 1.00t ( t  = 20-30") 
[a]; of 8-amylose = 191.9 - 0.13t ( t  = 20-30°) 
[a]', of a-amylose = 220.1 - 1.23t (t = 20-30°) 

The variation per degree in the [aID value is about ten times as great for 
a-amylose as for 0-amylose. This difference between the amyloses is 
expressed graphically in Fig. 1. 

Phosphorus Content. Starch.-Determinations of the phosphorus in 
this sample of potato starch, by the magnesium ammonium phosphate 
method, gave 0.0691, 0.0696 and 0.0694%; by the strychnine phospho- 
molybdate method, 0.069% + 0.0005. 

a-Amy1ose.-Determinations of the phosphorus in a-amylose by the 
magnesium ammonium phosphate method gave 0.077 and 0.075y0. De- 
terminations on several samples by the strychnine phosphomolybdate 
method each gave 0.076% * 0.0005. 

8-Amy1ose.-Determinations of phosphorus in @-amylose were made 
by the strychnine phosphomolybdate method after it had been checked 
against the magnesium ammonium phosphate method. Samples of 8- 
amylose were obtained in the solid form by precipitation with alcohol and 
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by retrogradation. Samples of precipitated P-saylose contained 0.19% 
phosphorus, of retrograded amylose 0.006 to 0.0009%, the percentage de- 
creasing with the speed of retrogradation, which increased with decrease 
of temperature. 

The phosphorus in the two fractions, a- and 8-amylose, does not repre- 
sent the total phosphorus of the original starch; the remainder was found 
as free phosphate after precipitation or retrogradation of P-amylose. 

Color-with-Iodine.--The color which a-amylose solutions developed 
on addition of iodine in potassium iodide solution varied with the amount 
of iodine, as had been noted previously by Samec and M a ~ e r . ~  Small 
amounts of iodine, added either to the hydrated grain sacs or their clear 
dispersions, produced a light blue color which changed on further addition 
of iodine through violet to red-violet. In order to see whether the blue 
color which first develops could be detected in the presence of the red- 
violet, the region of the complementary absorption bands was determined. 
When the dispersions were placed in the spectroscope and successive addi- 
tions of iodine made, the absorption band passed from left to right, through 
the red and orange region to the yellow, yellow-green. From the results 
i t  may be concluded that the blue color which first developed disappeared 
and was not covered up by the deeper red-violet formed with increased 
amounts of iodine. 

8-Amylose gave with iodine a blue color in all concentrations of the 
amylose down to 0.0004%, and with all proportions of iodine until the yel- 
low color of the iodine was so great as to give with the blue a green color. 

Precipitability with Alcohol. a-Amy1ose.-Dispersions for use in pre- 
cipitation experiments were made by heating 0.5 to 2.0% suspensions of a- 
amylose in water at  120'. When alcohol was added to these dispersions, 
until the final concentration of alcohol reached 85% by volume, no precipi- 
tation took place even after long standing. The addition of ether to  the 
85y0 alcohol mixture to give a final concentration of 34% ether by volume 
caused practically complete (98-99%) precipitation of the a-amylose. 
The addition of sodium chloride also caused precipitation. 

P-Amy1ose.-Filtrates obtained by Variation I of the method were 
used in precipitation experiments. When alcohol was added to these 
solutions, which contained from 0.1 to 0.4y0 8-amylose, until the final 
concentration of alcohol reached 65% by volume, precipitation of P- 
amylose was practically complete (98-99yo). 

Precipitability with Iodine.-Addition of iodine in potassium iodide 
solution to 4% dispersions of a-amylose did not cause precipitation. 
P-Amylose, in concentration of 0.1% or greater, was precipitated by iodine 
to  give a dark blue precipitate in a clear liquid, colored faintly yellow by 
excess iodine. More than 99% of the 8-amylose was thus precipitated. 

Retrogradation.-8-Amylose retrograded slowly a t  low temperatures. 
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Filtrates from Variation I were found to yield 90-95y0 of the dissolved ma- 
terial as retrograded amylose in two weeks, although precipitation was 
probably incomplete a t  this point. Previous heating of the solution in- 
creased the speed of retrogradation. 

The properties of the amyloses are summarized in Table VII. 

TABLE VII 
PROPBRTIBS OF a- AND 8-AMYLOSE 

Statch, gelatinized at 63' 
B A 

Properties 8-Amylose s-Amylose 

[a]%' 189" 195.5" 
Temperature coefficient of [aI2$ 0.13 1.23 
Phosphorus content 0.0009% 0.076% 
Color-with-iodine Blue Red-violet 
Precipitability with alcohol Precipitates, 98-99% Does not precipitate

Q Precipitability with iodine Precipitates, 99% Does not precipitate 
~etrogradation~ Retrogrades, 9W5% Does not retrograde 

" In absence of electrolyte. The separation as a solid from solution on standing. 

Discussion of the Separation 
Since P-amylose is more rapidly dissolved than a-amylose and since it 

was obtained in a series of extracts, it was expected that if the extracts 
contained a-amylose as an impurity, the amount would increase progres- 
sively in the series and the properties would alter progressively toward 
those of a-amylose, listed under A, Table VII. In  so far as the methods of 
measuring the properties could be made applicable to increasingly dilute 
extracts, the properties were found to be identical and the P-amylose uni- 
form in character throughout the series. 

Removal of P-amylose by repeatedly freezing and extracting grains 
gelatinized at 63' did not rupture the grain sacs. Sixteen per cent. of the 
starch was the total amount that could be obtained by these processes be- 
low the gelatinization temperature. When the residual unbroken sacs 
were broken into fine particles by vigorous agitation, allowed to stand in 
water, then filtered, the filtrate contained no dissolved material, from which 
it was concluded that no more material could be obtained by rupture of the 
sacs and that 16% was the total amount that could be obtained in solution 
at 6 3 O  or below. 

When by gelatinizing and extracting the original starch a t  a higher 
temperature a larger amount of the starch was obtained in solution, the 
properties of the dissolved material diverged toward those of a-amylose, 
listed under A, Table VII. 

The a-amylose preparations passed slowly into solution a t  the boiling 
point. By filtering before the whole sample had dissolved there were 
obtained a dissolved portion and an undissolved residue. The properties 
~f these two portions were determined separately. It was expected that 
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if the a-arnylose preparations contained p-amylose as an impurity, the 
properties of the dissolved portion would diverge toward those of 
p-amylose listed under B, Table VII. The properties of both portions 
were identical, and the same as those listed under A, Table VII. The 
identity of the dissolved and the undissolved portion was evidence that 
the a-amylose preparations were free from j3-amylose. 

The temperature coefficients of specific rotation serve to explain most of 
the discrepancies among the values given in the literature for this analytical 
constant. 

Comparison of the Products.-Of the six properties which were studied 
in order to define the amyloses, some differ numerically, others are anti- 
thetical. 

While the [a]: values of the amyloses differ by 6.5 degrees, a great differ- 
ence between the amyloses is shown by the changes which this analytical 
constant undergoes with temperature. Between 20 and 30' the [a]; for 
p-amylose is 191.9 - 0.13t, that for a-amylose is 220.1 - 1.23t. Thus the 
temperature coefficient of a-amylose is about ten times that of @-amylose. 

a-Amylose is a phosphorus-bearing compound while 8-amylose is 
"phosphorus-free." 

In  their behavior toward alcohol and iodine as precipitants and in regard 
t o  retrogradation, the amyloses are antithetical. 

Summary 

This method for the fractionation of potato starch effects the separation 
of the outer envelope (a-amylose) from the inner more soluble portion 
(8-amylose) without subjecting the material to contact with strong re- 
agents or high temperatures. It is based upon their difference in water- 
solubility and consists of gelatinizing the grains, then subjecting them 
alternately to a freezing process and a series of extractions, each step being 
carried out under such conditions as were found by experiment to be most 
favorable to the separation. During the separation the sacs act as di- 
alyzing membranes toward p-amylose and are not ruptured by freezing. 

I n  developing the method, series of trial separations were carried out 
under systematically varied conditions and the effect of each change on the 
properties of the products was measured. Data from these experiments 
showed that the trial separations were continued until the properties, which 
diverged under increasingly more favorable conditions, finally ceased to 
diverge and became constant for each fraction. A sharp separation of 
the amyloses was thus indicated. 

The method separates a phosphorus-bearing (a-amylase) from a "phos- 
phorus-free" (8-) amylose which contrast strongly in their temperature 
coefficients of specific optical rotation and are antithetical with regard to  
retrogradation and toward alcohol and iodine as precipitants. A compari- 
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son of the properties of the products thus supplies additional evidence that 
the me thd  effects a sharp separation of the amyloses. 

6-Amylose has an [ajD value a t  20' of 189" which varies with the 
temperature according to the formula [a]; = 191.9 - 0.13t. It is 
practically free from phosphorus, gives a blue color with iodine which 
according to Tanret's method of analysis is free from violet, is precipitated 
by alcohol and by iodine, and retrogrades. The speed of retrogradation is 
increased by previous heating of the solution. j3-Amylose represents 16 * 
lyo of the original starch. 

a-Amylose has a [a]:, value a t  20' of 195.5' which varies with tempera- 
ture according to the formula [a]; = 220.1 - 1.23t. I t  contains 0.076% 
of phosphorus, gives a red-violet color with iodine which according to Tan- 
ret's method of analysis is free from blue, it is not precipitated by alcohol 
in absence of electrolyte, or by iodine; it does not retrograde. It repre- 
sents 84 * lYo of the original starch. 

The specific optical rotation of potato starch is expressed by the formula 
[a]:, = 214.2 - 1.00t. Heating starch dispersions a t  130° or above causes 
a decrease in the [a]= value. 

NEW BRUNSWICK, N.  J. 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF THE UNIVERSITY OP MARY- 
LAND AND THE HYGIENIC LABORATORY, UNITED STATES PUBLIC HEALTH SERVICE]' 

THE CHEMISTRY OF ORGANIC GOLD COMPOUNDS. I. 
AUROUS CHLORIDE CARBONYL AND A METHOD OF LINKING 

CARBON TO CARBON 
BY M. S. KHARASCH AND H. S. IS BELL^ 

RECEIVED MARCH 10, 1930 PUBLISHED JULY 3, 1930 

In the course of our systematic investigation of organic gold carbon 
compounds, we became interested in the theoretical aspects of the type of 
organic radicals which might form stable compounds with monovalent 
gold. In view of the fact that at that time our only method of preparing 
gold carbon compounds was by the Grignard reagent, we were naturally led 
to a search for some monovalent gold compounds which might be soluble 
in organic solvents. The literature revealed none. A method of a-ttacking 
this problem was suggested by the fact that the carbonyl of platinous 
chloride dissolves in organic solvents. Accordingly, we decided to in- 
vestigate the action of carbon monoxide with gold salts. 

Previous Work.-The action of carbon monoxide on a water suspen- 
sion of aurous chloride leads to the formation of a colloidal gold ~o lu t ion .~  

1 Published by permission of the Surgeon General, 
2 This work was done in 1925 and submitted to the Graduate School of the Univer- 

sity of Maryland in partial fulfilment of the requirements for the doctorate degree in 1926. 
Donau, Monatsh., 26, 525 (1905); ibid., 27, 71 (1906). 
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Under anhydrous conditions this reaction was studied by Diez~er ,~ who 
records that aurous chloride is decomposed into metallic gold and phosgene 
when heated in a stream of carbon monoxide, However, it was thought 
advisable to repeat his experiments a t  low temperatures. 

When dry auric chloride was placed in a U-tube, immersed in a bath 
heated to 100' and dry carbon monoxide passed through the tube, a volatile 
gold carbon compound was formed which distilled to some extent into the 
receiver. Upon passing carbon monoxide over dry auric chloride one 
observes that the auric chloride is converted into yellow aurous chloride, 
which then reacts with more carbon monoxide to give the gold carbonyl 
compound. The same gold carbon monoxide product is formed whether 
one starts with aurous or auric chloride. When auric bromide was used 
only a small amount of crystals was formed, while with aurous iodide no 
combination took place. 

The compound aurous chloride carbonyl was prepared by us in March, 
1925. Later in the same year the preparation of the same compound was 
reported by Manchot and GalL5 The observations of these investigators 
regarding the optimum temperature for the dry method of preparing this 
compound, and the fact that either aurous or auric chloride gave the same 
product, are in accord with our experience. Fortunately, however, our 
investigation covers phases in the preparation and study of the properties 
of this interesting compound not touched upon by these investigators, so 
that no overlapping of effort has occurred. We naturally consider the 
priority of publication of Manchot and Gall as entitling them to the credit 
of having discovered this compound. 

Methods of Preparation of Aurous Chloride Carbonyl 

A. Action of Carbon Monoxide upon Dry Aurous or Auric Chloride.- 
A series of experiments was performed in order to ascertain the optimum 
condition for the preparation of aurous chloride carbonyl. The results are 
summarized in Table I. 

As may be seen from Table I, the yields of aurous chloride carbonyl were 
best when a rapid stream of carbon monoxide was used and the temperature 
maintained around 110'. The aurous chloride carbonyl then sublimes in 
the forni of laminar crystals. The low yields a t  all times are due to the 
decomposition of the aurous chloride carbonyl into metallic gold, carbon 
monoxide and phosgene. 

2AuCl.CO -+ 2Au f CO f COClz 

The rapidity with which the compound is removed from the high tempera- 
ture environment influences the yield. It is quite likely that higher pres- 
sures of carbon monoxide would favorably influence the yield. 

* Diemer, THIS JOURNAL, 35, 550 (1913). 
Manchot and Gall, Ber., 58B, 2175 (1925). 
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TABLE I 
FACTORS INRI,U&NCXNG T- YIELD OR AUROUS CHLORIDE CARBONYL FROM AURIC 

CHLORIDE 
T%aip , Gas Yield of aurous 

C. wed chloride carbonyl Remarks 

HCl f CO 
CO f Clz 

Poor 
Poor 
Very poor 
Fair 
20% 

Fair 

Poor 
Very poor 

A small amount of phosgene was formed 
Extracted aurous chloride carbonyl with benzene 
Applied suction to distil product 
Used a rapid stream of carbon monoxide gas 
A rapid stream of carbon monoxide was passed over 

the auric chloride. This was by far the best yield 
ever obtained by this method. 

A rapid stream of carbon monoxide was passed over 
the auric chloride 

. . . . .  
Much phosgene formed 

Of interest is the experiment in which a mixture of carbon monoxide and 
chlorine was passed through the tube containing the auric chloride. The 
object of the chlorine was to regenerate the gold formed in the decomposi- 
tion of the aurous chloride carbonyl. However, we found this procedure to 
be a fairly good one for making phosgene, but it gave an extremely poor 
yield of aurous chloride carbonyl. This latter observation is in disagree- 
ment with that of Manchot and who recommended the simultaneous 
passage of chlorine and carbon monoxide over gold chloride in the produc- 
tion of the carbonyl compound. No yields, however, are recorded by these 
investigators and no mention is made of the formation of phosgene. 

B. Action of Carbon Monoxide upon Aurous Chloride or Auric 
Chloride in the Presence of an Inert Solvent.-Since large amounts of 
aurous chloride carbonyl were needed for our work and the methods de- 
scribed above gave only small yields, another method of preparation of this 
compound was attempted and fbund to give quantitative yields. The 
method of procedure is as follows. 

Dry carbon monoxide is passed through a benzene suspension of aurous 
chloride a t  room ternfieratwe. The aurous chloride gradually dissolves. 
If the amount of benzene is not too large it may be noted that the yellow 
crystals of aurous chloride are gradually converted into the colorless 
crystals of aurous chloride carbonyl. The method is quantitative provided 
all moisture is excluded, and the aurous chloride is free from metallic gold. 

The preparation of aurous chloride free from metallic gold is a rather 
difficult procedure since the aurous chloride is ordinarily prepared by heat- 
ing auric chloride. It was desired to see, therefore, whether we could not 
prepare the aurous chloride carbonyl by passing carbon monoxide through 
a solution of auric chloride. In this case, of course, the use of benzene or 
any solvent which is acted upon by dry auric chloride is excluded. We 
found that the chlorinated hydrocarbons were admirably adapted for our 
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purpose. Thus, by passing carbon monoxide through a solution or sus- 
pension of auric chloride in tetrachloro-ethylene at  100-140°, the auric 
chloride was reduced to aurous chloride, with the formation of phosgene, 
and the aurous chloride then combined with the carbon monoxide to give 
the corresponding carbonyl. In view of the fact that the solution of the 
aurous chloride carbonyl loses carbon monoxide very readily when heated, 
this affords an excellent method for preparing pure aurous chloride. 

Molecular Weight and Stabiiity of Aurous Chloride Carbony1.-The 
compound aurous chloride carbonyl was shown to be monomolecular. 
I ts  molecular weight in benzene solution, as determined by the freezing 
point method, is 223 as compared with the calculated value of 260. This 
difference may be due to the presence of some phosgene in the benzene 
solution, or to the fact that the product AuClCO is dissociated to some 
extent. 

AuClCO Z= AuCl + CO 

Pertinent to this is the observation that the solid AuClCO loses carbon 
monoxide in vacuo, leaving behind a residue of aurous chloride. 

Reactions of Aurous Chloride Carbonyl with Various Reagents.-A 
series of qualitative and quantitative reactions of a benzene solution of 
aurous chloride earbonyl with various reagents is given in Table 11. 

TABLE 11 

REACTIONS of A BGNZENE SOLUTION OF AUROUS CHLORIDE CARBONYL 

1 Pyridine -+ AuC1.pyridine + CO 
2 Hexamethylenetetramine --+ AuCI(CH~)~N,I + CO 
3 Aniline -+ Unstable compounds + Au (?) 
4 Dimethylaniline + Au (?) 
5 Methylamine --t Au (?) 
6 Ammonia -+ Au (2)  
7 Urea + No apparent reaction + 

8 Succinimide -+ No apparent reaction 
9 AgCN -+ No replacement of the chlorine in the aurous chloride carbonyl 

10 PC18 -+ AuCI.PCla + CO 
11 KI  + AuI + CO + KC1 
12 AuCls + AuCl + COClz 
13 Hz0 + 2Au + CO + COz + 2HC1 
14 CHaOH -+ AU (?) 
15 CzH60H -+ AU (?) 
16 CZH~OH + AU (?) 
17 C&LOH -+ AU (?) 
18 CH,COOH -+ No apparent reaction 
19 (CzH6)zHg -+ AU + CzH6HgCl + (?) 
20 (CaHJzHg + An + Ce.H,HgCI + (?) 
21 I z  -+ AuI + (?) 
22 Br, -+ AuCl.Br% 4- CO 

6 In  the presence of a small amount of benzene a white gelatinous precipitate is 
formed which gradually turns purple, liberating metallic gold. 
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A number of interesting facts may be noted from examination of Table 11. 
It appears that most compounds containing a basic nitrogen, when treated 
with aurous chloride carbonyl, yield carbon monoxide and a double com- 
pound of aurous chloride and the base. On the other hand, substances 
containing amide or imide groups are not acted upon by aurous chloride 
carbonyl. Thus, there is no reaction with succinimide or urea. 

In  the class of oxygen compounds, alcohols decompose aurous chloride 
carbonyl into metallic gold while with acids, i. e., glacial acetic acid, there 
is no apparent reaction. This property is quite likely related to  the differ- 
ence in ease of oxidation of the different types of molecules. 

The interaction of aurous chloride carbonyl with mercury diethyl or 
mercury diphenyl leads to the formation of metallic gold, the corresponding 
alkyl or aryl mercuric halide and undoubtedly the bis-hydrocarbons. 
These latter products were not sought for in these reactions, but  their 
existence is indicated by the behavior of the Grignard reagent with aurous 
chloride carbonyl. 

Reaction of Aurous Chloride Carbonyl with. the Grignard Reagent and 
a Method of Linking Carbon to Carbon.-The investigation of the  action 
of the Grignard reagent on aurous chloride carbonyl had a two-fold purpose. 
In the first place, it was thought possible to prepare aurous carbon com- 
pounds by this method. Secondly, it was undertaken as a part of a broader 
investigation under way by one of us regarding the mode of attachment of 
carbon monoxide in carbonyl compounds. 

In all of the cases investigated the action of aurous chloride carbonyl 
with the Grignard reagent of various types of organic radicals led t o  similar 
results, i. e., the liberation of carbon monoxide, precipitation of metallic 
gold and formation of the bis-hydrocarbon. No condensation products of 
carbon monoxide and the Grignard reagent were formed. A huge excess 
of the Grignard reagent was used (5 moles) and a careful but unsuccessful 
search made for the possible products of condensation of carbon monoxide 
with the Grignard reagent. Aurous chloride carbonyl thus acts in a 
strikingly different manner from nickel carbonyl, for Blanchard and Gilli- 
land7 have demonstrated that the latter compound when treated with 
phenylmagnesium bromide gives triphenylmethane, triphenylvinyl alco- 
hol, pentaphenylethane, tetraphenylethylene and a non-crystallizable oil 
comprising more than half of the entire product. 

Aurous chloride carbonyl appears to act toward a Grignard reagent 
somewhat as does cupric ch~oride.~ Aurous chloride also acts similarly. 
However, much better yields of the bis-hydrocarbons were obtained by the 
use of a Grigngrd reagent on a benzene solution of aurous chloride carbonyl 

7 Blanehard and Giliiland, THIS JOURNAL, 48, 410 (1926). 
8 Job and Reich, Compt. read., 174, 1358 (1922); Reich, ibid., 177, 322 ( l e 3 ) ;  

Gilman and Parker, THIS JOURNAL, 46,2823 (1924). 



2924 M. S. KHARASCH AND H. S. ISBELL Vol. 52 

than by the use of aurous chloride. The lower yield in the case of aurous 
chloride may be ascribed to the fact that aurous chloride is insoluble, that 
its reaction product with the Grignard reagent is sticky and insoluble. 
The aurous chloride is thus occluded and a large amount does not enter into 
reaction and may subsequently be recovered unchanged. 

Mechanism of Action of Aurous Chloride Carbonyl and the Grignard 
Reagent.-The action of aurous chloride carbonyl or aurous chloride 
upon the Grignard reagent may be formulated as follows 

AuCI.CO + CeH6.MgBr ----t Au:C.& + MgBrCl + CO (1) 
Au:CeH6 --+ decomposes into two neutral fragments --+ Au.+.CeH6 (2) 

2H6Ca. --+ HICB:CBHS (3) 

Thus the tendency of monovalent gold to take one electron from the 
phenyl group leads quantitatively to the formation of gold and diphenyl. 
In contrast to this, trivalent gold tends to take two electrons from the 
phenyl group and consequently phenylauric dichloride decomposes not into 
diphenyl but into phenyl chloride

g 

Upon a theoretical basis it appeared interesting to study the stability 
of the molecule RAu. I t  may be seen that if the radical R gives up the 
electrons readily the compounds should be extremely unstable. On the 
other hand, if we choose for R a strongly electronegative radical, a more 
stable compound RAu should be obtained. The benzyl, phenyl, o- and 
p-tolyl and naphthyl radicals were chosen for the investigation. These 
radicals, as may be seen from the Table of Electronegativity of Radicals, 
form a series ranging from slightly electronegative to very decidedly 
electronegative radicals.1° 

The experiments fully justified our expectations. Thus, when benzyl- 
and phenylmagnesium bromides are treated with aurous chloride carbonyl, 
there is an instant precipitate of gold, while the o- and p-tolyl Grignard re- 
agents precipitate gold slowly, leading to the formation of 2,2-dimethyl- 
diphenyl and 4,4-dimethyldiphenyl, respectively. Furthermore, the 
Grignard reagent from the a-naphthyl radical forms a clear red solution 
when treated with aurous chloride carbonyl, which does not precipitate 
gold until heated." 

9 Kharasch and Isbell, unpublished work. 
lo Kharasch and Marker, THIS JOURNAL, 48, 3130 (1926); Kharasch and Rein- 

muth, J. Chem. Ed., 5, 408 (1928). 
l1 The investigation is being continued using radicals more strongly electronegative 

than the a-naphthyl radical, i. e., radicals like fi- and o-methoxyphenyl, methoxy- 
naphthyl, etc. I t  is of interest to point out that theoretically silver, copper, mercury, 
and other metals should form a series of organo-metallic compounds-the stability of 
which toward heat should increase with the increase in the electronegative character of 
the I"adica1s attached to the metal. In the field of organo-mercuric compounds this 
prediction is well substantiated. 
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In the latter case, however, a reaction similar to those described above 
takes place, and @,a'-dinaphthyl is farmed. The yields of the bis-hydro- 
carbons are quantitative upon the basis of aurous chloride carbonyl em- 
ployed. The yields of the &is-hydrocarbons recorded in the experimental 
part are those of the pure products. Some losses were incurred during the 
crystallizations of the materials or in the preparation of solid derivatives 
from liquids formed in the reaction. 

Experimental Part 
The Preparation of Aurous Chloride Carbonyl from Dry Auric Chloride.-Carbon 

monoxide gas, liberated by the action of concentrated sulfuric acid on formic acid, was 
dried by allowing i t  to bubble through concentrated sulfuric acid. It was then passed 
through a U-tube containing anhydrous auric chloride, immersed in a sulfuric acid-bath. 
The gases evolved were led through an empty U-tube and then through a wash bottle 
containing a benzene solution of aniline in order to absorb any phosgene formed as the 
result of the interaction of the auric chloride and carbon monoxide. 

At about 45" the first appearance of a reaction was noted. At 50" some colorless 
crystals began to appear in the cooler portions of the U-tube. Upon gradually raising 
the temperature the rate of distillation of the crystals increased, reaching a maximum 
between 100 and 130 ". The gold chloride slowly turned yellow and iinally changed to  
brown, whereupon the residue was reduced to metallic gold. The yield of aurous chloride 
carbonyl by this method was extremely low. 

A d .  Subs., 0.1222. 0.0294; Au, 0.0926, 0.0222. Calcd. for AuClCO: Au, 75.65. 
Found: Au, 75.78, 75.51. 

When thus prepared aurous chloride carbonyl is obtained in clear, colorless, laminar 
crystals, which frequently give a mother-of-pearl appearance. I t  is soluble, without de- 
composition, in benzene, and in anhydrous ether, while in acetone there is slight de- 
composition, probably due to small amounts of water contained in the acetone. It 
reacts with water giving a gas and metallic gold, but i t  dissolves in glacial acetic acid 
without appreciable reduction or liberation of gas. 

Formation of Phosgene by the Action of Carbon Monoxide upon Auric Chloride.- 
The gas from the reaction of auric chloride and carbon monoxide was, as previously 
stated, absorbed in a benzene solution of aniline.12 

The product of the reaction of phosgene and aniline, i. e., &phenylurea (m. p. 237 ") 
was isolated from this mixture. For further confirmation the diphenylurea was con- 
verted into the bromine derivative, the properties of which agreed with those cited in the 
literature. Hence we may conclude that auric chloride and carbon monoxide react thus 

AuC18 + CO -+ AuCl + COClz 
AuCl + CO -+ AuClCO 

A Preparation of Aurous Chloride Carbonyl in the Presence of an Inert Solvent.- 
Aurous chloride (1.869 g.) is suspended in dry benzene (50 cc.), kept a t  20-30" and car- 
bon monoxide is passed through the suspension until the yellow aurous chloride is con- 
verted into a colorless, crystalline product. Benzene is then added and the mixture very 
gently warmed to dissolve the crystals. Any residual solid is collected on a filter and 
from the filtrate most of the aurous chloride carbonyl may be precipitated by the addi- 
tion of petroleum ether. The balance of the product may be obtained by evaporation 
of the solvent in vacuo. The yield is 1.990 g. or 95% of the calculated amount. 

12 This method for the determination of phosgene is described by Andrt? Kling 
and Rent? Schmutz, Comfit. vend., 168, 773 (1919). 
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Anal. Subs., 0.1345: Au, 0.1017. Calcd. for AuCICO: Au, 75.65. Found: 
Au, 75.61. &l. wt. Subs., 0.0552: Benzene, 5.0; t ,  0.365". Calcd. for AuClCO: 
260. Found: 223. 

Pyridine Aurous Chloride.-Pyridine reacts in benzene solution with aurous 
chloride carbonyl with the evolution of a gas and the formation of a white, flocculent 
precipitate. 

A m l .  Subs., 0.1320: Au, 0.0846. Calcd. for C5H;NAuC1: Au, 63.24. Found: 
Au, 64.09. 

The compound is insoluble in benzene, alcohol and water, somewhat soluble in 
acetone, giving white crystals on evaporation. I t  melts with decomposition a t  92O. 

Hexamethylenetetramine Aurous Chloride.lLThe addition of a benzene solution 
of hexamethylenetetramine to a benzene solution of aurous chloride carbonyl results 
in the evolution of carbon monoxide and the separation of a white crystalline compound. 
The solid was collected on a filter, washed well with benzene and dried in vacuo. 

Anal. Subs., 0.0656: Au, 0.0342. Calcd. for C6HlzNnAuC1: Au, 52.75. Found: 
Au, 52.14. 

This compound is insoluble in alcohol, benzene and ether. I t  reacts slowly with 
water, giving a colloidal solution of gold. I t  is not soluble in dilute acids or alkalies. 
I t  decomposes slowly over a range of temperature, the first sign of decomposition being 
a t  150". 

Reaction of Aurous Chloride Carbonyl with Bromine.-Bromine (0.0376 g.) .dis- 
solved in chloroform was added to a molecular equivalent (0.0712 g.) of aurous chloride 
carbonyl. The whole was allowed to stand for twelve hours and then the chloroform 
was evaporated. Upon drying to constant weight in vacuo over sodium hydroxide, the 
residue gave the following analysis. 

Anal. Subs., 0.1065: Au, 0.0539. Calcd. for AuC1Br2: yield, 0.1072; Au, 50.24. 
Found: yield, 0.1065; Au, 50.61. 

This experiment indicates that aurous chloride carbonyl reacts with one mole of 
bromine to give the auric halide. Therefore, none of the bromine is used in the oxidation 
of the carbonyl group. The analysis is of course no criterion that the compound is 
AuCIBrz. I t  could also be a mixture of two moles of auric bromide and one of auric 
chloride. 

Reaction of Aurous Chloride Carbonyl with Iodine.-Aurous chloride carbonyl 
was treated in benzene solution with slightly more than one equivalent of iodine. A 
yellow precipitate of aurous iodide formed. 

Anal. Calcd. for AuI: Au, 60.84. Found: Au, 61.36. 
The resulting benzene solution, when treated with a slight excess of aniline, did not 

give any solid derivative. 
The Reaction of the Grignard Reagent with Aurous Chloride Carbony1.-Aurous 

chloride carbonyl was added drop by drop to five molecular equivalents of the Grignard 
reagint a t  room temperature. Metallic gold precipitated with all the radicals tested 
except or-naphthyl. In the latter case warming the mixture on the water-bath for a 
half hour was necessary to bring the reaction to completion. After the addition of 
petroleum ether and decomposition of the excess Grignard reagent with ice, followed 
by water and dilute acid, the ethereal solution was washed free from all water-soluble 
substances. Upon evaporation of the ether, the residues were usually crystallized from 
alcohol or other solvents, until pure compounds were obtained. Although derivatives 

l3  An auric chloride hexamethylenetetramiue, AuCl3.CeHl2N, is described by 
Moschatos and Tollens, Ann., 272, 277 (1893). 
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of the earbonyl group which could have been formed due to  the interaction of the 
Grignard reagent and carbon monoxlde were also looked for, only hydrocarbons were 
found. The final products of the reaction may be summarized in the equation 

2CeHaMgBr + AuClCO + (CBH~)~  -I- 2Au + CO 

The reaction is probably quantitative, but there is loss in the purification ol the 
products when small quantities of material are used. The yields recorded below are 
those of the pure products. 

Five moles of 

Phenylmagnesium 
bromide 

o-Tolylmagnesium 
bromide 

p-Tolylmagnesium 
bromide 

Benzylmagnesium 
chloride 

Naphthylmagnesium 
bromide 

Phenylmagnesium 
bromide 

One mole 

AuClCO 

AuClCO 

Product 

Diphenyl 

Di-o-tolyl 

AuClCO Di-p-tolyI 

AuClCO Dibenzyl 

' Remarks Yield, % OC. 

106 70 Possibly some di- 
phenyl formed in 
prepn. of Grignard 

61.3 Liq. Deriv. diphenic acid, 
m. p. 226 O 

91.5 118 

AuClCO a,rr'-Dinaphthyl 70 8 151 

AuCl Diphenyi 70 1 70 Some aurous chlo- 
ride did not react 

Summary 

1. A quantitative method for the preparation of aurous chloride car- 
bony1 is described. 

2. The reactions of aurous chloride carbonyl with a variety of organic 
substances are described. 

3. The mechanism of the action of aurous chloride carbonyl with a 
Grignard reagent is discussed. The intermediate formation of monovalent 
gold carbon compounds is postulated. The order of stability of these 
monovalent gold carbon compounds appears to agree with the relative 
order of the electronegativity of the radicals investigated. 

4. A method of linking carbon to carbon is described. This method is 
preferable to the method in which cupric chloride is employed, for the new 
reagent, aurous chloride carbonyl, is soluble in organic solvents. 

5. The preparation of a number of new compounds is described. 
CHICAGO. ILLINOIS 
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[CONTRIBUTION PROM THE FOOD RESEARCH DIVISION, BUREAU OP CHEMISTRY AND 

SOII,S, UNITED STATES DEPARTMENT OF AGRICULTURE] 

ISOCITRIC ACID1 

BY E. K. NELSON 

RECEIVED MARCH 10, 1930 PUBLISHED JULY 3, 1930 

The predominating acid of the blackberry is an optically active form of 
isocitric acid,2 an acid which was synthesized by Fittig3 and later in the 
form of its ester, by Wislicenus and Nas~auer .~ 

The optical activity of the triethyl isocitrate obtained on fractionating 
the ethyl esters of the acids from various lots of blackberries was not, 
however, found to be constant. From six lots of blackberries esters were 
obtained having optical rotation ranging from -9.7 to +14.75O, indicat- 
ing that the isocitric acid of the blackberry is a mixture of the optical anti- 
podes in varying proportions, their racemic mixture, of course, also being 
present. As there are two asymmetric carbon atoms in isocitric acid, and 
no meso form is possible, four optically active forms and two racemic forms 
of the acid may exist. 

The present investigation was undertaken for the purpose of comparing 
the natural isocitric acid with the acids synthesized by Fittig and Wislicenus 
and further studying the properties of the blackberry acid. 

Accordingly Fittig's and Wislicenus' syntheses were repeated, resulting 
in the production of a quantity of synthetic isocitric acid and triethyl 
isocitrate. 

Fittig's isocitric acid (which he obtained only in partly crystalline form, 
mixed with lacto-isocitric acid) was obtained in practically pure form, 
both with and without water of crystallization, while his lacto-isocitric acid 
was produced in pure form, melting sharply a t  160-161°. 

The triethyl ester of isocitric acid prepared by Wislicenus was reported 
by him to boil at 149-150° at  14 mm. This boiling point could not be 
confirmed. Triethyl isocitrate prepared according to Wislicenus was found 
to boil a t  180-181' a t  10 mm., which is more in accordance with what would 
be expected for an isomer of triethyl citrate, which boils a t  170' a t  10 mm. 

In esterifying isocitric acid directly, i t  was found that partial dehydration 
took place with the formation of diethyl lacto-isocitrate. The presence of 
this ester causes a marked rise in the boiling point and in the saponification 
equivalent and affects the melting point of the hydrazide obtained from 
the triethyl ester. 

Better results were obtained by treating barium isocitrate, containing 
one molecule of water of crystallization, with absolute alcohol containing 

1 Food Research Contribution No. 77. 
E. K. Nelson, THIS JOURNAL, 47, 568 (1925). 
Fittig, Ann., 255, 47 (1889). 
Wislicenus and Nassauer, ibid., 285, 7 (1895). 
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enough hydrochloric acid to combine with the barium and leave about 2.5% 
excess. The barium chloride was filtered off and the esterification com- 
pleted in the usual manner, In this way the triethyl ester was prepared 
from Fittig's acid. It had a saponification equivalent of 635 (calcd. 609.7) 
and boiled a t  180-181° a t  10 mm., whereas the ester prepared directly from 
the acid had a saponification equivalent of 664.6 and distilled only partly 
at  219' a t  10 mm. 

The ester prepared by the Wislicenus method had a boiling point of 181" 
at  10 mm., and the saponification equivalent was 613. 

I t  was more difficult to prepare the natural acid or its corresponding 
latto-acid in crystalline form, owing to the presence of the optically active 
form. However, both compounds were obtaihed and checked by optical 
crystallographic methods5 with the acid and lacto-acid obtained by syn- 
thesis. Attempts to resolve the synthetic acid into optically active com- 
ponents by the use of cinchonine, cinchonidine or brucine were unsuccessful. 

Experimental 

Fittig's Synthesis.-Fittig's synthesis of isocitric acid was carried out: 32.4 g. of 
sodium succinate, dried a t  140°, 29.5 g. of chloral and 20.4 g. of acetic anhydride were 
used. The yield of trichloromethylparaconic acid was 31 g., of barium isocitrate 46.4 
g., and of isocitric acid, 20 g. 

The aqueous solution of isocitric acid was evaporated to a sirupy consistency. 
From this, on long standing, crystals were deposited. These were separated by filtra- 
tion and spread on a porous plate to dry. The acid melted at about 105" but softened 
much below that figure; 0.3210 g. required for neutralization 43.5 cc. of N/10 sodium 
hydroxide (in ice water) and 45.1 cc. on boiling, showing the presence of a little lacto- 
isocitric acid. 0.4203 g. lost 0.0815 g. of water at 100' in vacuo, corresponding to 19.39% 
of water (calcd. for 2.5 moles of HzO, 20.5%). As isocitric acid is converted into lacto- 
isocitric acid at  100' in vaczlo, losing 1H20, 1.5 moles of water must be water of crys- 
tallization. 

I t  was found that recrystallization from ethyl acetate gave the acid free from water 
of crystallization; 0.2928 g. of the acid thus recrystallized required for neutralization 
44.52 cc. of N/10 sodium hydroxide in ice water, and the same amount on boiling, thus 
showing its freedom from lacto-isocitric acid; 44.52 cc, of NjlO sodium hydroxide rep- 
resents 0.2849 g. of isocitric acid, corresponding to a purity of 99.26%. The balance is 
probably water and as strong drying tends to produce some lacto-isocitric acid, it was 
analyzed without further drying. 

Anal. Subs., 0.1278, 0.1015: C02, 0.1736, 0.1384; HzO, 0.0486, 0.0375. Calcd. 
for CGH~OT: C, 37.50; H, 4.19. Found: C, 37.06.37.19; H, 4.25,4.13. 

Optical Crystallographic Data.-Fittig's isocitric acid (crystallized from ethyl 
acetate) consists of rods and irregular fragments. Its indices of refraction are N ,  = 
1.519, No = 1.527, N, = 1.548, all f 0.003. On the rods the extinction is straight and 
the sign of elongation +. The double refraction is rather strong ( N ,  - N ,  = 0.029). 

Owing to the ease with which isocitric acid loses water, changing into lacto-iso- 
citric acid, a sharp melting point could not be obtained. 

6 The optical crystallographic examinations were made by George I,. Keenan 
af the Food, Drug and Insecticide Administration. 
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When dried in vacuo at  100' the isocitric acid is completely changed into lacto- 
isocitric acid. This product was recrystallized from boiling chloroform, in which it is 
sparingly soluble, and was obtained as a crystalline white substance, melting sharply 
a t  160-161 O ;  0.2511 g. required 30.0 cc. of N/10 NaOH when titrated in ice water and 
42.2 cc. in boiling water. 

Anal. Subs., 0.0676, 0.0812: COz, 0.1016, 0.1223; HzO, 0.0222, 0.0252. Calcd. 
for CaH606: C, 41.37; H, 3.47. Found: C, 41.00, 41.09; H, 3.67,3.47. 

Optical Crystallographic Data.-This material crystallizes in irregular fragments 
without definite habit. The indices of refraction are, N,  = 1.487, Ng = 1.505, N ,  = 
1.600, all *0.003. The optic sign is + and the double refraction is extremely strong 
( N y - N ,  = 0.113). 

Direct esterification of Fittig's isocitric acid by refluxing with absolute alcohol 
containing 2.5% of hydrochloric acid led to no satisfactory result, as the resulting prod- 
uct distilled only partly a t  about 219 " a t  10 mm. and this had a saponification equivalent 
of 664.6, the calculated saponification equivalent of triethyl isocitrate being 609.7 and 
of diethyl lacto-isocitrate 731.4. 

I t  is therefore evident that dehydration had occurred. In order to avoid this, 40 
g. of barium isocitrate was treated with an absolute alcohol solution of hydrochloride 
in sufficient quantity to liberate the isocitric acid and leave a sufficient excess to carry 
on the esterification. After standing for some time, the barium chloride was filtered 
off and the filtrate refluxed in the usual manner. 

In  this way an ester was obtained which boiled a t  180-181 a t  10 mm. and had a 
saponification equivalent of 635, which is still high for triethyl isocitrate. In order to 
prepare the pure ester and through this to obtain pure hydrazides, Wislicenus' synthesis 
was resorted to. 

Widicenus' Synthesis.-Oxal-succinic ester, prepared and purified as directed by 
Wislicenus, except that it was not distilled, was reduced by sodium amalgam, As the 
reduction under water was slow and incomplete, dilute alcohol was used as the solvent. 
When the ester no longer gave a color reaction with ferric chloride, the reduction was 
regarded as complete and the product was extracted with ether. 

The ester, left after evaporation of the ether, gave a negative ferric chloride reaction. 
I t  boiled a t  10 mm. a t  181 O. 

Anal. Subs., 0.1075, 0.0996: COZ, 0.2044, 0.1901; HzO, 0.0681, 0.0620. Calcd. 
for CIzHzoO7: C, 52.17; H, 7.24. Found: C, 51.87, 52.06; H, 7.09, 6.96. Saponifica- 
tion equivalent: 613.5, 613. Calcd. : 609.7. 

The hydrazide was prepared from Wislicenus' ester in the usual manner by mixing 
the solution of the ester in absolute alcohol with a moderate excess of hydrazine hydrate, 
warming the mixture on the water-bath, and allowing it to stand a t  room temperature 
for several days. The hydrazide was recrystallized by solution in warm water and pre- 
cipitation with alcohol. Thus recrystallized it melted, with decomposition, a t  199". 

Anal. Subs., 0.0613, 0.1305: COz, 0.0693, 0.1256; H20, 0.0329, 0.0692. Subs., 
0.0508, 0.0415; N ,  14.23 cc., 11.63 cc. a t  O 0  and 760 mm. Calcd. for CsHlrNsOa: C, 
30.76; H, 6.02; N, 35.89. Found: C, 30.84, 30.81; H, 6.00, 5.94; N, 35.03,35.05. 

Optical Crystallographic Data.-This material crystallizes in rods and needles. Its 
indices of refraction are N,  = 1.540 (crosswise), Ny = 1 632  (lengthwise), both + 0.003. 
The sign of elongation is plus and the extinction is straight. 

The analysis shows a deficiency of nitrogen for isocitric trihydrazide. The hydra- 
zide is unstable, is easily hydrolyzed by hot water, and has not been obtained in a state 
of absolute purity. For this reason and also because the natural acid in the blackberry 
is a mixture of optically active and inactive acids, too much dependence cannot be placed 
gn the melting point of the hgdra7ide of fie natural ~lcid, 
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Identification by optical crystallographic methods is preferable, and this shows that 
the hydrazides of the natural and synthetic acids correspond. 

The hydrazide of the synthetic acid is less soluble in eold water than the hydrazide 
of the natural acid, and, while optical crystallographic data agree, the presence in the 
natural acid of the optically active form undoubtedly influences the properties of the 
acid, including the solubility and melting point of the hydrazide derived therefrom. 

This assu~mption is borne out by the fact that an ester of the blackberry acid with a 
low optical rotation (-0 85") gave a hydrazide less soluble in water than esters from the 
natural source with higher optical activity. 

An attempt to racemize the natural acid by boiling with strong sodium hydroxide 
solution was unsuccessful. 

Preparation of Isocitric Acid from Blackberries.-In order to study the optical 
activity of the triethyl isocitrate prepared from blackberries and to obtain material for 
comparison with the synthetic acid, the acid from several lots of blackberries was studied 
during the summer of 1929. 

One lot of dewberries was included, but as theye had some blackberries mixed with 
them the data cannot be taken as representing authentic dewberries, although the re- 
sults are practically conclusive that isocitric acid is also the predominating acid of that 
fruit. 

For the sake of comparison the characteristics of the highest boiling ester from these 
blackberries and those examined previously2 are given in Table I. 

TABLE I 
CHARACTERISTICS OB THE HIGHEST BOILING ESTER FROM BLACRBERRIES 
Ethyl ester from B. p., OC., a~ of Sap. M. p. of 

blackberries at 10 mm. ester equlv. hydrazide, OC. 

Lot 1 1925 175-180 - 7 75" 614 178-179 
Lot 2 1925 175-178 +14.75" . . . 170-172 
Lot 3 1925 175-178 +13.10° 619.7 170-172 
Lot 4 1929 180-181 + 5.50" 621.3 173-174 
Lot 5 1929 182-187 + 1.60" 629 179-180 
Lot 6 1929 188-190 - 9.70' 651.7 . . . . .  

Lot 5 was purchased for dewberries. The acids from 1,ots 4,5 and 6 were 
probably dried too much before esterification, resulting in partial conver- 
sion into lacto-isocitric acid. 

There are two reasons for the fact that the melting points of the hydra- 
zides and the boiling points of the estersvary. The higher saponification 
equivalents indicate a certain amount of dehydration during esterification, 
no doubt resulting in the contamination of triethyl isocitrate with diethyl 
lacto-isocitrate and a consequent rise in the boiling point. The variations 
in the optical rotation of the ethyl isocitrate from blackberries, showing 
variations in dextro and lev0 forms with the racemic form, also has its 
effect on the melting points of the hydrazides and on the boiling points of 
the esters. 

As resolution of inactive (synthetic) isocitric acid with various alkaloids 
was so far unsuccessful, it was sought to recrystallize the hydrazides and 
obtain a form that would check with the hydrazide prepared from Wisli- 
cenus' triethyl isocitrate. 
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From the hydrazide of the ester from Lot 5, a hydrazide was obtained 
on fractional crystallization which melted a t  19&197O, showing no de- 
pression in melting point when mixed with the hydrazide of Wislicenus' 
ester melting at 19g0, and which gave optical crystallographic data identi- 
cal with those of the Wislicenus' ester. It may be taken as proved, there- 
fore, that the racemic form of the isocitric acid of the blackberry is identical 
with the synthetic isocitric acid. 

The hydrazide prepared from Fittig's isocitric acid melted a t  197-19S0, 
and also checked with the hydrazide of Wislicenus' acid on optical crystallo- 
graphic examination. 

The difficulty of preparing a pure, crystalline isocitric acid from black- 
berries which will check with the synthetic acid is due to the fact that the 
blackberry acid contains varying amounts of the optically active acid. 

White, crystalline isocitric acid was prepared from the blackberry acid, 
but titration showed it to contain a very considerable amount of lacto- 
isocitric acid, so that it was not analyzed. However, optical crystallo- 
graphic examination showed the presence in it of the inactive isocitric acid, 
and also showed the identity of the lacto-isocitric acid of the blackberry 
with synthetic lacto-isocitric acid. Optical crystallographic examination 
further showed the hydrazide of the inactive acid in the hydrazides from 
the isocitric acid obtained from several lots of blackberries. 

As shown in Table I, an ester with a high optical activity will give a 
hydrazide with a low melting point. The identification of isocitric acid 
by means of its ester and hydrazide requires that the acid be not dried 
too much before esterification and that the hydrazide be recrystallized in 
order to isolate the higher-melting hydrazide of the racemic acid. Much 
loss will occur, however, due to hydrolysis of the hydrazide if the hydrazide 
is kept long in contact with warm water. 

Summary 
Pittig's isocitric acid and the lacto-isocitric acid resulting from its de- 

hydration have been prepared. Synthetic isocitric acid has been prepared 
for the first time in relatively pure form, free from lacto-isocitric acid and 
the latter has been prepared in sufficient purity to give a sharp melting 
point. 

Wislicenus' triethyl isocitrate was prepared and its boiling point found 
to be much higher than the figure given by Wislicenus. The hydrazide of 
isocitric acid was prepared from this ester, but not in absolutely pure form. 

Comparison of the hydrazide of natural isocitric acid from blackberries 
with the hydrazide of the synthetic isocitric acid shows that the former, 
recrystallized until the melting point is raised to 196-197O, is identical 
with the latter. The evidence proves that the natural isocitric acid is a 
mixture of dextro and lev0 isocitric acid with one or the other optical anti- 
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pode predominating, and that the synthetic acid is the racemic form of the 
same acid. 

WASI%ING'~ON, D. c. 

[CONTRIBUTION FROM Tm PEARSON MEMORIAL LABORATORY OIP TUFTS COLLEGE] 

STUDIES IN THE DIPHENYL SERIES. 111. SOME 
PHOSPHORUS DERIVATIVES OF DIPHENYL 

It has been shown in previous communications1 that 4-chlorodiphenyl 
condenses smoothly with arsenic and antimony chlorides in the presence 
of sodium. The resulting tri-arylated metalloids in general have properties 
similar to the corresponding phenyl compounds and are useful for the 
preparation of derivatives containing one, two or three diphenyl groups. 
The study of biphenylated substances has been extended to phosphorus, 
the results of which are presented in the present communication. 

Tri-biphenylphosphine was obtained by the action of sodium on 4-chloro- 
diphenyl and phosphorus trichloride dissolved in benzene. 

3CsHr,CsHaC1 $- PC& + 6Na = ( C B H ~ C ~ H ~ ) ~ P  + 6NaCI 

The procedure followed gave directly a yield of approximately 55% of fairly 
pure material. The total amount of product formed was about 75% of the 
theoretical. Ether2 has been used previously in similar condensations, but 
the results obtained in this Laboratory indicate the superiority of benzene. 

Certain differences in behavior become apparent on comparing the chemi- 
cal properties of tri-biphenylphosphine with the corresponding arsenic and 
antimony derivatives. The heats of formation of the halides of these ele- 
ments increase with rising atomic weight. Therefore i t  was not surprising 
that the halogen addition products of tri-biphenylstibine were easily 
formed. Tri-biphenylarsine gave more trouble and the di-iodide was not 
isolated. Chlorine and bromine formed addition products that separated 
from solution with chloroform of crystallization, as was true in the stibine 
series. These substances, possibly because of the presence of chloroform 
and insolubility in water, are much less sensitive toward moisture than the 
corresponding phenyl derivatives. There was every indication, using tri- 
biphenylphosphine, that a reaction took place with chlorine and bromine, 
although no apparent change was observed with iodine. Yet only oils 
were obtained. This failure to obtain crystalline products presumably was 
due to the extreme hygroscopicity of the phosphorus derivatives, followed 
by partial hydrolysis. 

(CF,H~CC.H~)~PB~~ + Hz0 = (C6H8CsH4)aPO + 2HBr 

WorralI, THIS JOURNAL, 52, 664 (1930). 
&Tichaelis and Reese, Bev., 15, 1610 (1882). 
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Tri-hiphenylphosphine exhibits a much stronger tendency to form salts 
of the ammonium type than either of the corresponding arsenic and anti- 
mony compounds. Thus methyl iodide acts not a t  all with tri-biphenyl- 
stibine and only slowly a t  elevated temperatures with tri-biphenylarsine. 
The reaction with tri-biphenylphosphine takes place almost instantly a t  
room temperature. 

/CHI 
(CsHaCsH4)aP f C H J  = (CaHsCaH4)aP 

\I 

Similar reactions take place with allyl bromide and benzyl bromide, as 
well as ethyl chloro-acetate. 

The resulting products, after treatment with silver oxide or alkali, form 
bases that undergo further ~ h a n g e . ~  Thus methyl tri-biphenylphospho- 
nium hydroxide decomposes into diphenyl and methyl di-biphenylphosphine 
oxide. 

/CHs 
(CHrCsH4)aP<CH3 --+ (CIAKC sH4)P xo 

+ CsHaCaHs 
0-H 

A similar change takes place with allyl tri-biphenylphosphonium hydroxide. 
On the contrary, the benzyl bromide addition product changes on warming 
with alkali into toluene and a tri-arylated phosphine oxide. 

This same phosphine oxide is obtained from the ethyl chloro-acetate deriva- 
tive under the same conditions. Tri-biphenylphosphobetaine may be 
isolated by working at low temperatures. 

/CHzCOOC2Hs 
( C ~ H S C ~ H ~ ) ~ '  

\c1 
-k NaOH -+ NaCl + CzHsOH f 

(CsHaCsHr)aPCHzCOO 

A striking difference in the properties of tri-arylated phosphines is the 
non-reactivity with phosphorus trichloride, a reaction so useful in the ar- 
senic and antimony series (using the corresponding halide) for obtaining 
mono- and di-arylated derivatives. 

Experimental 
Tri-bipheny1phosphine.-To 9 g. of granulated sodium suspended in 200 cc. of dry 

benzene were added 25 g. of 4-chloro-diphenyl and 6.1 g. of recently distilled phosphorus 
trichloride. A crystal of antimony was added and the mixture was heated to boiling 
under a re3ux condenser. A lively reaction resulted that continued for perhaps half an 
hour after removal of the flame. Following this, heat was again applied for an hour and 
the hot mixture filtered by suction. The residue was thoroughly washed with warm 
benzene, the mixed filtrates concentrated to approximately 75 cc. and alcohol added to 
faint turbidity. A thick paste formed on stirring. I t  was filtered and washed thoroughly 
with cold alcohol; yield, 12 g. of cream-colored material pure enough for most purposes. 

8 See Michaelis and Soden, Ann., 229, 310 (1884). 
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Anal. Calcd. for CaJ3z,P : P, 6.3. Pound : P, 6.3. 
The orangeco~med filtrate from the last operation deposited a tar on further 

concentration containing an appreciable amount of unchanged chlorodiphenyl as well as 
tri-biphenylphosphine. No trates were found of diphenyl. By working up the residues, 
several grams of the desired product was obtained, but it was of an inferior quality 
difficult to purify and scarcely worth the time necessary to isolate it. The yield of tri- 
biphenylphosphine was not improved by longer heating during the preparation; neither 
was it increased by using an excess of phosphorus triehloride. Unchanged chlorodiphenyl 
always appeared just as in the original preparation containing an excess of sodium. 

Ether was found unsuitable as a solvent in the preparation of tri-biphenylphos- 
phine. For example, 25 g. of chlorodiphenyl with appropriate amounts of sodium and 
phosphorus trichloride was mixed with 200 cc. of dry ether. The ether apparently was 
attacked by phosphorus trichloride, for while the reaction was much more vigorous than 
with benzene and started without preliminary heating, the black tarry mass after evapo- 
ration of the ether contained somewhat less than three grams of tri-biphenylphosphine. 
Over 10 g. of chlorodiphenyl was recovered by steam distillation, while the amount of 
unchanged sodium present in the residues was much greater than in the preparation 
involving the use of benzene. 

The interaction of phosphorus trichloride and chlorodiphenyl in benzene solution 
with sodium was decidedly sluggish, provided carefully purified and dried material was 
used. Several hours of heating to boiling under a reflux condenser failed to cause any 
tarnishing of sodium or color changes in the benzene layer, but the addition of a crystal 
of antimony trichloride to the hot mixture immediately caused blackening of sodium 
around the added crystal. Heat was also evolved as a circle of black slowly spread over 
the sodium and eventually the reaction was vigorous enough to cause the mixture to boil. 
No such effect was observed on adding a drop of arsenic trichloride. Occasionally 
the desired reaction did take place after the preliminary heating without the addition 
of antimony chloride. That the catalytic effect was not due to moisture or the mere 
presence of a solid was indicated by the absence of the reaction on adding pieces of porous 
tile moistened with water. Hydrogen, of course, was evolved and flakes of solid sodium 
hydroxide formed in the ether until the water was destroyed, but the sodium did not 
become black. 

Tri-biphenylphosphine is easily soluble in hot glacial acetic acid, chloroform or 
benzene, separating from the latter in snow-white aggregates of tiny slender needles. 
I t  melts sharply a t  172'. 

Tri-biphenylphosphine Oxide.-To 5 g. of tri-biphenylphosphine dissolved in 40 
cc. of dry chloroform was added 0.5 g. of redistilled bromine, slightly less than the 
chemical equivalent. Bromine was instantly absorbed while heat sufficient to cause 
boiling of the solvent was liberated. Crystal formation did not take place on stacding 
and evaporation of the solvent left a yellow sirup. Undoubtedly the bromine addition 
product was formed, but perhaps due to partial hydrolysis from incomplete drying of the 
components, it was not obtained in a form suitable for analysis. The dibromide must 
be extremely hygroscopic as the oil puffed up like a balloon, due to the escape of hydrogen 
bromide, when placed in a vacuum desiccator over sulfuric acid and the air exhausted 
by means of a water pump. If the oil was heated in air over a flame, a crystalline residue 
of the oxygen compound quickly appeared as hydrogen bromide was evolved. In  either 
case the residue was crystallized from alcohol containing a little ammonia and dried in  
vacuo. Flat needle-like crystals melting a t  233-234" were obtained. 

Anal. Calcd. for C ~ B H ~ ~ P O :  P, 6.1. Found: P, 6.1. 

While it may be unsafe to infer from the analytical data above that the substance 
was not tri-biphenylphosphonium hydroxide (P, 5.9), the behavior on heating, in which 
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no change indicating loss of water was observed, substantiated the belief that it was an 
oxide. The oxide is much less soluble in benzene and more soluble in alcohol than tri- 
biphenylphosphine. Iodine did not react with tri-biphenylphosphine. 

Tri-biphenylphosphine Sulfide.-Obtained by the action of carbon disulfide satu- 
rated with sulfur on tri-biphenylphosphine, as hydrogen sulfide is without action; 
microscopic plates melting a t  241-242 " with preliminary softening. 

Anal. Calcd. for Cs6Hz~PS: S, 6.1. Found: S, 5.9. 
Action of Phosphorus Trich1oride.-Three grams of tri-biphenylphosphine and 30 

cc. of phosphorus tsichloride were heated in a sealed tube to  225-'250° for one hundred 
hours. A crystalline product melting a t  228-230' was extracted by alcohol from the 
resulting black tar, apparently impure tri-biphenylphosphine oxide. The melting 
point was not lowered by mixing with a known sample of the oxide. No indications 
were obtained of the presence of monobiphenyl or di-biphenylchlorophosphines. 

Tri-biphenylphosphonium Salts.-On mixing 5 g. of tri-biphenylphosphine with 25 
cc. of methyl iodide, the substance promptly dissolved with considerable heat evolution. 
A quantitative yield of tri-biphenylphosphonium methyl iodide separated in a few 
minutes. Similar products were obtained by heating the phosphine for a few hours 
under a reflux condenser with equal amounts of the halogen derivatives listed below. 
Approximately 5 volumes of benzene were added in all cases to control the tempera- 
ture and to  facilitate the separation of the products, which are relatively insoluble in it. 
The phosphonium salts were recrystallized from alcohol. 

TABLE I 
DATA ON THE SALTS 

Analyses 
Cryst. form M. p., 'C.  Calcd. Found Remarks 

Methyl iodide Sparkling 135-136 20.1 I 20.0 Colors on standing 
plates with foaming 

Ally1 bromide Narrow 195-196 13.1 Br 13.2 Forms in few minutes 
plates 

Benzyl bromide Plates Softens above 12.1 Br 12 2 Cryst. from alcohol 
269. Melts a t  277 and water 

Ethyl chloro- Square 164-165 5 . 8  C1 5 . 7  Reaction slow 
acetate plates 

These salts are easily converted into the corresponding bases by moist silver oxide 
or sodium hydroxide; these however, undergo further change into phosphine oxides. 

Di-phenyl Methylphosphine Oxide.-Obtained by heating an alcohol solution of 
tri-biphenylphosphonium methyl iodide with moist silver oxide. The odor of diphenyl 
quickly became apparent. The mixture was then filtered and the residue extracted 
with a fairly large volume of hot alcohol. Lustrous slender needle-like crystals melting 
a t  223-224' with preliminary softening separated on cooling. 

Anal. Calcd. for Cz6HzlPO: P, 8.4. Found: P, 8.5. 
Di-biphenyl Allylphosphine Oxide.-Obtained from the corresponding phosphonium 

salt by the action of hot alcoholic potash. The product after the removal of diphenyl 
by steam distillation was crystallized from alcohol diluted with water. It showed a 

Challenger and Pritchard observed the formation of triphenylphosphine oxide 
in the action of triphenylphosphine on phosphorus trichloride, J. Chem. Soc., 125, 570 
(1924). According to Stilp ("Dissertation," Rostock, 1910), this same oxide may 
form the principal product when sodium and br~mobenzene react with phosphoru9 
trichloride. 



strong tendency to separate out from solution as an oil, but on standing in a cool place 
microscopic crystals were obtained softening above 160' and melting to a cloudy liquid 
a t  192-193'. The analysis indicated the presence of alcohol of crystallization. This 
assumption is substantiated by the fact that on heating the substance in a test-tube, i t  
melts with foaming and a combustible gas is evolved. 

Anal. Calcd. for Ca,l-I2J'O.C2H60H: P, 7.0. Found: P, 7.0. 

The phosphine oxide may be obtained free from alcohol by drying the crystals in 
vacuo over sulfuric acid. 

Tri-biphenyl benzylphosphonium bromide reacted ditferently with alcohoIic potash. 
Toluene was set free, recognizable by its odor, while tri-biphenylphosphine oxide melting 
a t  233-234" crystallized out in a few minutes. 

Tri-biphenyl Phosphobetaine.-Tri-biphenylphosphine oxide also formed when the 
phosphonium salt obtained by the action of ethyl chloro-acetate was warmed with alco- 
holic potash. If, however, the solutions were mixed a t  the temperature of melting 
ice and subsequently poured into ice water, the betaine formed. It was washed free 
from alkali before recrystallization from alcohol. A pale yellow precipitate of brilliant 
diamond-shaped plates was obtained, melting a t  109-110 with preliminary softening. 

Anal. Calcd. for C ~ ~ H Q ~ P O ~ :  P, 5.9. Found: P, 5.9. 
I t  changes into tri-biphenylphosphine oxide on standing a t  room temperature. 

Summary 
Tri-biphenylphosphine has been obtained by the action of sodium in 

benzene on chlorodiphenyl and phosphorus trichloride and its chemical 
properties were investigated. Phosphonium salts were formed with methyl 
iodide, ally1 bromide, benzyl bromide and ethyl chloro-acetate, which on 
warming in alkaline solution decomposed into phosphine oxides and hydro- 
carbons. 

[CONTRIBUTION FROM THE COLLEGE OF. PHARMACY, UNIVERSITY OP MICHIGAN] 

DIARSYLS. 111. DIARYLDI-IODODIARSYLS1 

Arsenobenzenes, in the form of salvarsan and its analogs, have been 
made the subject of intensive investigations. Especially important 
from a chemotherapeutic standpoint are the oxidation products of these 
compounds. 

It has been shown by experiments in vitro that, in general, the para- 
siticidal action of arseno compounds is relatively low compared with that 
of compounds of the arsine oxide type. Furthermore, when an arseno 
compound is introduced into an infected animal, there is a fairly long latent 
period during which there is no evidence of any parasiticidal action. 

1 This investigation was made possible by the generous financial assistance of 
Parke, Davis and Company and we wish to express our sincere appreciation for the 
aid which has been given us. 
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Voegtlin2 accounts for the therapeutic activity of salvarsan by the assump- 
tion that the latter compound, in the body, is oxidized slowly to the corre- 
sponding arsine oxide. 

It seemed to us that another substance, a possible percursor of the arsine 
oxide, might play an important role in the transformation of an arseno com- 
pound in the animal body. 

If a substance of the arseno type, arsenobenzene for example, undergoes 
progressive oxidation in the presence of moisture, the first oxidation product 
may be a compound of structure I-sym.-diphenyldihydroxydiarsyl. 
Upon further oxidation this substance would be converted into phenylarsine 
oxide. 

It seemed to us desirable to prepare a series of dihydroxy compounds of 
the above type which we have called "arsenicols" because of their 
structural resemblance to pinacols. 

One of the several methods which suggested themselves for the prepara- 
tion of diphenylarsenicol was the hydrolysis of diphenyldi-iododiarsyl, 
C6H6(I)As-As(I)CSH5. We found that this latter substance can be pre- 
pared easily but that, when dissolved, i t  absorbs oxygen with great ra- 
pidity. In fact, a solution of this material is just as reactive toward 
oxygen as solutions of tetra-aryldiarsyls or triarylmethyls. 

In view of this property and other unexpected reactions which diphenyl- 
di-iododiarsyl undergoes it seemed not only desirable but necessary to 
study a series of diaryldi-iododiarsyls before we undertook the synthesis 
of the corresponding dihydroxyl derivatives. 

We have obtained, in addition to the diphenyl compound, the di-p- 
tolyl-, di-p-anisy1,- di-a-naphthyl- and dibiphenyldi-iododiarsyl and found 
that these substances behave essentially in the same manner as the phenyl 
analog. 

Diphenyldi-iododiarsyl was prepared by the action of crystalline phos- 
phorous acid on phenyldi-iodo-arsine, dissolved in alcohol. The diarsyl 
had been obtained previously by Michaelis and Schultea by this method 

Voegtlin and Smith, J. Pharmacol., 16, 199 (1920); Voegtlin, Physiol. Reviews, 
5, 79 (1925). 

8 Michaelis and Schulte, Ber., 14, 913 (1881); ibid., 15, 1953 (1882). These in- 
vestigators also isolated the compound in an impure state from the interaction of 
phenylarsine oxide, phosphorous and hydriodic acids. Michaelis, Ann., 320, 333, 337 
(1902), states that 2,2',4,4'-tetramethylarsenobenzene and 2,2',5,5'-tetramethylarseno- 
benzene react additively with iodine to form the corresponding diaryldi-iododiarsyls 
but no description of these compounds, other than the analyses and melting points, is 
given. Steinkopf, Schmidt and Smie, Ber., 59, 1469 (1926). obtained ethylphenyldi- 
iododiarsyl, C~H~(I)A~-A~(I)CP,H~, from ethylphenyldiarsylene, C~H~AS=A~CGH~, and 
iodine. 
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and was described as a very unstable substance which decomposes into 
phenyldi-iodo-arsine and phenylarsonic acid when exposed to the air. 

Dissolved in bromobenzene, tetraphenyldiarsy14 reacts with oxygen, 
instantly, in the ratio of one molecular equivalent of the diarsyl to one 
molecular equivalent of the gas; under the same conditions diphenyldi- 
iododiarsyl absorbs oxygen in the proportion of one molecular equivalent 
of the former to one-h.aZf of a molecular equivalent of the latter. 

2(CsHa)zAs-As(CsH~)z + 202(+Hz0) -+ (CsHa)zAs-O-As(GH,)z + 
2(CaHa)zAs(0)OH6 

2CsHs(I)As-As(I)CsHs f Oz -+ 2GH&As=O + 2GHsAsIz (A) 

The arylarsine oxide and the aryldi-iodo-arsine were isolated, in the case 
of the phenyl and p-tolyl compounds, in good yields with respect to  formu- 
lation A. 

In addition to the difference in the amount of oxygen absorbed, another 
essential variation in the behavior of tetraphenyldiarsyl and diphenyldi- 
iododiarsyl is that during the oxidation of the former compound the group 
(C6H5)2As- remains intact while in the case of the latter substance iodine is 
eliminated from the radical CBHS(I)As-. A red color develops during the 
oxidation of diphenyldi-iododiarsyl and its analogs but disappears very 
rapidly; if the solution of the diarsyl is shaken too slowly during the inter- 
action with oxygen, the formation of this color may escape notice. The 
red color6 is due, undoubtedly, to the formation of free iodine. The evolu- 
tion of iodine indicates that formulation A represents the summation of 
several reactions. Probably the first reaction is one which ensues from 
diphenyldi-iododiarsyl and oxygen with the formation of a peroxide or 
dioxide which decomposes spontaneously with the liberation of iodine. 
The latter reacts rapidly with diphenyldi-iododiarsyl to form phenyldi- 
iodo-arsine, as we have shown in a separate experiment. 

C6H5(I)As-As(I)CsH6 + O2 + peroxide or dioxide -+ IZ (B) 
C6H5(I)As-As(1)CsHs + I p  + ~CBH~ASIZ (c )  

As soon as phenylarsine oxide is formed (formulation A) this compound, 
too, reacts instantly with iodine, presumably, to form an unstable com- 

(a) Blicke and Smith, THIS JOURNAL, 51, 2273 (1929); (b) Blicke, Weinkauff 
and Hargreaves, ibid., 52, 780 (1930). 

The initial reaction product may be a peroxide. When the oxidized solution 
of the tetra-aryldiarsyl is exposed to the moisture in the atmosphere and the solvent 
then removed, tetraphenylarsyl oxide and diphenylarsinic acid are formed, but so far 
we have not been able to obtain them in the ratio indicated above. 

6 This phenomenon can be observed best if a saturated ether solution of diphenyl- 
di-iododiarsyl is placed in a tall open cylinder over a small amount of solid diphenyldi- 
iododirsyl. An intense red color soon develops in the upper part of the solution and 
disappears instantly when the mixture is shaken; in a short time the red color re- 
appears. This process can be repeated as long as any unchanged diphenyldi-iododi- 
arsyl is present. The iodine color finally becomes permanent. 
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pound of the type C6H5(12)As===0. Neither phenylarsine oxide nor 
phenyldi-iodo-arsine absorbs oxygen. 

Since iodine interacts with diphenyldi-iododiarsyl to form phenyldi- 
iodo-arsine, diphenyldi-iododiarsyl should absorb less oxygen after the 
addition of iodine. Accordingly, i t  was found that after the addition of 
two molecular equivalents of iodine, four molecular equivalents of the di- 
arsyl absorb only one molecular equivalent of the gas. 

~C~H~(I)AS-AS(I)C$H~ + 212 ?t 2CsHa(I)As-As(I)C& + 4CsHsAsIz 

Mercury reacts almost instantly with phenyldi-iodo-arsine to  form di- 
phenyldi-iododiarsyl; the latter compound also reacts with mercury, but 
much more slowly, to form arsenobenzene. 

2C6H&sIz + Hg (excess) -+ CsHs(1)As-As(1)CaHs (El 
C6H5(I)As--As(1)CsHb + Hg (excess) -+ CBH~AS=ASC~HS (p) 

It was stated previously that diphenyldi-iododiarsyl absorbs one-half 
of a molecular equivalent of oxygen; however, if mercury is added to a 
solution of diphenyldi-iododiarsyl and the latter then allowed to react with 
oxygen immediately after addition of the metal, one molecular equivalent 
of the gas is absorbed for each molecular equivalent of the diarsyl. Phenyl- 
arsine oxide is the only reaction product formed and this substance was 
isolated in practically quantitative yield. 

2C~H~(I)As--As(I)C~H~ + Hg (excess) + 202 --t 4GH&s=0 (GI 

In this instance the diarsyl reacts first with oxygen according to formulation 
A and the phenyldi-iodo-arsine produced is then converted rapidly by 
mercury into diphenyldi-iododiarsyl (formulation a). Reactions A and E 
continue, alternately, until all of the diarsyl is oxidized to phenylarsine 
oxide. The mercury also reacts with the iodine, as fast as it is liberated, 
and thus prevents the formation of phenyldi-iodo-arsine from diphenyldi- 
iododiarsyl and iodine (formulations B and C). 

Since i t  was found that phenyldi-iodo-arsine and arsenobenzene react 
almost instantly a t  ordinary temperature t o  form diphenyldi-iododiarsyl, 
phenyldi-iodo-arsine and arsenobenzene mixed in accordance with the ratio 

CsH5As12 + 1/2C6H5A~=A~C6H5 --+ CGH~(I)AS-AS(I)C~H~ (HI 

shown in formulation H should absorb rapidly one-half of a molecular 
equivalent of oxygen (formulation A). This was found to be the case. 

Arsenobenzene, suspended in bromobenzene, does not absorb oxygen. 
However, if iodine is added to the solution the latter absorbs the gas with 
great rapidity; furthermore, the amount of the gas which enters into the 
reaction depends upon the quantity of iodine added. For example, when 
four molecular equivalents of iodine were used the solution absorbed, 
very rapidly, two molecular equivalents of oxygen (formulation I) but 
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~C~H&S=ASCBHQ + 413 -+ 4CsHs(I)As-As(I)GHs 
4C6~5(I)A~-A~(I)CsHs + 2 0 ~  --+ 2CeHds=O + 2CeHsAsI2 

4C6H&s=AsCsHs + 412 + 202 + ~CBHSAS=O f ~CBH~ASIZ (1) 

when orily two molecular equivalent of the halogen were used the solution 
absorbed three molecular equivalents of the gas (formulation J). If only 

4C6HsAs=AsCsH5 + 21% --+ ~C~H~(I)AS-AS(I)C~H~ + ~ C G H ~ A S = A S C ~ H ~  
2CsHs(I)As-As(1)CsHs -/- 0 2  --+ 2GHsAs=O + 2CfiHsAsIz 

2C6HaAs=AsC6Hs + ~ C ~ H & S I ~  ~CBH~(I)AS-AS(I)CBH~ f CBHSAS=ASCB& 
2CsHs(I)As--As(I)CsHs + 0 2  ---, 2CsHsAs=O + 2CsHsAsIs 

C6HsA~=A~C~H~ + 2CsHaAsIz --+ ~c~H~(I)As-As(I) GHs 
2C6Hs(I)As--As(I)CaHs + 0 2  + 2CsHsAs=O f 2CaHAsIz 

4CsHsAs=AsCsHa 3. 212 + 302 -+ GCeHsAs=O f 2CeHsAsIz U) 
a trace of iodine or phenyldi-iodo-arsine is added to the solution of arseno- 
benzene, the latter in each case should react with four molecular equiva- 
lents of oxygen in accordance with formulations K and I,. In these 

4C6H5As=AsC6Ha + I2 (trace) + 402 -+ 8CeH&s=O + CsHsAsIz (trace) (K) 
4C6H5As=AsC6H5 + CeH&sIz (trace) + 402 --+ 8C~HsAs=0 + C6HdsIa (trace) (L) 

instances we found, however, that the amount of oxygen absorbed was in 
excess of four molecular equivalents-in the case of iodine the absorption 
was between five and six molecular equivalents and when phenyldi-iodo- 
arsine was used the solution absorbed between four and five equivalents of 
the gas. We have no explanation, at present, for this apparent anomalous 
behavior. 

If phenyldi-iodo-arsine, arsenobenzene and iodine are mixed in the ratio 
expressed in formulation M, the mixture does not absorb oxygen because 

2CsHaAsIz + CeHsAs=AsCsHs + 21a -+ 4C6HsAsIz (MI 

of the quantitative formation of phenyldi-iodo-arsine; but if one-half of 
the amount of iodine, employed in reaction M, is used the mixture absorbs 
one-half of a molecular equivalent of oxygen for each two molecular equiva- 
lents of diphenyldi-iodo-arsine. 

Diphenyldibromodiarsyl was prepared from phenyldibromo-arsine and 
arsenobenzene. This compound, after isolation, proved to be just as re- 
active toward oxygen as the corresponding iodo derivative. However, 
the amount of oxygen absorbed by diphenyldibromodiarsyl is greater 
than that absorbed by an equivalent quantity of diphenyldi-iododiarsyl 
and is less than that required for the oxidation of tetraphenyldiarsyl. 

Several unsuccessful attempts were made to obtain diphenyldichloro- 
diarsyl from phenyldichloro-arsine and arsenobenzene. 

A series of molecular weight determinations of various diaryldihalo- 
diarsyls proved that in the event that any of these compounds dissociated 
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in to  divalent arsenic radicals t h e  degree of dissociation is too low to be 
established by the molecular weight method. 

Experimental Part 
Aryldi-iodo-arsines.-The arylarsine oxides were heated on a steam-bath for two 

hours with approximately ten times the calculated amount of hydriodic acid (sp. gr. 
1.7). The iodides, which precipitated either as oils or solids, were separated, washed 
with water and dried in a vacuum desiccator over soda lime. Although aryldi-iodo- 
arsines can be obtained from aryldichloro-arsines and sodium iodide in acetone7 solu- 
tion, this method, in the case of phenyldi-iodo-arsine, yielded an oily iodide which rap- 
idly turned deep red and gradually deposited a considerable amount of solid material. 
The pheny1,S tolyl

g 
and anisyl1° derivatives are oils. The a-naphthyl and the biphenyl 

compounds, which had not been prepared hitherto, are yellow solids which crystallize 
readily from benzene. 

TABLE I 
ARYLDI-IODO-ARSINES 

Iodine analysesa 
Compound M. p., O C .  Formula Calcd. Found 

a-Naphthyl 106-108 Ci oH~AsIz 55.70 55.56 
Biphenyl 104-106 CizH9AsIa 52.69 52.47 

" Thompson and Oakdale method, THIS JOURNAL, 52,1195 (1930). 

Diaryldi-iododiarsy1s.-These compounds can be prepared according to the follow- 
ing general methods illustrated in the case of phenyldi-iododiarsyl: (a) six g. of phenyl- 
di-iodo-arsine, suspended in 25 cc. of absolute alcohol, and 10 g. of crystalline phosphor- 
ous acid, dissolved in 125 cc. of absolute alcohol, were introduced separately into a free 
radical apparatus" of 250 cc. capacity and the latter rotated for twelve hours on a 
shaking machine. The diarsyl separated in a finely divided, deep yellow, crystalline 
form. The supernatant alcoholic layer was removed through the side arm of the appa- 
ratus with the aid of suction and the product washed four times with anhydrous ether 
which had been saturated with nitrogen. In order to dry the compound the apparatus 
was allowed to remain attached to a suction pump for five hours; to avoid decomposition 
the material should not be heated during this process. The diarsyl was isolated in the 
manner described previously in the case of tetra-aryldiarsyls.4b 

(b) Phenylarsine oxide, suspended in 25 cc. of absolute alcohol, was put into a 
free radical apparatus. Ten cc. of hydriodic acid (sp. gr. 1.7) and 10 g. of phosphorous 
acid, dissolved in 125 cc. of absolute alcohol, were then added. The oxide dissolves im- 
mediately and after a short time the diarsyl begins to precipitate. 

(c) Arsenobenzene, suspended in alcohol, was put into a radical apparatus and 
treated with phenyldi-iodo-arsine, suspended in the same solvent. The compounds 
were used in the ratio of one mole of the arseno compound to two and one-half moles of 
the di-iodide. The mixture was rotated for twelve hours. 

(d) One and one-half grams of arsenobenzene, suspended in 25 cc. of benzene 
which had been saturated with nitrogen, was treated slowly in a radical apparatus 
with 1.3 g. of iodine dissolved in benzene. The mixture was rotated for three hours. 

Steinkopf and Schwen, Ber., 54, 1463 (1921). 
8 Michaelis and Schulte, ibid.. 14, 913 (1881); Burrows and Turner, J. Chem. 

Soc., 117, 1376 (1920); Steinkopf and Schwen, Ber., 54, 1463 (1921). 
9 LaCoste and Michaelis, ibid., 11, 1889 (1878); Ann., 201, 248 (1880). 

'0 Michaelis, ibid., 320, 301 (1902). Bertheim, Ber., 47, 276 (1914). 
" Gomberg and Cone, ibid., 37,2034 (1904). The lower stopcock was eliminated. 
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The benzene layer was decanted from the solid material which had separated and the 
latter was washed with ether. 

(e) Six grams of phenyldi-iodo-arsine, dissdved in 100 cc. of oxygen-free bromo- 
benzene, was shaken with 10 g. of mercury for fifteen minutes in a tightly stoppered 
bottle. The mixture was warmed in a bath, without exposure t o  air, in order to dis- 
solve the diarsyl which had separated, and then filtered into a radical apparatus. The 
latter was immersed in a bath heated to 80 O and about 75 cc. of the solvent was removed 
under diminished pressure. Ether was then added to precipitate the diarsyl, the sol- 
vent removed by decantation and the solid material washed with ether. 

Diphenyldibromodiarsy1.-One and one-half grams (0.005 mole) of arsenobenzene 
and 5.0 g. (0.008 mole) of phenyldibromo-arsine were washed into a free radical appa- 
ratus of 100cc. capacity with the aid of ether. The side arm of the apparatus was con- 
nected with a suction pump and after the ether had been removed under diminished 
pressure the bulb of the apparatus was heated in a glycerol-bath to 135O until a clear 
yellow liquid was obtained. The diarsyl, which separated in crystalline form when the 
mixture was cooled, was washed five times with oxygen-free ether in order to  remove all 
excess phenyldibromo-arsine. In  order to dry the material, the bulb of the appa- 
ratus was evacuated continuously, a t  ordinary temperattire, for five hours. The 
compound was removed from the apparatus in the manner described previously. Di- 
phenyldibromodiarsyl is a light yellow, crystalline substance which melts, in a tube 
filled with nitrogen, a t  122-124O. Dissolved in bromobenzene, 1.099 g. of the material 
absorbed 38 cc. of oxygen, under standard conditions of temperature and pressure, in 
less than thirty seconds. 

Anal. Calcd. for ClzHloAszBrz: Br, 34.48. Found: Br, 35.05. 

Oxygen absorp 
(N. T. ~ . j '  % Iodine analysese 

Diarsy1a.b M. p., oC.C Cc. Sample, g. Abs0rp.d Formula Calcd. Found 

Diphenyl 176-177* 33 1.569 103 CizHids~I~ 45.58 45.52 
Di-#-tolyl 149-150 31 1.567 105 CldkI1As212 43.34 42.87 
Di-p-anisyl 135-137 18 0.981 103 Ci4H140zA~~12 41.10 40 54 
Di-a-naphthyl 176178 18 1.068 105 C ~ O H ~ A S ~ I Z  38.60 34.35' 
Dibiphenyl 244-246h 38 2.304 105 Cz4Hi8AszIz 35.77 32 50G 

' All of these compounds were prepared according to Method (a). In the case 
of the naphthyl and biphenyl diarsyls the di-iodide was dissolved in the least amount 
of warm benzene instead of alcohol. "he diarsyls listed above are all deep yellow, 
well-defined crystalline compounds and are insoluble in alcohol. The phenyl com- 
pound is slightly soluble in hot benzene and hot chloroform whiie the toIyl and naphthyl 
derivatives are quite soluble in these solvents. All melting points were determined 
in sealed tubes filled with nitrogen. The compounds softened somewhat a t  tempera- 
tures below the melting points, gradually changed in color from yellow to  red and 
melted with the formation of a deep red liquid. Calculated on the basis of formu- 
lation A. "Thompson and Oakdale method, THIS JOURNAL, 52, 1195 (1930). 
'~ichaelis and Schulte [Ber., 14, 913 (1881); ibid., 15, 1954 (1882)] recorded no 
melting point for this substance. ' A number of iodine analyses were made in the 
case of the naphthyl and biphenyl compounds but the results obtained were invariably 
low. Although the material had always been dried to constant weight before analysis, 
the latter may still have been contaminated by a small amount of solvent or, possibly, 
by a small quantity of the corresponding arseno compound. ~ e l t s  with decomposi- 
tion. 
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Attempt to Prepare Diphenyldichlorodiarsy1.-There is no apparent reaction 
between phenyldichloro-arsine and arsenobenzene when the compounds are mixed a t  
ordinary temperature. However, the mixture absorbs oxygen, as is shown by the follow- 
ing experiment. 

Six hundred and eight thousandths of a gram (0.002 mole) of arsenobenzene, sus- 
pended in 25 cc. of oxygen-free bromobenzene, was put into an absorption bottle. 
Eight hundred and ninety thousandths of a gram (0.004 mole) of phenyldichloro-arsine 
was placed in a thin-walled test-tube and the latter introduced into the absorption bottle. 
When the test-tube was broken and the components were allowed to mix, oxygen was 
absorbed immediately. The suspended arsenobenzene gradually dissolved and, after the 
mixture had been agitated continuously for twenty minutes on a shaking machine, a 
clear, colorless solution was obtained. Seventy cc. (N. T. P.) or 0.003 mole of the gas 
was absorbed. 

When arsenobenzene and excess phenyldichloro-arsine were heated, the former 
substance dissolved. A crystalline precipitate was obtained when the mixture was 
cooled but from the latter we were able to isolate only arsenobenzene. 

Oxidation Products of Diphenyl- and Di-p-tolyldi-iododiarsy1.-Ten grams of 
solid diphenyldi-iododiars9 was exposed to  the air for twelve hours. The semi-liquid 
mass was extracted with a mixture of equal parts of ether and petroleum ether (40-60 O )  

TABLE 111 
OXYGEN ABSORPTIONS~ 

Pheny1:dihalo- Absorp. found, Absorp. calcd. 
arslne Arsenobenzene, Hg, Iodine, CC. according to 
moles mole CC. mole (N. T. P.) equation, cc. 

1 0.004 (I) . . lb . . .  48 45 (El 
2 .004 (I) . . 1" . . . 0 0 (E-F) 
3 .OM (I) 0.002 . . . 44 45 (HI 
4 . . . .  ,005 . 0.0050 62 56 (1) 
5 . . . .  ,005 . 0.0025 88 84 (J) 
6 . . . .  .002 Trace 62 45 (K) 
7 . . . .  .002 Trace 62 45 (K) 
8 1 drop (I) .002 ... 58 45 (L) 
9 0.004 ( ~ r ) ~  .002 . . .  75 . . 

10 .004 (Cl) .002 . . .  70 . . 
11 .004 .002 .004 0 0 (MI 
12 .004 .002 .002 22 22 (N) 

1.377 g. of diphenyldi-iododiarsyl and 1 cc. of Hg (F) absorbed 63 cc. after the 
mixture had been shaken for several minutes in the presence of oxygen; calcd. 56 cc. 

a I n  the first nine experiments listed, as well as in Expt. 12, the volume of oxygen 
recorded was absorbed in less than two minutes. In  Expt. 10 the absorption was slower, 
hence the volume recorded in this experiment was that obtained after one-half hour's 
ccntact with the gas. The mixture was shaken for ten minutes prior to absorption. 
" The mixture of phenyldi-iodo-arsine and mercury was shaken in a sealed tube for 
twenty-four hours prior to the absorption. dFour thousandths of a mole of phenyldi- 
bromo-arsine and two thousandths of a mole of arsenobenzene yield, according to the 
following equation, four thousandths of a mole of diphenyldibromodiarsyl. This 

2CoH~AsBrz + CaHsAs=AsCaHs ---t ~ C ~ H ~ ( B ~ ) A S - A S ( B ~ ) C ~ H ~  
mixture absorbed 75cc. (N. T. P.) of oxygen. It was found that 1.17 g. (0.0025 mole) 
of isolated diphenyldibromodiarsyl absorbed 48 cc. (N. T. P.) of oxygen. If exactly 
four thousandths of a mole of the diarsyl had been used, the absorption would have been 
75 cc. 
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TABLE IV 

MOLECULAR WEIGHT DETERMINATIONS*.~ 
R(x)As-As(X)R Mol. wt. Mol. wt. 

R X Solvent At, OC. found calcd. 

1 Phenyl I Benzene 0 3129 527 558 
2 Phenyl I Chloroform .I155 559 558 
3 Phenyl I Biphenyl -538 528 558 
4 p-Tolyl I Benzene .I887 570 586 
5 p-Tolyl (oxidized) I Benzene .lo23 290 293" 
6 a-Naphthyl I Benzene .I056 610 658 
7 Phenyl Br Benzene .2739 430 464 

" A considerable number of molecular weight determinations have been made but 
in order to conserve space we have recorded only the values obtained with the highest 
concentrations, approximately 3y0, of the diarsyl solutions. In several series of dupli- 
cate determinations with the same diarsyl, low molecular weight values would be obtained 
occasionally in one series of experiments. These low values were due, undoubtedly, 
to the presence of traces of oxygen in the molecular weight apparatus a t  the time the 
first peliet of the diarsyl was introduced. The decompmition by oxygen of a diaryldi- 
iododiarsyl into an arylarsine oxide and an aryldi-iodo-arsene would tend to lower the 
molecular weight value and after complete oxidation the molecular weight found should 
be approximately one-half that calculated for the diaryldi-iododiarsyl. In  the case of 
di-p-tolyldi-iododiarsyl a stream of oxygen was passed through a benzene solution of the 
material after the molecular weight had been determined. Prior to oxidation (Expt. 4) 
the molecular wcight was found to be 570; after oxidation the value 290 (Expt. 5) was 
obtained. In  Expt. 3 the cryoscopic method was used; all other determinations were 
made by the cbullioscopic procedure with the use of the Menzies apparatus. All sol- 
vents used had been saturated with dry, oxygen-free nitrogen and the molecular weight 
apparatus was filled with nitrogen prior to a determination. A stream of nitrogen 
passed through the top of the apparatqs prevented the entrance of oxygen. Because of 
the insolubility of dibiphenyldi-iododiarsyl the molecular weight of this substance was not 
determined. The purity of each diarsyl was established by analysis, oxygen absorptiofi 
and melting point prior to the molecular wei . Approximate value. 

in order to remove phenyldi-iodo-arsine. T ined 2.45 g. of phenylarsine 
oxide, m. p. 138-140°, and 7.8 g. of phenyldi-iodo-arsine. The calculated amount 
(formulation A) of the former substance is 3.0 g. and that of the latter is 7.4 g. In order 
to identify phenyldi-iodo-arsine it was hydrolyzed with alkali to phenylarsine oxide. 

From 1.5 g. of di-p-tolyldi-iododiarsyl there was obtained 0.4 g. of tolylarsine oxide, 
m. p. 179-182O, and 1.1 g. of tolyldi-iodo-arsine. The latter substance was identified 
by conversion into the corresponding arsine oxide. 

Action of Mercury on Phenyldi-iodo-arsine and Diphenyldi-iododiarsy1.-Six 
grams of phenyldi-iodo-arsine, dissolved in 125 cc. of oxygen-free benzene, was shaken 
for three days with 3 cc. of mercury in a tightly stoppered bottle. The reaction mixture 
was filtered and the residue washed thoroughly with benzene. From the benzene fil- 
trate a very small quantity of triphenylarsine was isolated in the form of the mercuric 
chloride addition product.12 The residue was moistened with alcohol and then treated 
with an aqueous solution of potassium iodide in order to remove mercury salts. Ar- 
senobenzene was obtained and identified by a mixed melting point. The yield was 2.1 
g. or 95% of the calculated amount. 

12 A much larger amount of the triphenylarsihe mercuric chloride addition product 
was obtained when arsenobenzene was shaken with mercury and mercuric iodide. 
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When diphenyldi-iododiarsy! was treated in the manner described above, arsenu- 
benzene was obtained as a reaction product. 

Summary 
Diphenyl-, di-9-tolyl-, di-panisyl-, di-a-naphthyl- and dibiphenyldi- 

iododiarsyl as well as diphenyldib~omodiarsyl have been prepared. Each 
of the above-mentioned di-iododiarsyls, in solution, absorbs oxygen with 
&eat rapidity but the amount of gas absorbed is only one-half of that 
required for the oxidation of an equivalent amount of a tetra-aryldiarsyl. 
The molecular quantity of oxygen absorbed by diphenyldibromodiarsyl is 
intermediate between the amount required for the oxidation of a diaryldi- 
iododiarsyl and a tetra-aryldiarsyl. 

[CONTRIBUTION FROM THE COLLEGE OF PHARMACY, UNIVERSITY OF MICHIGAN] 

THE PROPERTIES AND MOLECULAR STATE OF CERTAIN 
ORGANIC ARSENICALS 

During our investigations of diarsyls i t  became necessary to prepare a 
variety of simple aromatic arsenicals. Inasmuch as the properties of some 
of the compounds had not been determined very extensively, we studied a 
number of them more in detail. It was found that arsenobenzene and 
certain of its analogs, contrary to most of the statements in the literature, 
are colorless, stable compounds which undergo no decomposition when ex- 
posed to  the atmosphere or to pure oxygen under ordinary conditions. 
Maschmann2 claims that arsenobenzene reacts explosively with oxygen a t  
ordinary temperature and Palmer and S ~ o t t , ~  although they obtained 
arsenobenzene in a colorless state,4 took great precautions in the isolation 
of the material to prevent oxidation. 

We found, however, that if traces of certain substances are added to  a 
solution of arsenobenzene the latter begins, instantly, to absorb oxygen 
and in a comparatively short time has reacted with an amount of the gas 
which corresponds, in some instances a t  least, to the quantity of oxygen 
required for the formation of phenylarsine oxide. Substances discovered 
so far which induce the absorption of oxygen by arsenobenzene are hydro- 
chloric, hydrobromic, hydriodic, sulfuric and nitric acids, iodine, diphenyl- 
bromo-arsine, diphenyliodo-arsine, phenyldichloro-arsine, phenyldibromo- 
arsine, phenyldi-iodo-arsine and triphenylbromomethane. 

1 Parke, Davis and Company Research Assistant, 1929-1930. 
it Maschmann, Ber., 59, 1143 (1926). 
a Palmer and Scott, THIS JOURNAL, 50, 537 (1928). 

Steinkopf and Dudek [Ber., 62, 2494 (1929)] reported that arsenobenzene is 
colorless. 
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The fact that other investigators have reported unsubstituted aromatic 
arseno compoundse to be unstable toward oxygen is due, undoubtedly, 
to the circumstance that the arseno compounds obtained by them were 
contaminated by traces of impurities. The statements that their arseno 
compounds were colored and the fact that they melted at temperatures 
much lower than those found by us also lead one to this conclusion. Im- 
purities may have been introduced as the result of either insufficient or 
too complete reduction of the arylarsonic acid or the arylarsine oxide from 
which the arseno compounds were obtained. In the former case there may 
have been produced small amounts of a diaryldihydroxydiarsyl, R(0H)As- 
As(OH)R, a type of compound which will be discussed in a later paper; 
in the latter instance a small quantity of a diaryldiarsyl R(H)AsAs(H)R, 
or an arylarsine, RAsH2, may have been formed. Furthermore, it is 
possible that the arseno compounds may have been contaminated with 
traces of such substances as have been listed above. 

Phenylarsine oxide, phenylarsine sulfide, phenylarsine imide, arseno- 
benzene and a number of aromatic analogs of these compounds exist, when 
dissolved, in an associated state and the degree of association is dependent 
upon the solvent in which the compound is dis~olved.~ 

Certain regularities have been observed as far as the substances which 
we have investigated are concerned. Thus compounds in which the 
arsenic atom is linked by a single bond to another atom except arsenic7 

are stable toward oxygen and yield normal molecular weight values; these 
compounds have been placed in Group I. Compounds which contain an 
arsenic atom attached to arsenic or some other atom by a double bond do 
not react with oxygen under ordinary conditions and exist, in solution, in 
an associated state; these have been placed in Group 11. Finally, arseni- 
cals in which an arsenic atom is attached directly to another arsenic atom 
by a single bond react instantly with oxygen under ordinary conditions. 
Based on molecular weight determinations and chemical behavior there is 
some indication that such compounds may dissqciate into divalent arsenic 
radicals, although the experimental results obtained so far are not con- 
c l~s ive .~  Substances of the latter type represent Group 111.' 

Group I-Normal molecular weight, stable toward oxygen. 
Group 11-Abnormal molecular weight (association), stable toward oxygen. 
Group 111-Molecular weights somewhat abnormal (dissociation ?), react with 

oxygen instantly. 

The behavior of substituted aromatic arseno compounds is being investigated. 
Undoubtedly temperature is another factor which affects the degree of association. 
It is possible that compounds which contain arsenic attached to phosphorus, 

nitrogen, antimony or bismuth would behave in a similar manner. 
Blicke, Weinkauff and Hargreaves, THIS JOURNAL, 52, 780 (1930). 
Whether or not all aromatic arsenicals can be grouped in accordance with the 

above scheme can only be determined by a more extensive investigation. 
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" The properties and molecular weights of a series of aromatic compounds of this 
type are discussed by Blicke and Smith, THIS JOURNAG, 51, 2272 (1929), and by Blicke, 
Weinkauff and Hargreaves, ibid., 52, 780 (1930). Compounds of this type will be de- 
scribed in our next publication. 

Experimental Part 
Arylarsine Oxides.-All of the oxides with the exception of phenylarsine oxide were 

prepared as outlined previously.lo In order to obtain phenylarsine oxide one part of 
phenylarsonic acid," dissolved in two parts of concd. hydrochloric acid, was reduced to 
phenyldichloro-arsine with sulfur dioxide and a trace of potassium iodide. The di- 
chloro compound was purified by distillation under diminished pressure. I t  was then 
added, drop by drop, with vigorous stirriig to an excess of aqueous alkali. The alkaline 
solution of phenylarsine oxide was filtered and the oxide precipitated by the addition of 
ammonium chloride. The crude, dry oxide was dissolved in chloroform and precipi- 
tated by the addition of ether; m. p. 142-144". 

Phenylarsine Sulfide.-This substance was prepared from phenyldicliloro-arsine 
and hydrogen sulfide in alcoholic solution.12 The sulfide, which separated as an oil, 
was dissolved in hot benzene, filtered, cooled and precipitated with alcohol. After re- 
crystallization from bromobenzene the compound melted at  174-176". Schulte re- 
corded the melting point at  152'. 

Anal. Calcd. for CaaAsS: S, 17.42. Found: S, 17.60. 
For the analysis of sulfur compounds we used a modification of the procedure 

developed by Wolesenskyla for the determination of sulfur in rubber.14 The sample, 
0.5-1.0 g., is treated, cautiously, with 10 cc. of concd. nitric acid (sp. gr. 1.42) in a 300- 
cc. Kjeldahl flask. After the initial reaction has subsided the mixture is boiled until the 
organic matter is charred completely. Twenty cc. of 70% perchloric acid is added and 
the mixture heated until a clear, colorless solution is obtained. The nitric acid is then 
removed completely by boiling the mixture; the latter should be heated until fumes of 
perchloric acid become pronounced. The solution is transferred to a 800-cc. beaker and 
diluted to 400 cc. After neutralization with sodium hydroxide and the addition of 5 
cc. of concd. hydrochloric acid, N/4 barium chloride solution is added slowly to the hot 
solution until precipitation is complete. The mixture is heated for an hour on a hot- 
plate, filtered, the precipitate washed with hot water and ignited. 

Arsenic and sulfur can be determined in the same sample, provided the latter does 
not contain bromine or iodine, in the following manner: after decomposition of the or- 
ganic matter and the removal of the nitric acid as described above, 10 g. of hydrazine 

'0 Blicke and Smith, THIS JOURNAL, 51,3480 (1929). 
l1 Bart, Ann., 429, 76 (1929). 
la Schulte, Ber., 15, 1953 (1882). 
la Wolesensky, Ind. Eng. Chem., 20, 1234 (1928). 
l4 We wish to express our indebtedness to Mr. J. J. Thompson and Mr. U. 0 

Qakdale for their assistance in this part of the investigation. 
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hydrochloride, 110 ec. of concd. hydrochloric acid and 1 g. of potassium bromide are 
added. The arsenic tricbloride is then distilled16 and titrated with N/lO potassium 
bromate; methyl orange is used as indicator. 

The residue is treated with nitric acid to destroy the excess hydrazine hydrochloride 
and boiled until fumes of perchloric acid appear. The subsequent procedure for the 
determination of sulfur is the same as described above. 

If the sample contains only arsenic the following process can be used. After de- 
composition of the organic matter and removal of the nitric acid the perchloric acid solu- 
tion is diluted to 100 cc. The solution is then treated with sulfur dioxide in order to  
reduce the arsenic to  the trivalent state. Excess sulfur dioxide is expelled by heat. 
The mixture is cooled to 60°, 25 cc. of hydrochloric acid is added and the arsenite is 
titrated with N/10 potassium bromate with methyl orange as indicator. 

Arseno Compounds.-The following method was found most convenient for the 
preparation of these substances. The aryldichloro-arsines were dissolved in hot acetone 
and treated with approximately five times the calculated amount of a 50% solution of 
hypophosphorous acid. The arseno compounds crystallized from the hot solution. 
They were filtered, washed with acetone and recrystallized from bromobenzene. No 
colored by-products were obtained. 

TABLE I 
ARSENO COMPOUNDS 

Arsenic analysesa 

R As-As R M. p., "C. Formula Calcd. Found 

~ h e n y l , ~  colorless 212-213 ClzHloAsz 49.34 49.34 
p-Tolyl," colorless 218-219 C I ~ H I ~ A S ~  45.18 45.11 
e~n i sy l , '  colorless 230-232 C ~ ~ H I ~ A S ~ O Z  41.20 41.15 
" The method of Thompson and Oakdale described above was used in the de- 

termination of arsenic. b Other melting points which have been recorded are 195" 
[Palmer and Scott, THIS JOURNAL, 50, 539 (1928)], 196' [Michaelis and Schulte, Ber., 
14, 912 (1881)], 208O [Binz, Bauer and Hallstein, ibid., 53, 427 (1920)], and 212' 
[Michaelis and Schiifer, ibid., 46, 1742 (1913)l. " Michaelis [Ann., 320, 301 (1902)] 
stated the melting point to be 184". ' Michaelis [ibid., 320, 299 (1902)l described 
this substance as a yellow compound which decomposed at 200". 

ABSORPTION OF OXYGEN BY ARSENOBENZENE IN THE PRESENCE OF CERTAIN COMPOUNDS 

Arsenobenzene Cc. of Cc. of oxygen re- 
dissolved in 20 cc. oxygen absorbed quired for 
of bromobenzene," after given time phenylarsine 

g. Substance added (N. T. P.) oxide 
0.608 HCl 5 Drops 50 (30 min.) 44.8 

.GO8 HBr 5 Drops 44 (15 min.) 44 .8  

.608 HI 2 Drops 70 (15 min.) 44.8  

.608 2 Drops 26 (30 min.) 44.8  

.608 H2S04 2 Drops 45 (60 min.) 44 .8  

.608 HNOJ 2 Drops 87 ( 5 min.) 44 .8  

.608 I Trace 62 ( 5 min.) 44.8  

.608 CSHE.ASI~ 1 Drop 58 ( 5 min.) 44.8  
" Bromobenzene was chosen as a solvent because of its low vapor pressure. The 

absorption apparatus used was that designed by Gomberg and Schoepile, THIS JOURNAL. 

39, 1661 (1917). 

Scott, "Standard Methods of Chemical Analysis," D. Van Nostrand Company, 
1927, Vol. I, p. 39b. 
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Hitherto, aromatic arseno compounds have been obtained by reduction of an aryl- 
arsonic acid or an arylarsine oxide, in alcoholic solution, with phosphorous or hypo- 
phosphorous acid. 

TABLE 111 
MOLECULAR WEIGHT DETERMINATIONS 

Mol. wt. Mol. wt. 
Compound Solventa~b At, OC.= found, A  calcd., B  A / B  

(CaH6)2AsI Camphor 11.3 354 356 0.99 
CaHaAsClz Benzene 0.1968 234 223 1.05 
(CGHSI~AS Camphor 22.5 313 306 1.02 
(C6H6)ds~O Benzene 0.1658 472 474 0.99 
(a-C~oH,)dszO Naphthalene .059 683 674 1.01 
(C6Hs)rAszS Camphor 8.0 499 490 1.02 
C ~ H d s = 0  ~ i p h e n y l ~  0.133 664 168 3.94 
C~HAS=O Carbon tetrachloridee .0686 672 168 4.00 
CsHsAs----O Benzene .0955 663 168 3.94 
C6HsAd Camphor 17.5 672 168 4.00 
p-CHaCsHds----O Benzene 0.0948 716 182 3.93 
p-CHsCsHrAsO Chloroform ,120 554 182 3.04 
p -CH3C6Hds0  Camphor 16.2 727 182 3.99 
p-CHaOCsHds4 Benzene 0.0869 768 198 3 88 
p-CH30C6Hds=.0 Chloroform .I626 395 198 1 99 
p-CHaOC6H4As=0 Camphor 15 0 785 198 3.97 
C E , H K A ~  Biphenyl 0.240 738 184 4.01 
C s H & A d  Carbon tetrachloride .0152 743 184 4.04 
C6H&4s=S Camphor 20.0 740 184 4.02 
C~H~AS=NH/ Benzene . . . 642 167 3.84 
CsHsAs=AsCaH{ Benzene 0.0205 895 304 2.94 
C~H~AS=ASCSHP Benzene ,0216 915 304 3.01 
p-CH3C&ds=AsC6H4CH3 Chloroform .0241 810 332 2.44 
~ - C H ~ C ~ H ~ A S = A S C ~ H ~ C H ~  Chloroform .0444 832 332 2.54 
~ - C H ~ O C ~ H ~ S = = C B H ~ O C H ~  Chloroform .0271 1080 364 2.97 
p-CH30C6Hds=CsH40CH3 Chloroform .0434 1270 364 3.49 

" The constant for each solvent was determined by the use of benzophenone. 
The Rast method, Bey., 55, 1051 (1922). was employed whenever camphor was used 

as a solvent. Molecular weights were determined in benzene, chloroform and carbon 
tetrachloride by the ebullioscopic procedure in the Menzies apparatus, THIS JOURNAL, 
43, 2309, 2314 (1921). The cryoscopic method was used in the case of naphthalene 
and biphenyl. In many instances, because of the limited solubility of the compounds 
in the solvents employed, higher values for At than those recorded could not be ob- 
tained. Purification of biphenyl, Chipman and Peltier, Ind. Eng. Chem., 21, 1106 
(1929). " The constant for carbon tetrachloride is given by Menzies and Wright, 
THIS JOURNAL, 43, 2320 (1921), as 32.4. By the use of benzophenone, we determined 
the constant to be 34. This latter value was used in our calculations. ' The molecular 
weight of this compound has been determined very recently by Ipatiew, Rasuwajew 
and Stromski, Ber., 62, 604 (1929). The cryoscopic method was used with benzene 
as a solvent. The molecular weight value given in the above table is that obtained 
by these investigators. ' Michaelis and Schulte, ibid., 46, 1742 (1913), determined 
the molecular weight of arsenobenzene in benzene by the ebullioscopic method. They 
obtained the value 399. Palmer and Scott, THIS JOURNAL, 50, 539 (1928), with naph- 
thalene as a solvent found the molecular weight to be 642; in benzene, by the ebullio- 
scopic method, 402 and in carbon disulfide 334. 
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Summary 
The properties and molecular weight determinations of a number of 

simple aromatic arsenic compounds have been recorded. Some of these 
compounds are stable in air, others absorb oxygen instantly; certain arseno 
compounds, indifferent toward oxygen, react instantly with the gas in the 
presence of traces of certain reagents. A number of aromatic arsenicals 
which contain an arsenic atom attached to arsenic or some other atom by 
a double bond are associated in the dissolved state. 

ANN ARBOR, MICHIGAN 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OF THE MAGNETIC PIGMENT CO., 
TRENTON, N. J.] 

SUBSTITUTION OF ONE ATOM OF NITROGEN FOR THREE 
ATOMS OF CHLORINE IN ORGANIC COMPOUNDS. I. . 

ACTION OF AMMONIUM CHLORIDE ON BENZO-TRICHLORIDE 

The present paper describes some work in continuation of an investiga- 
tion begun more than a quarter of a century ago and of which the first 
contribution was published1 in 1904. The investigation was interrupted 
and has only lately been resumed. 

While the first paper reported the results obtained from the study of the 
action of ammonium chloride on metallic chlorides, the present communi- 
cation is concerned with the action of sal ammoniac on benzo-trichloride, 
is concerned with the beginning of a study of the substitution of one atom 
of nitrogen for three atoms of chlorine in organic compounds. 

I. It was expected that benzo-trichloride and ammonium chloride when 
heated in a closed tube would react as follows 

In accordance with the above equation monomolecular quantities of 
benzo-trichloride and ammonium chloride are required. I soon learned, 
however, that only with an excess of a t  least 60% of benzo-trichloride a 
smooth reaction takes place whereby all the ammonium chloride is used up 
in the formation of benzonitrile. The experiments here described were 
all carried out using such an excess of benzo-trichloride. 

In the end the following procedure was adopted. The glass tubes 
contained each 2.14 g. (4 mols) of ammonium chloride and 12.52 g. (6.4 
mols) of benzo-trichloride. The heating took place between 210 and 220". 
Heating periods of four to six hours are convenient. As with the quantities 
of the reacting bodies indicated, nearly 6 g. sf hydrogen chloride was set 

1 Fireman, THIS JOURNAL, 26, 741 (1904). 



free, a number of consecutive heatings of the same tube were required. 
The heating was discontinued when no more gas escaped. The final 
product is a thick liquid which becomes semi-solid on standing. 

The product from 11 tubes, 77 g. in all, was subjected to distillation. 
Pour fractions were separated weighing together 50.32 g. The first and 
fourth amounted to but a few cc. each. The first fraction went over below 
182', to which the temperature rose rapidly. The second fraction distilled 
over between 183 and 18g0, mostly near the latter temperature. The third 
passed over at 189 to 197'. The fourth was collected up to 215'. The 
boiling point of benzonitrile is 190.6' and that of benzo-trichloride 214'. 
The nitrogen contents of the four fractions were, respectively, 7.2, 10.7, 
12.19 and 10.6y0. Thus benzonitrile predominated, as i t  contains, calcu- 
lated, 13.59% of nitrogen. I t  was recognizable by its odor resembling - 
that  of bitter almond oil. 

The residue in the flask, from which the benzonitrile and the benzo- 
trichloride were distilled off, was soIid and brown-black in color. A wider 
bent tube was now inserted and the distillation continued. A readily 
solidifying liquid went over a t  a temperature between 235 and 260'. 
It solidified in the short side tube and in a small beaker which served as a 
receiver. About 4 g. was collected of a readily melting substance. It was 
for the most part easily soluble in alcohol, leaving a small residue which 
was very sparingly soluble in this medium. The bulk of this fraction, upon 
a few recrystallizations, showed a melting point of 121' and was recognized 
as benzoic acid. Its formation was obviously due to  the presence of mois- 
ture, which acted on benzo-trichloride during the heating in the closed 
tubes. The sparingly soluble fraction showed a melting point of 242.5' 
and so proved to be kyaphenine (CsH~CN)3 as corroborated by a nitrogen 
determination. 

A further fraction was separated from the residue by distillation under 
diminished pressure. For that purpose an Auschiitz distilling flask with a 
fused-on receiving tube was used. The distillation was carried out a t  15- 
mm. down to  7-mm. pressure at temperatures of 265 to 335'. About 6 g. 
of a white, slightly yellowish product was obtained. This distillate was 
separated into two substances by boiling with alcohol. Copious quantities 
of the latter dissolved out a white substance, leaving the other, much larger 
in amount, exceedingly little soluble in that menstruum. 

After repeated treatments with boiling alcohol a white powder was ob- 
tained which melted a t  233' and proved to  be kyaphenine (C6HLCN)p 

The less difficultly alcohol-soluble white substance, upon recrystalliza- 
tion, shows a melting point of 269-270'. A combustion gave: C, 91.96; 
H, 6.67-indicating a hydrocarbon. A search in the "International 
Critical Tables" suggested tetraphenylmethane, with a melting point of 
285" (corr.), as most nearly corresponding to  the results obtained: calcd. 
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for (GHa)aC: C, 93.75; H, 6.25. Gombergr2 who was the first to prepare 
tetraphenylrnetbane, gave a t  first 272' as its melting point, later 280° and 
last 281 .5-282', which corrected is 285'. He crystallized this hydrocarbon 
from benzene, which when hot dissolves it freely. My white substance 
upon crystallization from benzene presented a network with occasional 
separate slender long crystals or sheaf-like formations of fine needles and 
now melted a t  271'. I take it to be tetraphenylmethane containing a 
small admixture of kyaphenine. Its formation may have taken place ac- 
cording to the reaction 

3C,H,CN + CaH,CCI, = (CsH5)hC $- 3CNCl 

This supposition I intend to submit to an experimental test. 
As a last residue, after all distillations, there remained a black lustrous 

substance which had solidified from a molten state. 
11. The Reaction Autocatalytic.-Early in this investigation i t  was 

observed that on successive heatings and openings of the same tube, 
increasing quantities of hydrogen chloride were set free in equal periods of 
time. The following experiments, a few of many, will show this strikingly. 

Though the heating was carried out in an ordinary bomb furnace of the 
Lothar Meyer type (with flaps a t  the ends), great care was used to make the 
successive heatings in each set of experiments as nearly alike as possible. 
The fluctuations of the temperatures in the middle of the furnace during 
the four-hour heatings rarely exceeded =t 1 O .  

On opening the tubes only a portion of the hydrogen chloride formed 

Expt. at 2 l S o  Expt. at 220° Expt. at 210° 
Tube 1, Tube 2, Tube 1, Tube 2, Tube 1, 

Period g. g. g. g. g. 

IV 
v 
VI 
VII 
VIII 

Total HC1, g. 6.017 5.890 
Calcd., 5.840 g. 

" One of the four tubes heated a t  the same time exploded before 220 O was reached 
(at 217 O )  causing discontinuance of the heating. In resuming the heating, another 
tube exploded seventy-one minutes after 220 a was reached. 

Gomberg, Ber., 30, 2045 (1897); THIS JOURNAL, 20, 776 (1898); Gomberg and 
Berger, Ber., 36, 1909 (1903); Gomberg and Cone, ibid., 39, 1463 (1906). 
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rushes out. A number of days must be allowed the escape of gas for its 
entire removal. During that time considerable moisture is liable to enter 
the tubes. A calcium chloride tube was slipped over the tip to prevent 
this. All tubes were heated during four-hour periods, opened after each 
period and resealed again. 

The growing speed in successive periods a t  once becomes evident. 
Obviously the increasing velocity of the reaction corresponds to the in- 
creasing accumulation of benzonitrile. 

I am inclined to believe that the cause of benzonitrile serving as a cata 
lytic agent is the ability of this nitrile to  absorb hydrogen chloride. Benzo- 
nitrile seems to form a feeble compound with the latter under pressure 
greater than the atmospheric. This compound gradually decomposes on 
opening the tubes. 

Summary 

1. When benzo-trichloride and ammonium chloride are heated in a 
closed tube a t  about 200" and above, substitution of one atom of nitrogen 
for three atoms of chlorine takes place, with the formation of benzonitrile 
and hydrogen chloride. 

2. All the nitrogen of ammonium chloride can be utilized for such a 
substitution only in the presence of an excess of a t  least 60% of benzo- 
trichloride. 

3. A small part of the benzonitrile polymerizes to tribenzonitrile, or 
kyaphenine. 

4. A small amount of tetraphenylmethane is also found as a product 
of the reaction. 

5. The reaction is autocatalytic. 
It may be noted that the substitution of nitrogen for chlorine in benzo- 

trichloride is by no means a unique case. Already I,iebig3 through the 
action of gaseous ammonia and ammonium chloride on phosphorus penta- 
chloride obtained "chlorophosphuret of nitrogen" which, as Gladstone and 
Holmes4 later showed, had the composition (PNCl2)a. Also long ago 
Heintz6 was able, by heating a solution of ammonia in absolute alcohol with 
chloroform a t  a temperature of 180-190°, to obtain a t  times ammonium 
cyanide, a t  times paracyanogen (CN),. Shortly later Cloez6 found the 
following reaction to take place 

CHBra + 5NHa = NHsHCN + 3NH3HBr 

Liebig, Ann., 11, 146 (1834). 
4 Gladstone and Holmes, J.  Chem. Soc., [2] 2, 225 (1864). 

Heintz, Ann., 100,369 (18&). 
Cloez, Comfit. rend., 46, 348 (1858). 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF MCGILL UNIVERSITY] 

THE IDENTIFICATION OF CARBONYL COXPOUNDS BY USE OF 
2,4-DINITROPHEPIYLHYDRAZINE 

BY CHARLES P. H. ALLEN 

RBCEIV~D MARCH 20.1930 PUBLXSH~D JULY 3,1930 

In connection with another investigation under way in this Laboratory, 
use of the common reagents for a carbonyl group failed to  give a solid 
derivative. At about the same time it was noted that there was no reliable 
rapid reagent for preparing solid derivatives of most of the aliphatic alde- 
hydes and ketones. As a rule the reagents that form crystalline products 
with aromatic carbonyl compounds give oils with most of the corresponding 
aliphatic substances; in spite of this, Laboratory manuals in illustrating 
the preparation of characteristic derivatives, usually select their examples 
from the aromatic series.' Consequently when a decomposition product 
obtained in a research is an aliphatic carbonyl compound, as is frequently 
the case, the average student is at a loss as to a reliable method of identi- 
fication. As a remedy, the use of substituted phenylhydrazines is often 
recommended; they have the disadvantages of a high cost or difficulty of 
preparation. After trying out several, we finally selected 2,4-dinitro- 
phenylhydrazine as the one best meeting the above objections. 

I t  can be prepared easily in the laboratory from inexpensive reagents by 
persons with slight experience. I t  gives good crystalline derivatives with 
most of the common aliphatic carbonyl compounds; if necessary, these 
solids are readily purified by recrystallization from alcohol. I t  can be 
used in the presence of water (i. e. ,  dilute solutions) in many  instance^.^ 

It seems strange that such a useful reagent is not more widely known. 
Probably this is because i t  was applied by its discoverers almost entirely 
to  aromatic corn pound^,^^^ which form crystalline products with phenyl- 
hydrazine itself, hence offered no particular advantage. Brady and Os- 
mire5 call attention to its use with a few aliphatic aldehydes and one ketone, 
but their paper does not seem to have received the attention it deserves. 

We have attempted to determine roughly the limits of its usefulness by 
applying it to all available carbonyl compounds. The results are shown 

Adams and Johnson, "Elementary Laboratory Experiments in Organic Chemis- 
try," The Macmillan Co., New York, 1928. Norris, "Experimental Organic Chemistry," 
McGraw-Hill Book Co., Inc., New York, 1924, 2d ed., p. 163; Cohen, "Practical 
Organic Chemistry," Macmillan and Co., Ltd., London, 1928; Noyes, "Organic 
Chemistry," Chemical Publishing Co., Easton, Pa., 4th ed., revised, 1920; Thorpe and 
Whiteley, "Student's Manual of Organic Chemical Analysis," Longmans, Greene and 
Co., Ltd., London, 1926. 

Kahlenberg, Science, 61, 344 (1925). 
Purgotti, Gazz. chim. ital., 24, I ,  555 (1894). 

* Curtius and Dedichen, J. pakt.  Chem., [2] 50, 266 (1894). 
Brady and Elsmire, Analyst, 51, 77 (1926). 
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in the experimental part. The melting points of some derivatives are not 
far enough apart to be characteristic but this is of minor importance, since 
it is now customary to prepare a known sample for comparison and make a 

160 - determination of a mixed melt- 
ing point. A few substances did 
not give solid products-these 
are listed in the experimental 
part. 

In the accompanying figure 
are shown the melting points of 
three series of dinitrophenyl- 

+J hydrazones plotted against the 
number of carbon atoms in the 
aliphatic part of the molecule. 

60 - 
Curve I represents the straight- 

, chain aldehydes, I1 the methyl 
C3 C~ C7 CQ ketones with a straight chain, 
Number of C atoms. and I11 the methyl ketones with 

Fig. 1. a branched chain of the iso type 
(branching on the carbon atom farthest from the carbonyl group). The 
well-known alternating effect is noticeable, even though the series is short.6 

Experimental 
Preparation of 2,4-Dinitiopheny1hydrazine.-Fourteen g. of hydrazine sulfate is 

suspended in 50 cc. of hot water in a 125-cc. beaker, stirred well, and 35 g. of potassium 
acetate added to precipitate the sulfate as potassium sulfate. After boiling for five 
minutes, it is cooled somewhat and 30 cc. of alcohol added. When cold, the solid is 
filtered by suction and the cake washed while on the funnel with 25 cc. of hot alcohol. 
In  a flask fitted with a reflux condenser and stirrer is dissolved 20.2 g. of technical 2.4- 
dinitrochlorobenzene in 100 cc. of alcohol, the hydrazine solution as prepared above is 
added and the whole refluxed with stirring for an hour. Most of the product crystal- 
lizes out after ten minutes. I t  is filtered, after cooling, and washed once with 25 cc. 
of warm alcohol to remove any unchanged dinitrochlorobenzene, and then with a small 
amount of warm water to remove soluble salts. By evaporating the filtrate to half its 
volume, a further 5 g. may be obtained, making the total yield 17 g. or 85%. The 
first crystals, m. p. 192". are sufficiently pure for use as a reagent, but the last should 
be recrystallized from ethyl acetate. 

Substitution of sodium hydroxide for potassium acetate slows up the reaction and 
gives an inferior product. This method avoids the preparation of concentrated solu- 
tions of hydrazine hydrate, though the latter gives a slightly better yield. The same 
yields can be secured with two and a half times the above amounts, if well stirred during 
the refluxing. 

Of the several methods that can be devised for preparing 2.4-dinitrophenylhydra- 
zones, we used the following. 

A.-For qualitative identification of small amounts: A saturated solution of dini- 
trophen~lhydrazine is prepared by refluxing 1 g. of the solid with 100 cc. of alcohol; 

6 For example, cf. Malone and Reid, THIS JOURNAL, 51, 3424 (1929). 



it  may partially crystallize on cooling. To 5 cc. of this solution (any suspended solid 
does no harm) in a test-tube is added 5 cc. of alcohol and a few drops of the carbonyl 
compound, and the whole carefully heated to boiling. After removing from the flame, 
1-2 drops of concd. hydrochloric acid are slowly added; the color usually changes im- 
mediately to  yellow or orange. The mixture is boiled for two minutes, and water added. 
drop bx drop, to incipient cloudiness or crystallization. The dinitrophenylhydrazone 
is filtered after the solution is cold. If the aldehyde or ketone is fairly pure, recrystalliza- 
tion is unnecessary, but the products separating when commercial preparations are used 
are always impure. Alcohol is the best solvent for the low-melting derivatives, but the 
higher-melting less soluble compounds require the addition of ethyl acetate or chloro- 
form. The dinitrophenylhydrazones of the simple ketones (except acetone and methyl 
ethyl ketone) separate slowly from alcohol, but usually form as oils on addition of water. 
If the solution is heated too long when acrolein is used, polymerization of some sort 
occurs and a viscous tar is precipitated. 

B.-For preparing larger quantities, 2 g. of dinitrophenylhydrazine and a slight 
excess over the equivalent amount of carbonyl compound in 100 cc. of alcohol are heated 
to boiling, allowed to cool slightly and 2 cc. of concd. hydrochloric acid added. Usually 
the color changes a t  once, and any solid present dissolves. After boiling for two min- 
utes, the solution is set aside until crystallization is complete, filtered by suction, washed 
with alcohol and recrystallized to constant melting point. 

The reagent is not as useful when applied to a-hydroxy ketones of the acyloin and 
benzoin type; the formation of hydrazone is slow; unchanged material precipitates on 
addition of water. If the boiling is prolonged, oxidation takes place,T and the mixture 
of solid products formed is not easily separated by recrystallization. Since benzoin, 
benzil, and their homologs are solids this limitation is unimportant; however, not many 
crystalline derivatives of the liquid acyloins are known. After several recrystallizations 
a solid, m. p. 99", was obtained from n-butyroin, but its structure is uncertain.8 

It is essential that the carbonyl compounds be fairly pure; otherwise purification 
of the phenylhydrazones is difficult. For example, it was extremely d i c u l t  to  purify 
the crystalline products formed from some samples of n-decylaldehyde and menthone. 

The compounds used were either purchased from reliable sources or prepared by 
methods already in the literature. 

T A B L ~  1 

Ketones 

RESULTS OP EXPERIMENTS 
M. P., 

O C .  Color Aldehydes 
Mi P., 

C. Color 
Acetone4 128 Y Formaldehyde3 155 Y 
Methyl ethyl6 115 Y Acetaldehyde3 147 Y 
Methyl n-propyl 141 YO Propion-6 155 Y 
Methyl n-butyl 106 RO n-Butyr-5 122 Y 
Methyl n-amyl 89 YO Isobutyr-5 182 Y 
Methyl n-hexyl 58 0 n-Valer- 98 Y 
Methyl n-nonyl 63 OY Isovalers 123 Y 
Methyl n-undecyl 69 OY Trimethylacet-' 210 Y 
Methyl isopropyl 117 OY n-Ca~ro -~  104 Y 
Methyl isobutyl 95 OR n-HeptJ 106 Y 
Methyl iso-amyl 95 0 n-Oct- 106 Y 
Methyl isohexyl 77 OY n-Nonyl-6 96 Y 

1 Thus both piperoin and piperil give the same substance, m. p. 227". 
8 Analysis for nitrogen gave 14.5 and 14.3, whereas the calculated value for the 

monophenylhydrazone is 17.2%, and for the osazone 22.1%. 
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TABLE I (Conclud~d) 
Mi P.. M. P., 

Ketones C. Color Aldehydes O C .  Color 

Pinacolone 125 OY n-Decyl- 104 Y 
Diethyl 156 WO n-Undecyl- 104 Y 
Di-n-propyl 75 YO n-Duodecyl- 106 Y 
Ethyl n-propyl 130 YO Acrolein 165 RO 
Ethyl isobutyl 75 YO a-Methyl-0-ethyl acrolein 159 Carmine 
Allylacetone 104 0 Citronella1 78 Y 
Methylheptenone 81 RO Citral I 108-110 RO 
Pseudoionone 143 Deep red Citral I1 96 RO 
Mesityl oxide 200 Carmine a-n-Amylcinnamic aldehyde 164 Scarlet 
Cyclopentanone 142 OY Acid derivativesC 

Cyclohexanonea 160 OY Pyruvic acid 213 Lemon 
Methyl cyclohexyl 140 0 Levulinic acid 92 Y 
Carvone 189 Carmine Ethyl oxomalonate 128 Lemon 
Menthone 145 0 Methyl benzoyl formate 171 OY 
Benzalacetone 223 OR 
Benzalacetophenone 208 0 
~ e n z i l ~  185 OY 
Acetophenone 237 0 
a-Indanone 258 RO 
n-Butyroin 99 Y 
Benzoin 234 OY 

" This substance has previously been reported-ith m. p. 145'. "or this sub- 
stance we are indebted to Mr. A. Paquet. ' The reagent gives no precipitate with 
formic acid and the formates. 

The results obtained with furoin, furil and benzfuroin were unsatisfactory. Fur- 
fural is reported to give a solid, m. p. 202°.9 Anisoin, anisil, piperoin and piperil gave 
mixtures melting above 200 O. 

Representative samples were analyzed for nitrogen by the Kjeldahl method, on a 
semi-micro scale. A mixture made up of 0.030 g. of substance, 0.1 g. of copper sulfate, 
2 g. of potassium sulfate, 2 g. of glucose and 15 cc. of concd. sulfuric acid was digested 
until colorless. After cooling, it was carefully diluted with 150 cc. of distilled water, 
a 24-g. stick of solid sodium hydroxide added, and the ammonia distilled in the usual 
manner. It was found most convenient to weigh the sample on a cigarette paper, and 

TABLE 11- 

KJELDAHL ANALYSES 
Nitrogen. O/o 

C=O compound Calcd. Found 

n-Octaldehyde 18.1 18.3 
Pinacolone 20.0 19.7 
Methyl isohexyl ketone 18.1 18.1 
Cyclohexanone 20.1 20.0 
Citral I1 16.5 16.5 
Pseudoionone 15.1 14.9 
a-n-Amylcinnamic aldehyde 14.9 15.1 
Benzalacetone 14.5 14.7 

' For these analyses we are indebted to Mr. D. D. McKay. 

Ciusa, Gazz. chim. itul., 41, 688 (1911); Chem. Zentr., 82, 1644 (1911). 
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put the whole into the flask; of course, a paper was used in running a blank. Sodium 
hydroxide, 0.020 N and sulfuric acid, 0.040 N were of suitable strength. This method 
does not require as much skill as Pregl's micro method, nor as large a sample as the 
usual procedure. Senior students used it with good results. 

2,4-Dinitrophenylhydrazine did not give solid derivatives with methyl n-heptyl, 
n-octyl, and n-decyl ketones, di-n-butyl ketone, commercial ionone, pure a-ionone, 
fenchone or pulegone. 

Summary 
1. An inexpensive method is given for the preparation of 2,4-dinitro- 

phenylhydrazine. 
2. This substance has been shown to be a suitable reagent to use in 

preparing crystalline derivatives of a large number of aliphatic compounds 
containing a carbonyl group. I t  may also be used with certain cyclic 
compounds, but the production of solid derivatives is not as general. 

3. It is not as useful with a-hydroxyketones, owing to the difficulty in 
separating the mixtures formed. 

4. - A semi-micro method for determining nitrogen by the Kjeldahl 
method is outlined. 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OG THE UNIVERSITY O F  ILLINOIS] 

STUDY OF THE POSSIBLE ISOMERISM OF CERTAIN ANALOGS 
OF RESOLVABLE DIPHENYL COMPOUNDS. VII1 

It was pointed out in a previous paperla that certain substances some- 
what similar to diphenyl compounds might show the phenomenon of optical 
isomerism which exists in the ortho tri, and tetra-substituted members of 
the former class of compounds. These general types are given in formulas 
I to VI. 

For previous papers see (a) Hyde and Adams, THIS JOURNAL, 50, 2499 (1925); 
(b) Moyer and Adams, ibid., 51, 630 (1929); (c) Stanley and Adams, Rec. trav. chirn , 
48, 1035 (19291; (d) Stanley and Adams, THIS JOURNAL, 52, 1200 (1930); (e) Bock, 
Moyer and Adams, ibid., 52, 2054 (1930); (f) Stearns and Adams, ibid., 52, 2070 (1930). 

2 This communication is a portion of an abstract of a thesis submitted by R. W. 
Maxwell in partial fulfilment of the requirements for the Degree of Doctor of Philosophy 
in Chemistry at  the Vniversity of Illinois. 
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I n  the communication of Hyde and Adams,la representatives of formulas 
I and I1 were prepared and shown not to be capable of resolution. In this 
paper compounds belonging to classes I11 and IV are described. Not one 
of them could be resolved. I t  is obvious then that there is in these com- 
pounds sufficient mobility of the groups around the carbon atom attached 
to the ring so that the ortho substituting groups have no blocking effect 
and free rotation between the ring and the carbon atom is not prevented. 

The side chain must either be flexible or extend in such a direction that 
interference does not take place. Several attempts to prepare compounds 
of types V and VI have so far met with failure. In these latter compounds, 
analogy to trisubstituted diphenyl compounds is most complete and 
there is most likelihood that optical isomerism might be possible. The 
group replacing the side-chain hydrogen of I11 and IV corresponds to the 
unsubstituted ortho position which may play a part in preventing free 
rotation. 

The particular compou ds which were studied were a,3,4,6-tetramethyl- 
2,5-dinitrocinnamic acid (VII) ; amino-isobutenylmesitylene (VIII) ; 
and a-methyl-3-amino-2,4,6-tribromocinnamic acid (IX) . 

CO~H 
VII 

C H ~  
VIII 

m,3,4,6-Tetramethyl-2,5-dinitrocinnamic acid was made by nitrating 
pseudocumenic aldehyde and then condensing with sodium propionate 
and propionic anhydride. 

' 3 3 3  CH3 c~30cH8 + ~ ~ 3 0  ---+= CH3@ -+ VII 
CH3 NOz CHI 

CHO CHO 

The amino-isobutenylmesitylene resulted from the following series of 
reactions: mesitylene, isobutyrylmesitylene, dinitro-isobutyrylmesitylene, 
nitro-amino-isobutyrylmesitylene, nitro-isobutyrylmesitylene, amino-iso- 
butyrylmesitylene, isopropyl - (2,4,6 - trimethyl - 3 - aminophenyl) - carbinol, 
isopropyl- (2,4,6 - trimethyl- 3 - aminophenyl) -methyl bromide, amino- 
isobutenylmesitylene. 
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CH3 CHa CHa CHI 

CH3()CIX3 - ::p: - z:F~I - z:OcH3 - 
co CO co CO 

I 
CH(CH3)z 

I 
CH(CH3)a 

I 
CH(CH& 

I 
CH(CH312 

CHJ CHa CHa CHI 

CH3 0-: - cHs@: - .HOE; - c H a o ~ ~ ~  
co I 

CHOH 
1 
CHBr 

I 
I 
CH(CHd2 

I I ~ / % c - c H .  
CH(CHd2 CH(CHI)I I 

CHI 

a-Methyl-3-amino-3,4,6-tribromocinnamic acid was obtained by con- 
densation of m-nitrobenzaldehyde with propionic anhydride and sodium 
propionate, reduction of the nitro product to the corresponding amine 
and then bromination. 

ON@ + q H 2  + Br@y 

H/~"C-CH, H / ~ ~ c - c H .  H/~\c-c& 
I 
COzH 

I 
COzH 

I 
COZH 

The unsuccessful attempts to prepare compounds of the types V and VI 
are described briefly below. 

1. The condensation of 2,5-dinitro-3,4,6-trimethylacetophenone with 
malonic acid would not take place. 

2. Ethyl a-phenyl-2,4,6-trimethylphenylacetate was readily prepared 
by esterification of the condensation product of a-bromophenylacetic acid 
with mesitylene. It was hoped to prepare a carbinol by means of excess. 
of Grignard reagent and then dehydrate to the desired product. The 
Grignard condensation, however, would not take place. 
3. Desyl mesitylene, (w -phenyl-w - (2,4,6- trimethylphenyl) - acetophe- 

none) prepared by condensation of desyl chloride with mesitylene reacted 
with a large excess of phenylmagnesium bromide to give a small amount of 
tar but no carbinol. 

4, Ethyl - a - methyl - 3 - nitrocinnamate readily formed a dibromide 
which by alcoholic potassium hydroxide gave a-methyl-0-bromo-3-nitro- 
cinnamic acid. It was found that after reduction to the amino compound 
a product which was not very pure was obtained in which only two bro- 
mines entered the ring and probably only one in an ortho position. 
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5. Gthyi a-methyi-3-aminocinnamate was brominated in acetic acid 
to give ethyl a-methyl-2,4,6-tribromo-3-aminocinnamate but no further 
bromination occurred in the side chain. 

6. 1 - (2,4,6 - trimethyl -3- p - nitrobenzoylaminophenyl) - 1 - bromo- 
2,2-dimethylethylene was produced from nitrobenzoylamino-isobutenyl- 
mesitylene by bromination and treatment of the product with pyridine. 
It was hoped that reduction of the nitro of the p-nitrobenzoyl residue might 
give a satisfactory resolving group but the salts formed were too readily 
hydrolyzed. 

7. Isobutenylmesitylene gave upon bromination in carbon tetrachloride 
and subsequent treatment with alcoholic potassium hydroxide a dibromo 
compound with one bromine in the 3-position and the other in the beta 
position. It was found impossible, however, to introduce a salt-forming 
group. 
8. Acetamino and carbo-ethoxyamino-isobutenylmesitylene could be 

converted to the P-bromo compound but i t  was found impossible to remove 
the acyl group without affecting the side chain. 

Experimental 
Bromo-m-xylene-A mixture of 106 g. of m-xylene, 100 g. of carbon tetrachloride 

and several iron nails was placed in a 500-cc. flask provided with a mercury-sealed 
stirrer, a dropping funnel and a condenser from which a tube led to  the hood. The 
mixture was surrounded by an ice-bath, stirring commenced and 168 g. of bromine in 
168 g. of carbon tetrachloride was added over a period of five hours. The flask was pro- 
tected from the light by a towel. After standing for ten hours the red liquid was washed 
with water and 20% sodium hydroxide solution. The carbon tetrachloride was dis- 
tilled off and the residue treated with 10 g. of sodium dissolved in 200 cc. of 95% ethyl 
alcohol to  remove side-chain bromination products and hydrobromie acid. (The sodium 
ethylate was added cautiously to prevent a violent reaction.) This solution was heated 
t o  boiling for one hour and allowed to stand overnight. It was then diluted with 
much water and sufficient ether added to bring the oily layer to the top. The ethereal 
layer was washed thoroughly with water and dried with calcium chloride. The yield 
was 130 g. (70%) of material boiling a t  200-205 O (mostly 202-203 O). 

Pseudocumene.--This compound was prepared by a slight modification of the 
method of I,. I. Smith3 for the preparation of isodurene. A mixture of 20 g. of magne- 
sium turnings, 37 g. of bromo-m-xylene, 1 g. of methyl iodide and 65 g. of dry ether was 
placed in a one-liter, three-necked flask provided with a mercury-sealed stirrer, dropping 
funnel and condenser. After the reaction had started 115 g. of bromo-m-xylene in 200 
cc. of dry ether was run in a t  such a rate a s  t o  cause gentle refluxing. Stirring was con- 
tinued for one hour after the magnesium had dissolved. Into the mixture was run 250 
g. of freshly distilled dimethyl sulfate in 150 cc. of dry ether. Refluxing was continued 
with stirring for eight hours. The Grignard was then decomposed with dilute hydro- 
chloric acid and water. The ether layer was washed three times with water to  remove 
magnesium salts and then treated cautiously with sodium ethylate solution to remove 
any  remaining dimethyl sulfate. When all danger of a vigorous reaction was over, the 

L. I. Smith, "Organic Syntheses," 1931, John Wiley and Sons, Inc., New York, 
Vol. XI. 
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alkali and alcohol were washed out with water and the ether layer was dried over calcium 
chloride. The crude product was heated for three to four hours with 10 g. of sodium 
shavings to remove any remaining bromide, and then distilled with a free flame through 
a long column. The yield was 50-60 g. (50-60%), b. p. 165-170 ". 

2,s-Dinitro-3,4,6-trimethylcinnamic Acid.-A mixture of 4 g. of acetic anhydride, 
1.2 g. of sodium aceate and 1.7 g. of 2,5-dinitro3,4,6-trimethylbenzaldehyde (prepared 
from pseudocumene by the method of Gattermann4) was heated in a 50-cc. flask in an oil- 
bath a t  140-150" for eight hours. The mixture was warmed with water and filtered. 
The residue was digested with 5% sodium carbonate solution and filtered. The two 
filtrates were poured into dilute hydrochloric acid solution. A slimy precipitate was 
formed which, after filtration and two crystallizations from dilute acetic acid, melted 
a t  238-239 " (corr.) ; yield, 1.2 g. 

Anal. Calcd. for CizHlzNnOa: C, 51.43; H, 4.29. Found: C, 51.10; H, 4.31. 
a,3,4,6-Tetrarnethyl-2,s-dinitrocinnamic Acid.-A mixture of 12 g. of propionic 

anhydride, 3.5 g. of sodium propionate and 4.4 g. of 2,5-dinitro-3,4,6-trimethylbenzal- 
dehyde was heated in an oil-bath a t  160 O for ten hours. The mixture was warmed with 
water until all propionic anhydride was destroyed and then made alkaline with 5'34 so- 
dium carbonate. The solution was heated to boiling with decolorizing charcoal and 
filtered. On cooling, the sodium salt of the acid separated in golden plates. The sus- 
pension of the sodium salt was poured into dilute hydrochloric acid. A granular pre- 
cipitate resulted which was crystallized first from 95% alcohol and then from glacial 
acetic acid. The product formed plates melting at  277-278' (corr.) and amounted to 
2.75 g. 

Anal. Calcd. for C I I H ~ ~ N ~ O ~ :  C, 53.06; H, 4.76. Found: C, 52.70; H, 4.71. 
The acid does not add bromine on long standing in carbon tetrachloride solution in 

the dark. 
Attempt to Resolve a,3,4,6-Tetramethyl-2,s-dinitrocinnamic Acid with Strych- 

nine.-The salt was prepared by mixing an ethyl alcohol solution of 3.550 g. of strych- 
nine with an ethyl alcohol solution of 3.128 g. of the acid. After standing for a short 
time no crystals appeared, so the solution was evaporated to a small volume. Vigorous 
agitation with a stirring rod caused crystals to form. The salt was redissolved in 200 
cc. of hot ethyl alcohol, atered and allowed to stand. Needle-shaped crystals soon 
appeared. These were filtered; weight, 1 g. 

Rotation. 0.4070 g. made up to 20 cc. in chloroform gave err, = - 0.728 O ;  1 = 1 ; 
[ a ] g  -17.9. 

The filtrate was heated to dissolve a small amount of precipitated salt, filtered and 
allowed to stand until another crop of crystals separated; weight, 1.7 g., [aI2$ -16.4. 
Successive crops of the salt from the filtrate gave the same rotation within experimental 
error. The amount of salt recovered was 97% of the theoretical. The first fraction 
melted a t  145-149 " (corr.). 

Anal. Calcd. for CarHssOsNa: C, 65.0; H, 5.8. Found: C, 64.2; H, 6.1. 
A chloroform solution of the salt was extracted with ammonium hydroxide. The 

ammonium salt solution so obtained was washed twice with chloroform and the rotation 
determined. The value obtained was zero. 

Attempt to Resolve c~,3,4,6-Tetramethyl-2,5-dinitrocinnamic Acid with Morphine.-- 
The salt was prepared by mixing a methyl alcohol solution of 1.41 g. of morphine with a 
methyl alcohol solution of 1.37 g. of the acid. The solvent was evaporated from a steam- 
bath, the gummy residue dissolved in 35 cc. of a mixture of 70 parts of ethyl acetate 
and 30 parts of 95% ethyl alcohol and allowed to stand. The salt crystallized out in 

Gattermann, Ann., 347,375 (1906). 
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very stout needles. I t  was separated into fractions by filtering off and washing the crys- 
tals and allowing the filtrate and washings to stand until crystals formed again. The 
results of the fractionation are given below. 

I. Weight 1.3 g., 0.097 g. made up to 20 cc. in 95y0 ethyl alcohol gave  or^ = 
-0.590"; 1 = 1; [or ] :  -60.8; M. p., 178-184" (corr.). 

The successive fractions all gave the same rotation within experimental error. The 
first crystals obtained weighed 0.65 g. and gave [a]T -61.8. The amount of salt re- 
covered was 93.5% of the theoretical. 

Anal. Calcd. for Cs~HzsOsNs: C, 62.1 ; H, 5.70. Found: C, 61.6; H, 5.74. 

Decomposition of the salt was effected by dissolving 0.3 g. in 10 cc. of hot 95% 
ethyl alcohol and pouring this solution into dilute hydrochloric acid. The acid sepa- 
rated as a fine powder. I t  was filtered by suction, washed with dilute hydrochloric acid 
and dissolved in 20 cc. of dilute ammonium hydroxide. The solution was optically in- 
active. 

Attempt to Resolve or,3,4,6-Tetramethyl-2,s-dinitrocinnamic Acid with Brucine.- 
The salt was prepared by mixing an ethyl alcohol solution of 1.176 g. of the acid with an 
ethyl alcohol solution of 1.858 g. of crystallized brucine. The solution was evaporated 
to  100 cc. and allowed to stand. The salt crystallized as stout needles. These were 
filtered, washed with 95% ethyl alcohol and the filtrate allowed to stand until a new crop 
of crystals had formed. This was repeated until all of the compound had been de- 
posited. 

I. Weight, 1.8 g. This fraction was separated into an insoluble fraction, (a), 
weight, 0.75 g. 0.2215 g. made up to 15 cc. in ethyl acetate gave  or^ = -0.347'; 1 = 1; 
[or]? -23.5, and a soluble fraction (b), [or]'$ -18.4. 

11. Weight, 0.5 g. [a]2,6 -22.7. 
111. 0.5 g. (mother liquor), [or]? -31.2. 
The amount of recovered salt was 92.4% of the theoretical. Fraction (a) melted 

a t  129-132" (corr.). 

Anal. Calcd. for CasH40010Nq2HzO: C, 59.64; H, 6.12. Found: C, 59.47; 
H, 6.07. 

Anal. Subs., 0.6025: loss on heating a t  110" for three hours, 0.0342. Calcd. 
for C36H40010N4.2H20: H20, 5.2. Pound: HzO, 5.8. 

The salt was decomposed by dissolving it in 10 cc. of warm ethyl alcohol and pouring 
this solution into dilute hydrochloric acid. The acid separated as a fine, white precipi- 
tate. It was washed with dilute hydrochloric acid, dissolved in dilute ammonium hy- 
droxide and the rotation determined. The value obtained was zero. 

1sobutyrylmesitylene.-Essentially the method of Klages6 was used. A mixture 
of 107 g. of isobutyryl chloride, 120 g. of mesitylene and 500 cc. of dry carbon disulfide 
was placed in a one-liter, three-necked flask equipped with a mercury-sealed stirrer 
and a tube to carry off hydrogen chloride fumes. The flask was surrounded by an ice- 
salt mixture. To this was added 135 g. of anhydrous aluminum chloride in 10-g. por- 
tions over a period of one hour and fifteen minutes. After another hour and fifteen 
minutes the solvent was distilled off and the residue poured onto a mixture of ice and 
hydrochloric acid. The product was a brown oil. It was taken up in ether, washed 
with water and dilute sodium hydroxide, and dried with anhydrous magnesium sulfate. 
The product boiled at  122-126" at  7 mm. and amounted to 140 g. (75%). 

Dinitro-isobutyry1mesitylene.-Twenty-eight grams of isobutyrylmesitylene was 
allowed to flow slowly into 200 g. of nitric acid (sp. gr. 1.52) cooled to - 10". The time 
of addition was ten minutes and the acid temperature was not allowed to pass 15". 

Klages, Ber., 37, 928 (1904). 
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Stirring was continued for five minutes more, after which the reaction mixture was 
poured into ice water. A longer time of contact with the acid was undesirable because 
of danger of side-chain nitration. The product precipitated as heavy crystals. It was 
filtered by suction, dried and recrystallized from 95% ethyl alcohol to a constant melting 
point 137.5-138.5O. The yield was 28 g. 

Anal. Calcd. for Cl8HliN20~: C,  55.7; H, 5.76. Found: C, 55.8; 1% 5.86. 
Nitro-amino-isobutyrylmesity1ene.-To 250 g. of dinitro-isobutyrylmesitylene dis- 

solved in 900 cc. of 95% ethyl alcohol was added a solution of 275 g. of crystallized so- 
dium sulfide and 37 g. of sulfur in 750 cc. of water. The mixture was refluxed with 
stirring for six hours. It was then poured into four liters of water. The product 
separated as an oil which crystallized as the solution cooled. It was filtered and washed 
with water. The crude product was dissolved in hot 3 N hydrochloric acid and the 
solution filtered. On cooling, the hydrochloride separated as yeUow plates. The free 
base was obtained by neutralization with ammonium hydroxide either from the solution 
of the hydrochloride or from the solid. I t  separated as an oil which soon crystallized 
in bright yellow needles. After purification from 95% ethyl alcohol it melted a t  98-99 O 

(corr.). The yield was 185 g. 

Anal. Calcd. for C13H1 8N208 : C, 62.4; H, 7.26. Found: C, 62.5; H, 7.26. 
Nitro-isobutyrylmesity1ene.-A solution was made of 100 g. of crude nitro-amino- 

isobutyrylinesitylene in a warm mixture of 90 cc. of concentrated sulfuric acid and 460 
cc. of 95% ethyl alcohol. A 3-liter, three-necked flask equipped with a mercury-sealed 
stirrer, reflux condenser and dropping funnel was used. The solution was cooled to 
below 10" and 40 g. of sodium nitrite in 70 cc. of water allowed to run in slowly, care 
being taken that the temperature did not pass above 10". Stirring was continued for 
twenty minutes after addition of the sodium nitrite in order to complete the diazotiza- 
tion. Ten grams of copper bronze freshly washed with ether was then stirred into the 
mixture. An evolution of gas commenced which proceeded for about thirty minutes. 
The flask was then placed upon a steam cone, warmed cautiously a t  first and then re- 
fluxed for half an hour. The boiling point was very low because of the acetaldehyde 
formed. 

The contents of the flask were poured into two volumes of water, whereupon the 
product separated as a heavy brown oil. I t  was extracted with ether. The product 
boiled a t  157-158' a t  7 mm. and amounted to 31 g. A considerable quantity of tar  
always remained behind. 

Anal. Calcd. for Cl3H1~NO3: C, 66.4; H, 7.28. Found: C, 65.9; H, 7.25. 
Amino-isobutyry1mesitylene.-A mixture of 50 g. of mossy tin, 60 cc. of 95% ethyl 

alcohol and 32 g. of nitro-isobutyrylmesitylene was placed in a 500-cc. round-bottomed 
flask equipped with a reflux condenser. One hundred and twenty cc. of concentrated 
hydrochloric acid was added a t  such a rate that the temperature of the flask was kept 
just below the boiling point. After the reaction had apparently ceased, the contents 
of the flask were refluxed for fifteen minutes. There was no sign of hydrogen evolution 
during the reaction. The alcoholic solution was diluted with 300 cc. of water made 
alkaline with ammonia and filtered by suction. The filter cake of tin oxides was placed 
in a beaker, warmed with 250 cc. of 95% ethyl alcohol and filtered. This process was 
repeated and the filter cake washed thoroughly with warm alcohol. The alcoholic 
filtrate was added to one and one-half volumes of water and the precipitated oil separated 
from the water by extraction with ether. The product amounted to 24 g. and boiled 
a t  167" at  7 mm. 

Anal. Calcd. for Cl8HlgNO: C, 76.10; H, 9.27. Found: C, 75.69; H, 9.24. 
Isopropyl (2,4,6-Trimethyl-3-aminophenyl) Carbino1.-To 41 g. of amino-isobuty- 
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rylmesitylene in 300 cc. of absolute ethyl alcohol in a 500-cc. round-bottomed flask 
equipped with a retlux condenser was added through the condenser 18.5 g. of sodium 
metal cut in small strips a t  such a rate that the alcohol refluxed gently. Toward the 
end of the reaction and for one hour after the last addition of the sodium the mixture 
was heated on a steam-bath. The solution was poured into two volumes of water. 
The product separated as a white, crystalline solid. I t  was extracted from the water 
with ether. The crystalline product was washed thoroughly with low-boiling petroleum 
ether. After recrystallizations from ligroin (b. p. 6&115O), the melting point was 
118.5-119.5 " (corr.). The yield was 22 g. 

Anal. Calcd. for C13H21NO: C, 75.4; H, 10.2. Found: C, 75.1 ; H, 10.2. 

Amino-isobutenylmesity1ene.-A mixture of 48 g. of isopropyl-2,4,6-trimethyl-3- 
amiilophenyl carbinol in 450 cc. of 40% hydrobromic acid was heated to boiling for 
several hours. The crystals which formed shortly after the reaction started melted, 
floated to the surface and resolidified in needles. Refluxing was continued for two hours, 
after which the contents of the flask were cooled and the product filtered. Without 
further purification the solid hydrobromide was mixed with a solution of 90 g. of po- 
tassium hydroxide in 500 cc. of 95% ethyl alcohol. An immediate precipitation of 
potassium bromide took place. The mixture was refluxed for half an hour and then 
poured into two volumes of water. A light oil separated. I t  was extracted from the 
water with ether. The product boiled a t  127-128" a t  6 mm. and amounted to 35 g. 

Anal. Calcd. for ClsHl9N: C, 82.5; H, 10.1. Found: C, 82.2; H, 10.1. 

Attempt to Resolve Amino-isobutenylmesitylene with d-Camphorsulfonic Acid.- 
The salt was formed by mixing 3.8 g. of the amine in 50 cc. of chloroform with 4.64 g. of 
d-camphorsulfonic acid. The acid dissolved slowly as the liquid was boiled. The 
solution was evaporated to about 10 cc. and 150 cc. of ligroin (b. p. 65-115") added. 
This solution was allowed to stand where it could evaporate very slowly. After twenty- 
four hours silky needles were deposited but the solution was becoming very dark. The 
crystals were filtered and washed with a solution of 10 cc. of chloroform in 90 cc. of 
ligroin. 

I. Weight, 1.0 g. 0.0985 g. made up to 15 cc. in chloroform gave orr, = +0.20g0; 
1 = 1; [cyl2,6 + 32.0. 

The filtrate was allowed to stand as before. The solution became even more tarry. 
A second crop of crystals soon deposited. 

11. Weight, 1.2 g. [a]: +32.3. 
The same procedure was carried out as before. 
111. Weight, 1.3 g. [aI2,6 +27.3. The filtrate was now so dark and tar-like that 

no more crystals could be obtained. A portion of salt which had not been subjected to 
fractionation, however, gave [a12 +34.2. The melting point of fraction I was 93-102" 
(corr.) . 

Anal. (Parr Bomb). Calcd. for Cz~H360aSN: S, 7.6. Found: S, 7.3. 

The salt was decomposed by dissolving 0.25 g. in chloroform and extracting the 
solution with dilute ammonia. The resulting chloroform solution was optically inactive. 

Attempt to Resolve Amino-isobutenylmesitylene with d-0xymethylenecamphor.- 
A mixture of 1.36 g. of amino-isobutenylmesitylene and 1.5 g. of d-oxymethylenecam- 
phor in 10 cc. of 95% ethyl alcohol was heated on a steam-bath for half an hour. To this 
was added 50 cc. of water containing 10 cc. of dilute sodium hydroxide to precipitate 
the condensation product and to dissolve excess d-oxymethylenecamphor. The product 
separated as a gum. On warming the alkaline mixture on a steam cone, the gum floated 
to  the surface of the liquid and crystallized. The crystals were filtered off, washed and 
recrystallized from methyl alcohol. The following fractions were obtained. 
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I. Weight, 1.12 g., m. p. 176-18O0. 0.1284 g. made up to 15 cc. in chloroform 
gave q = +4.7O; 1 = 1; [a]: f190.4. 

11. Weight, 0.92 g. [aJ2; +184.l. 
111. Weight, 0.25 g. [a]: +200.0. 
Anal. Calcd. for CzrHssON: C, 82.0; H, 9.47. Found: C, 82.3; H, 9.46. 

As the compound changed in rotation on standing, all readings were taken as nearly 
as possible a t  exactly ten minutes after the solution was made. The high rotation of 
fraction I11 is probably due to this. The amount of product recovered was 90.6% of the 
theoretical. 

Attempts to decompose the condensation product with bromine in carbon tetra- 
chloride followed by hydrolysis gave tarry products. 

Acetamino-isobutyrylmesity1ene.-A mixture of 8 g. of amino-isobutenylmesitylene 
and 30 cc. of acetic anhydride was allowed to stand for half an hour, after which the 
acetic anhydride was decomposed with cold water. After recrystallization from dilute 
alcohol the compound melts a t  114-115O, resolidifies and remelts a t  129-30" (corr.). 

Anal. Calcd. for Cl6HzlNO: C, 77.5; H, 9.16. Found: C, 77.3; H, 9.04. 

a-Methyl-3-nitrocinnamic Acid.-The acid was prepared by a modification of the 
method of v. Miller and Rohde.6 A mixture of 75 g. of m-nitrobenzaldehyde, 98 g. of 
propionic anhydride and 48 g. of sodium propionate was heated a t  170 O in an oil-bath 
for five hours. The reaction mixture was poured into water and saturated sodium 
carbonate solution added to strong alkalinity. The tarry liquid was boiled with de- 
colorizing charcoal for ten minutes and then filtered. The alkaline liquid was poured 
into diIute hydrochloric acid. A white, curdy precipitate resulted. This was filtered 
by suction and allowed to dry overnight. The crude acid was crystallized once from 85% 
ethyl alcohol. The product consisted of white needles melting a t  199.5-200.5O (corr.) 
and was used without further purification; yield, 70 g. 

Ethyl a-Methyl-3-nitrocinnamate.-A mixture of 20 g. of a methyl-3-nitrocinnamic 
acid, 200 cc. of absolute alcohol and 6 g. of concentrated sulfuric acid was refluxed over- 
night. The solution was poured into two volumes of water. A heavy oil separated 
which did not crystallize on standing. I t  was extracted with ether. The product 
boiled a t  197 a t  I1 mm. and amounted to 18 g. 

Anal. Calcd. for ClzHI3NO1: C, 61.3; H, 5.58. Found: C, 61.4; H, 5.59. 

a-Methyl-3-amino-2,4,6-tribromocinnamic Acid.-A mixture of 20 g. of a-methyl- 
3-nitrocinnamic acid, 25 cc. of water, 100 g. of iron powder and 1 cc. of concentrated 
hydrochloric acid was placed in a 500-cc. flask and warmed upon a steam-bath for four 
hours. The contents of the flask were then made alkaline with ammonia, water was added 
and the mixture filtered. The residue on the filter was very thoroughly washed with 
water. The clear filtrates were poured into dilute hydrochloric acid, whereupon a slight 
precipitate separated. This was removed by filtration. To the acid solution was 
added 10% bromine in concentrated hydrochloric acid until a yellow color persisted. 
A curdy, white precipitate settled out. The precipitate of bromo acid was filtered by 
suction, dried in the air and recrystallized three times from 90% ethyl alcohol. Twenty 
grams of product melting a t  208-209 O (corr.) was obtained. 

Anal. Calcd. for Cl8H8NO2Br3: Br, 58.0. Found: Br, 57.7. 

Attempt to Resolve a-Methyl-3-amino-2,4,6-tribromocinnamic Acid with Strych- 
nine.-To a solution of 4.14 g. of the acid in 25 cc. of warm methyl alcohol was added a 
solution of 1.67 g. of strychnine dissolved in 250 cc. of hot methyl alcohol. The solution 
was evaporated to 125 cc., filtered and allowed to stand until crystals were deposited. 
These were filtered by suction and washed well with methyl alcohol. 

Miller and Rohde, Ber., 23, 1900 (1890). 
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I. weight, 1.8 g. 0.2817 g. made up to i 5  cc. in chloroform gave a~ = -6.451 "; 
l = 1 ;  [a]'$' -24.0. 

To the filtrate was added 1.67 g. of strychnine dissolved in 250 cc. of methyl alco- 
hol. The solution was again evaporated to 125 cc., filtered to remove a very fine pre- 
cipitate which had formed and allowed to stand until another crop of crystals had ap- 
peared. The crystals were removed by filtration and the filtrate was allowed to stand 
until another crop was obtained. 

11. Weight, 2.2 g. [a]? -22.6. 
111. Weight, 2.0 g. [a]y -19.2. 
IV. (Mother liquor), weight 1.3 g. [a12 -20.6. 
The amount of salt recovered was 98% of the theoretical. The melting point of 

fraction I was 123-127 O (corr.). 
Anal. Calcd. for C31Ha004N3Br3: Br, 32.1. Found: Br, 31.7. 
The salt was decomposed by dissolving a weighed portion in chloroform and ex- 

tracting the chloroform with ammonium hydroxide. The solution of the ammonium 
salt was washed once with chloroform, and the rotation determined. The value obtained 
was zero. 

Attempt to Resolve a-Methyl-3-amino-2,4,6-tribromoci~amic Acid with Brucine.- 
A mixture of 3.51 g. of crystallized brucine and 3.12 g. of a-methyl-3-amino-2,4,6-tri- 
bromocinnamic acid in 50 cc. of hot ethyl alcohol was evaporated to dryness on a steam 
cone, 300 cc. of water added and the mixture heated to boiling. The salt became crys- 
talline under this treatment. The hot solution was filtered. Upon cooling 0.6 g. of 
white plates was deposited. 

0.2953 g. made up to 15 cc. in ethyl acetate gave L ~ D  = -0.55; 1 = 1; [a]? -28.2. 
The residue from the water extraction was dissolved in 50 cc. of hot 95% ethyl al- 

cohol and allowed to stand until crystals had appeared. 
11. Weight, 4.0 g. [a]? -30.4. This fraction was separated into three smaller 

fractions having specific rotations of -27.7, -31.2 and -31.2. A second crop of crys- 
tals was obtained from the filtrate from 11. 

111. Weight, 0.5 g. [a]? -27.8. The mother liquor was evaporated to dryness. 
IV. Weight, 1.5 g. [a]? -39.4. The amount of salt recovered was 99.5% of the 

theoretical. The melting point of fraction 1 was 143-148" (corr.). 
Anal. Calcd. for C33H3rOeN3Br3: Br, 29.7. Found: Br, 29.7. 
The salt was decomposed by dissolving 0.25 g. in 10 cc. of 95% ethyl alcohol and 

pouring the solution into dilute hydrochloric acid. The precipitated acid was filtered 
washed with dilute hydrochloric acid, redissolved in dilute ammonium hydroxide, 
made up to 20 cc. and the rotation determined. The value found was zero. 

Attempt to Resolve a-Methyl-3-amino-2,4,6-tribromocinnamic Acid with Quinine.- 
The quinine salt was prepared by dissolving 4.14 g. of the acid and 3.24 g. of quinine in 
50 cc. of hot ethyl acetate and filtering. The filtrate was evaporated to 25 cc. and al- 
lowed to stand. Fine needles separated. 

I. Weight, 0.7 g. 0.1750 g. made up to 15 cc. in ethyl acetate gave = -0.69'; 
1 = 1 ;  [a]'$' -59.4. 

The filtrate was set aside to crystallize again. This procedure was repeated until 
the salt had all separated. The six successive fractions obtained all gave rotations 
within experimental error of the first fraction. The amount of recovered salt was 93% 
of the theoretical. Fraction I melted a t  208-209 (corr.). 

Anal. Calcd. for C3oH3a04N3Bra: Br, 32.5. Found: Br, 32.0. 
Decomposition of the salt was effected by shaking 0.25 g. of i t  in chloroform solu- 

tion with dilute ammonium hydroxide and washing the ammoniacal solution twice with 
chloroform. The rotation of the salt so obtained was zero. 
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2,4,5-Trimethylacetopbenone.-A mixture of 36 g. of pseudo-cumene, 90 g. of 
anhydrous aluminum chforide and 120 Cc. of dry cafbon disulfide was placed in a 1- 
liter, three-necked flask equipped with a reflux coridenser, dropping funnel and mercury- 
sealed stirrer, The mixture was heated on a steam cone until gentle refluxing began 
and then 25 g. of acetic anhydride was allowed to flow in slowly from the dropping funnel. 
The time of addition was one hour. Refluxing was continued for another hour, after 
which the solvent was distilled from a steam-bath. The residue was poured into a 
mixture of ice and hydrochloric acid and the product extracted with ether. The prod- 
uct boiled at 121-124' at  5 mm.; yield, 36 g. (75%). 

2,5-Dinitro-3,4,6-trimethylacetophenone.-Fit grams of fuming nitric acid (sp. 
gr. 1.51) was cooled to -15O and 5 g. of 3,4,6-trimethylacetophenone added slowly 
with rapid stirring. Stirring was continued for ten minutes and then the mixture was 
poured into ice water. The product separated as a heavy oil. The oil was separated 
from the water by decantation and crystallized on standing. After several recrystalliza- 
tions from 95% ethyl alcohol, it melted at  120-21' (corr.); yield. 1.4 g. 

AnaE. Calcd. for C111-Il~OsN2: C, 52.38; H, 4.77. Found: C, 52.25, 52.19; H, 
4.40,4.94. 

Attempts to condense 2,5-dinitro-3,4,6-trimethylacetophenone with malonic acid 
by Knoevenagel's7 method for acetophenone were unsuccessful. 

or-Bromophenylacetic acid.-A mixture of 152 g. of mandelic acid. 60 g. of con- 
centrated sulfuric acid and 350 g. of 48% hydrobromic acid was refluxed for four hours. 
The mixture first formed a liquid which floated on the surface of the acid but which soon 
became heavier and sank to the bottom. The product was extracted from the reaction 
mixture with 400 cc. of dry ether. The crude product after removal of solvent was a 
viscous, dark, clear oil. I t  was used directly for the next reaction. 

a-(2,4,6-Trimethyl)-phenylacetic Acid.-The ot bromophenylacetic acid from 1 
mole of mandelic acid was placed in a 1-liter, three-necked flask equipped with a drop- 
ping funnel, mercury-sealed stirrer and reflux condenser. With it was mixed 400 cc. 
of dry carbon disulfide and 120 g. of mesitylene. Stirring was commenced and 135 g. of 
anhydrous aluminum chloride added in 10-g. portions in one hour. During this part of 
the reaction the flask was cooled by an ice-bath. Stirring was continued for another 
hour. The solvent was distilled from a steam-bath and the residue poured into a 
mixture of crushed ice and hydrochloric acid. The product separated as a viscous 
red-brown oil which soon crystallized. The crystals were filtered off, dissolved in ben- 
zene and the benzene extracted with dilute sodium hydroxide. The alkaline extract 
was allowed to run into dilute hydrochloric acid. The acid separated as a crystalline 
mass. It was filtered off, dissolved in hot 60% ethyl alcohol, decolorized with norite 
and set aside to crystallize. After several recrystallizations from 60% ethyl alcohol 
the melting point was 172-172.5O (corr.). The yield was 68 g. (27%) of white needles. 

Anal. Calcd. for C1,HlsOz: C, 80.31; H, 7.14. Found: C, 80.51; H, 7.12. 
Ethyl a-(2,4,6-Trimethylphenyl)-phenylacetate.-Forty-three grams of a-(2,4,6- 

trimethylpheny1)-phenylacetic acid was dissolved in 250 cc. of absolute ethyl alcohol to 
which 2 cc. of concentrated sulfuric acid had been added. The mixture was refluxed 
for ten hours. The alcohol was then distilled off, the residue dissolved in low-boiling 
petroleum ether and the solution washed twice with water to  remove sulfuric acid. 
After drying with anhydrous magnesium sulfate, the solvent was distilled from a steam- 
bath and the residue vacuum distilled. The ester boiled at 180-183 ' a t  4 mm.; yield, 38 
g. (81%). 

Anal. Calcd. for C19H2202: C, 80.85; H, 7.79. Found: C, 80.45; H, 7.69. 

Knoevenagel, German Patent 162,281. 
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Ethyl a-(2,4,6-trimethylpheny1)-phenylacetate when treated with a large excess 
of phenylmagnesium bromide in the usual way gave a small quantity of an uncrystalliz- 

r able tar but mostly unchanged material. 
Desyl Chloride (Phenylbenzoy1chloromethane.)-A mixture of 106 g. of benzoin 

and 72 g. of thionyl chloride was placed in a 500-cc. flask equipped with a reflux con- 
denser. A reaction soon commenced. The mixture was allowed to stand without 
heating for two hours, at  which time the reaction had almost stopped. The flask was 
then warmed on a steam cone for half an hour. The light brown liquid when cool was 
poured into water to decompose excess thionyl chloride. The product was extracted 
with ether. After washing and drying, the solvent was removed and the crude material 
used in the next reaction. 

Desylmesity1ene.-A mixture of 75 g. of mesitylene, 300 cc. of carbon disulfide and 
the crude desyl chloride from 0.5 mole of benzoin was placed in a 1-liter, three-necked 
flask equipped with a reflux condenser and mercury-sealed stirrer. The mixture was 
cooled by an  ice-bath. Seventy-five grams of anhydrous aluminum chloride was added 
in 10-g. portions over a period of one hour. The solvent was distilled from a steam-bath 
and after cooling the residue was poured into a mixture of ice and hydrochloric acid. 
After standing for twelve to fifteen hours, the oily upper layer solidified. I t  was filtered 
off, dissolved in glacial acetic acid, boiled for fifteen minutes with norite, filtered and set 
aside to crystallize. After recrystallization to constant melting point from glacial acetic 
acid, the product melted at  111-112° (yield 63 g.). 

Anal. Calcd. for CzaHzzO: C, 87.90; H, 7.01. Found: C, 87.53; H, 7.04. 

Ethyl a-Methyl-3-nitrocinnamate Dibromide.-A mixture of 30 g. of ethyl a- 
methyl-3-nitrocinnamate and 125 cc. of glacial acetic acid was mixed with 125 cc. of 
glacial acetic acid containing 20 g. of bromine. After standing in the dark a t  room tem- 
perature for seventy-two hours, almost all of the bromine color had disappeared. The 
solution was poured into 1500 cc. of water and allowed to stand. Fine crystals separated 
slowly. After thirty-six hours these were filtered by suction. The product melted a t  
68-69 O (con.) after several recrystallizations from ligroin. 

Anal. (Parr Bomb). Calcd. for C I Z H I ~ N O ~ B ~ ~ :  Br, 43.6. Found: Br, 43.4. 

a-Methyl-p-bromo-3-nitrocinnamic Acid.-Sixteen grams of ethyl a methyl-3- 
nitrocinnamate dibromide was dissolved i s  100 cc. of 95% ethyl alcohol and added to a 
solution of 8 g. of potassium hydroxide in 60 cc. of 95% ethyl alcohol. A precipitation 
of potassium bromide took place at  once. The mixture was refluxed until completely 
water soluble (two to five minutes). The solution was poured into dilute hydrochloric 
acid. The acid separated in long silky needles, which after crystallization from benzene 
melted a t  131.5-132.5° (yield, 10 g.). 

Anal. (Parr Bomb). Calcd. for ClaHsOaBr: Br, 28.0. Found: Br, 28.2. 

Reduction with iron and water and bromination of the product gave an impure 
mixture. 

Ethyl a-Methyl-2,4,6-tribromo-3-aminocinnamate-A mixture of 12 g. of ethyl 
a-methyl-3-nitrocinnamate and 75 g. of iron powder was treated with sufficient water to 
form a thin paste. To this was added 0.5 cc. of concentrated hydrochloric acid and the 
mixture warmed on a steam cone under a reflux condenser for three hours. The re- 
duction proceeded very rapidly at  first, enough heat being generated to cause refluxing. 
The iron suspension was made faintly alkaline with ammonia, extracted thoroughly with 
warm alcohol and the extract filtered. The filtrate was poured into cold water. A heavy 
oil separated. I t  was removed from the water by ether extraction. The ether was 
washed, dried and distilled from a steam-bath and the residue used in the next reaction 
without further purification; yield, 10 g. 
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The crude ester was dissolved in 75 g. of glacial acetic acid and mixed with 32 g. of 
bromine in 75 g. of glacial acetic acid. I t  was neces$ary to cool the sdution as the 
bromine was added. The mixture was allowed to stand in the dark for three days. A 
mass of white crystals separated in the meantime. These were filtered and the filtrate 
poured into cold water. A gum separated which crystallized slowly. The white 
residue on the filter was recrystallized several times from 95% ethyl alcohol. The same 
product was obtained upon crystallizing the gummy precipitate. The compound, 
when pure, melted a t  107.5-108" (corr.). 

Anal. (Parr Bomb). Calcd. for Cl0H8O2NBr3: Br, 54.3. Found: Br, 54.7. 
1-(2,4,6-Trimethyl-3-p-nitrobenzoylaminophenyl)-1-br0m0-2,2-dimethylethylene. 

-A mixture of 3.5 g. of amino-isobutenylmesitylene and a solution of 5 g. of p-nitro- 
benzoyl chloride in 25 cc. of benzene was allowed to stand for two hours. Dilute sodium 
hydroxide was then added and the benzene boiled off from a hot-plate. The product 
was left as a gum which soon crystallized. After one crystallization from alcohol it 
melted a t  164-155 (uncorr.). 

The product from the above reaction was dissolved in 100 cc. of glacial acetic 
acid and 32 g. of a 10 yo solution of bromine in glacial acetic acid allowed to  flow in over a 
period of fifteen minutes with rapid stirring. A faint trace of hydrogen bromide was 
evolved. The solution was allowed to stand for ten minutes and was then poured into 
two volumes of water and allowed to stand overnight. The precipitate coagulated 
completely by that time. The product was filtered by suction, dried in the air, dissolved 
in 75 cc. of pyridine and refluxed for three hours. (The pyridine might be replaced by 
alcoholic alkali if the theoretical quantity were used. In one experiment an excess of 
alcoholic alkali caused tar formation.) The solution was poured into 500 cc. of water. 
A white cloudiness appeared and the solution began to deposit droplets which crystal- 
lized slowly. The mixture was stirred for four hours to aid crystallization and then the 
crystals were filtered by suction, washed well with water and dried. The crude product 
weighed 4 g. It was recrystallized from 95% ethyl alcohol and gave needles melting a t  
203.5204.5" (corr.). 

Anal. (Parr Bomb). Calcd. for CzoH2lN~03Br: Br, 19.2. Found: Br, 18.9. 

2,4,6-Trimethylphenylisopropyl Carbino1.-This compound was prepared by the 
reduction of the ketone by means of sodium and absolute alcohol. I t  boiled a t  126' 
at  5 mm. (yield, 53 g., from 70 g. of ketone). 

1sobutenylmesitylene.-This compound has been prepared by Klages6 by decom- 
posing 2,4,6-trimethylphenylisopropylmethyl chloride with pyridine. A mixture of 
94 g. of 2,4,6-trimethylphenylisopropyl carbinol and 20 cc. of toluene was placed in a 
200-cc., round-bottomed flask equipped with a reflux condenser. The flask was placed 
in an ice-bath and 55 g. of phosphorus tribromide allowed to run in slowly. After 
standing for one hour with occasional shaking and then heating for one hour on the 
steam cone, it was cooled and poured into cold water to decompose any phosphorus 
tribromide. The product was extracted with ether. After removing the solvent, 80 
g. of potassium hydroxide in 450 cc. of 95% ethyl alcohol was added and the mixture 
refluxed for one hour. The solution became red and much potassium bromide sepa- 
rated. The alcohol suspension was poured into water and the product extracted with 
ether. The solvent was distilled from a steam cone and the olefin vacuum distilled. 
It boiled a t  103-106" a t  5 mm. (yield, 75 g.). 

1-(2,4,6-Trimethy1-3-bromophenyl)-l-bromo-2,2-meyleylene.-A solution of 
45 g. of carbon tetrachloride was allowed to flow into 29 g. of isobutenylmesitylene 
(thirty minutes) dissolved in 29 g. of carbon tetrachloride and cooled by an ice-bath. 
The mixture was stirred vigorously. After two and one-half hours a small amount of 
bromine had not reacted. The liquid was washed with water, dilute sodium hydroxide 



and then twice more with water. The bulk of the solvent was distilled from a steam- 
bath and the last traces from an oil-bath. At about 160' bath temperature, hydrogen 
bromide fumes were evolved copiously. The residue in the flask was added to a solution 
of 30 g. of potassium hydroxide dissolved in 175 cc. of 95% ethyl alcohol and refluxed 
for one hour. The reaction mixture was poured into cold water and the product ex- 
tracted with ether. After purification by distillation, 27 g. of bromo compound boiling 
a t  140-145" a t  4 mm. was obtained. 

Anal. (Parr Bomb). Calcd. for ClsHlsBrz: Br, 48.2. Found: Br, 47.8. 
The mono Grignard reagent formed from the above compound, when treated with 

carbon dioxide, gave an acid which did not crystallize. 
Amino-isobutenylmesitylene when brominated in either glacial acetic acid or carbon 

tetrachloride gave mostly tarry products. The acetylamino and carbo-ethoxyamino 
derivatives brominated in a satisfactory manner and gave a good-looking product upon 
removal of hydrogen bromide by alcoholic potassium hydroxide. It was found im- 
possible, however, to remove the protecting group without affecting the unsaturated 
side chain. 

Summary 

1. a,3,4,6-Tetramethyl- 2,5 - dinitrocinnamic acid, amino - isobutenyl 
mesitylene and a-methyl-3-amino-2,4,6-tribromocinnamic acid have been 
prepared. They could not be resolved. 

2. These substances are representative of the following two types: 

I I 

R R 

It may be concluded that these compounds stereochemically do not re- 
semble diphenyl compounds. 

URBANA, ILLINOIS 
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The properties of acetylchloro-aminobenzene have been under investi- 
gation, intermittently, for more than forty years1 but the mechanism where- 
by it is converted into o- and p-chloro-acetanilide has not yet been defi- 
nitely established. The plan outlined by Orton and his associates has been 
generally accepted but i t  fails to account for some of our observations. 
As envisaged by Orton and others, the first step in the process is a reversible 
reaction between acetylchloro-aminobenzene and hydrogen chloride which 
gives rise to acetanilide and chlorine. This is followed by an irreversible 
chlorination of acetanilide. 

CsHsNAcCl + HCl* C6HbNAcH + Clz (A) 
C6HSNAcH + Clz --+ ClCeHdNAcH f HCl (B) 

When acetanilide is added to an acetic acid solution of acetylchloro- 
aminobenzene and hydrogen chloride, the rate of the reaction increases 
but reaches a maximum after a certain definite concentration of acet- 
anilide has been a d d e d . V h i s  is explained by Soper as being due to  the 
fact that "in the mixture of chloro-amine and hydrochloric acid, the chlorine 
when formed undergoes two main and simultaneous reactions, (a) with the 
acetanilide forming o- and p-chloro-anilides and (b) with the chloro- 
anilides, which are present a t  a much higher concentration than acetanilide, 
forming chloro-amines. These chloro-amines of the chloro-anilides are 
formed progressively and since they contribute to the iodine titer, the ob- 
served rate of fall of iodine titer is less than that of the formation of 
chlorine in reaction A. When excess of some readily C-chlorinatable sub- 
stance is present, competition for the chlorine reduces the N-chlorination 
of the chloro-anilides to a negligible amount and the rate of fall of titer 
increases to a constant value equal to that of the formation of ~hlorine."~ 

If this mechanism were correct the addition of chlorine should produce a 
change in the rate of disappearance of active'chlorine similar to that caused 
by the addition of acetanilide, for this would insure the removal of the 
acetanilide as fast as formed in aquation A. We found the effect of 
chlorine to be entirely different from that of acetanilide. Moreover, on 

Bender, Ber., J9 ,  2272 (1886) ; Slosson, ibid., 28, 3265 (1895) ; Chattaway and 
Orton, J. Chem. Soc., 75, 1046 (1899); Armstrong, ibid., 77, 1047 (1900); Mathews and 
Williamson, THIS JOURNAL, 45,2574 (1923); Blanksma, Rec. trav. chim., 21,290 (1902); 
Acree and Johnson, Am. Chem. J., 38, 258 (1907); Porter and Wilbur, THIS JOURNAL, 
49, 2145 (1927); Orton, Soper and Williams, J. Chem. Soc., 998 (1928); Richardson 
and Soper, ibid., 1873 (1929); Williams, ibid., 37 (1930); Belton, ibid., 116 (1930). 

Orton and Jones, British Assocn. Advancement Sci. Repts., 1910, p. 86. 
Soper, J. Phys. Chem., 31, 1193 (1927). 
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the basis of the above explanation, the maximum rate obtainabie by adding 
acetanilide should not be exceeded by the substitution of any other amide. 
We have found that the use of P-acetnaphthalide causes the disappearance 
of the chloro-amine a t  a rate exceeding the maximum rate attainable with 
acetanilide. 

The rearrangement of acetylchloro-aminobenzene is catalyzed by hy- 
drogen chloride and since side reactions result in the accumulation of 
hydrogen chloride the reaction appears to be autocatalytic. In order to 

5 10 15 20 25 30 35 40 45 50 55 
Time in minutes. 

Fig. 1.-Each curve represents a rate of disappearance of active chlorine. 
In each case the acetylchloro-aminobenzene was dissolved in glacial acetic 
acid containing sodium acetate (0.05 M) and saturated with sodium chloride. 
The temperature was 40 O. Curve I, 0.1 M acetylchloro-aminobenzene 
alone. Curve 11, same as I at the beginning but twenty-five minutes later 
acetanilide was added in sufficient quantity to produce the maximum rate 
attainable with this reagent. Curve III,0.05 M acetylchloro-aminobenzene 
(same as I but with one-half as much chloro-amine). Curve IV, 0.05 M 
acetylchloro-aminobenzene and 0.05 M acetanilide. Curve V, 0.05 M 
acetylchloro-aminobenzene and 0.05 M j3-acetnaphthalide. 

maintain constant hydrogen-ion and chloride-ion concentrations, sodium 
acetate and sodium chloride were used as buffers. The solubility of sodium 
chloride in a 0.05 211 solution of sodium acetate in glacial acetic acid is 
0.015 mole per liter a t  40'. In 0.02 M sodium acetate solution the 
solubility of sodium chloride is 0.017 mole per liter a t  40'. With solid 
sodium chloride present a constant concentration of chloride ion was 
maintained. With sodium acetate present the hydrogen-ion concentration 
was held a t  a constant value. The solvent used in every experiment was 
glacial acetic acid. 

The rates of the reaction in the presence of varying quantities of acet- 
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anilide and of other amides are shown graphically in Fig. 1. The slope of 
Curve I represents the uncatalyzed rate. Curve I11 also represents this 
rate. Different concentrations of the chloro-amine were used in the two 
cases but it will be observed that the lines are parallel. Curve IV and the 
last half of Curve I1 show the maximum rate attainable with acetanilide 
added, and Curve V shows the maximum rate obtainable by adding /3- 
acetnaphthalide. The slope of Curve V is steeper than that of IV. We 
believe that these anilides are chlorinated directly by acetylchloro-amino- 
benzene and that the formation of free chlorine is not a necessary ante- 
cedent. This, however, fails to explain the fact that maximum rates are 
reached with various chlorine acceptors. 

Time in minutes. 

Fig. 2.-The solvent in each case was glacial acetic acid saturated with 
sodium chloride and 0.02 M with respect to  sodium acetate. The tempera- 
ture was 40". Curve I, 0.06 M acetylchloro-aminobenzene alone. Curve 
11, 0.05 M acetylchloro-aminobenzene and enough chlorine added to make 
the initial titration approximately equal to  that of a 0.06 M solution of the 
chloro-amine. Curve 111, 0.06 acetylchloro-aminobenzene and an  excess of 
acetanilide. 

The addition of chlorine instead of acetanilide does not increase the rate 
of disappearance of chlorine at  once. For a short time the normal products 
of the rearrangement are formed at the uncatalyzed rate. This is followed 
by a rapid reaction in which the chlorine is used and finally the rate falls 
to that of the original uncatalyzed reaction. The course of the reaction 
with chlorine added is shown by Curve I1 in Fig. 2. We assume that free 
chlorine acts rapidly upon acetanilide and upon o- and p-chloro-acetanilide 
but very slowly or not a t  all upon an N-chlorinated anilide. The added 
free chlorine, therefore, has no appreciable influence until acetanilide or a 
rearrangement product of acetylchloro-aminobenzene appears. It acts 
rapidly upon these compounds, substituting chlorine in the ring. When 
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the added chiorine has been removed the rate returns to the uncatalyzed 
value. The slope of the curve during the period when the chlorine is being 
removed exceeds that of the maximum rate produced by the addition of 
acetanilide. 

We are unable to harmonize the effects shown in Figs. 1 and 2 with the 
current theory of the rearrangement. On the other hand, we have no 
thoroughly satisfactory mechanism to offer as a substitute. 

Summary 

In  glacial acetic acid containing sodium chloride and sodium acetate as 
buffers, the rearrangement of acetylchloro-aminobenzene is a first-order 
reaction. The rate of disappearance of the chloro-amine is accelerated by 
the addition of acetanilide or /I-acetnaphthalide. In each case a maximum 
rate can be secured but the maximum rates produced by the two amides 
are not identical. 

The addition of chlorine and of acetanilide have entirely different effects 
upon the rate of the reaction. These results are not in harmony with the 
view that the first step, and the slowest one, is the reversible production of 
chlorine and acetanilide from the chloro-amine 9nd hydrochloric acid, 

BERKELEY, CALIFORNIA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

TETRACYCLOHEXYLDIPHENYLETHANE 

I n  recent years i t  has been shown that the cyclohexyl group is effective 
in promoting the dissociation of hexa-substituted ethanes. Ziegler and 
Schnelll have prepared dicyclohexyltetraphenylethane and found that i t  
forms a peroxide in the air. Conant and his students2 have observed that 
dicyclohexyldixanthyl is dissociated into the free radical cyclohexyl- 
xanthyl to a considerable extent. These facts make i t  desirable to know 
t h z  properties of ethanes which have more than two cyclohexyl groups 
in the molecule. 

Some time ago Gray with Marvel3 reported the preparation of a hydro- 
carbon, which they believed to be tetracyclohexyldiphenylethane, by the 
action of silver on a boiling toluene solution of dicyclohexylphenylchloro- 
methane. Later Conant, Small and  loan^^ showed that this hydro- 
carbon was in reality phenylcyclohe~ylidinecyclohex~lmethane. In view 

Ziegler and Schnell, Ann., 437, 252 (1924). 
2 (a) Conant and Small, THIS JOURNAL, 47, 3068 (1925); (b) Conant, Small and 

Sloan, ibid., 48, 1743 (1926). 
Gfay with Marvel, ibid., 47, 2796 (1925). 
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of the great interest in the properties of a hexa-substituted ethane con- 
taining two cyclohexyl groups on each ethane carbon, this preparation 
has been undertaken again. 

It was found in the present work that dicyclohexylphenylchloromethane 
would react with 40% sodium amalgam to give a red metallic alkyl along 
with a hydrocarbon which from its analysis proved to be an isomer of the 
desired tetracyclohexyldiphenylethane. When the pure sodium alkyl was 
treated with tetramethylethylene bromide in ether solution accordrng to  
the procedure developed by Ziegler and S~hne l l ,~  the color disappeared. 
The colorless ether solution reacted with either 1 or 40% sodium amal- 
gam to give again the original metallic alkyl. The ether solution absorbed 
oxygen with some rapidity. When air was rapidly bubbled through the 
ether solution, a white crystalline solid separated and this on analysis 
proved to be dicyclohexylphenylmethyl peroxide. These reactions all 
indicate that tetracyclohexyldiphenylethane was present in this ether 
solution and that i t  was to some extent dissociated into a free radical. 

I n  order to be certain of the structure of the compounds which were ob- 
tained, the dicyclohexylphenylmethyl sodium prepared from the dicyclo- 
hexylphenylchloromethane was converted into dicyclohexylphenylacetic 
acid. The same acid was obtained by cleavage of the unstable hydro- 
carbon with sodium amalgam and treatment of the alkali metal alkyl 
thus obtained with carbon dioxide. This acid on oxidation yielded ben- 
zoic acid. Hence there had been no rearrangement of the metal into 
the benzene ring as sometimes occurs with benzyl halides in reactions of this 

type. With water the metallic alkyl gave dicylohexylphenylmethane. 
No method has yet been devised for the isolation of the unstable hydro- 

carbon in a pure condition. It readily rearranged on heating or 
on standing when exposed to the light. This rearrangement with heat 
produced the isomeric hydrocarbon which was obtained by the action of 
sodium amalgam on dicyclohexylphenylchloromethane. The stable re- 
arranged hydrocarbon probably has a structure analogous to  that  of the 

hydrocarbon ( G H ~ ) ~ - c C ~ ) C H ( C ~ H ~ ) ~  which is formed by the re- 

arrangement of he~aphenylethane.~ 
The peroxide reacted with sulfuric acid to give dicylohexylphenylcarbinol. 

The carbinol was identified by converting it to dicyclohexylphenylchloro- 
methane by treatment with acetyl chloride. This chloride had the proper 
melting point and showed no depression when a mixed melting point was 
taken with an authentic specimen of the chloride. 

The reactions which have been carried out may be seen in the diagram. 

Ziegler and Schnell, Ann., 437, 244 (1924). 
Gomberg, Ber., 36, 379 (1903); Tschitschibabin, ibid., 37, 4709 (1904); 41, 

2421 (1908); Schlenk and Marcus, ibid.,  47, 1665 (1914). 
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Oxidation H20 
C,HSCOzH t---- (CsHlljz> C- C02H r- (CsXii),> C-II 

I coz 
C6Hs Acid I 1 I 

CsHa 
(C6Hii)z> C-Cl 40% (CaHii)z> C-Na 

I - I f C33H34 
CGHS CaHs t CH~COC~ Br 

(CaHi~)z> C-OH 
I 
C6H5 

Heat 

(C6Hli)z> C-&O-C < (C~Hi1)z (GHii)z> C-C< (CaHi1)2 
I I Air 

C6H6 CsHs f---------- CaHs CaHs 

Experimental Part 
Dicyclohexylphenylchloromethane was prepared as described by Gray with MarveL3 
Dicyclohexylphenylbromomethane.-To a solution of 14 g. of dicyclohexylphenyl- 

carbinol in 40 cc. of dry benzene was added 10 cc. of acetyl bromide. The solution was 
allowed to stand overnight and the solvent was removed by evaporation under reduced 
pressure until crystals began to appear. At this point 100 cc. of 95% alcohol was added 
and the mixture was cooled overnight in an ice box. After three cryctallizations from 
benzene and alcohol there was obtained 10-12 g. of a product which melted a t  104-105 ". 

Anal. Subs., 0.3321: 13.2 cc. of 0.07504 N AgNO,. Calcd. for CleHnBr: Br, 
23.86. Found: Br, 23.91. 

An attempt to prepare the Grignard reagent from the bromide was unsuccessful. 
Silver would not remove the bromine from the molecule in cold toluene solution. I t  
was observed that heating either the chloro compound or the bromo compound in toluene 
solution gave phenylcyclohexylidinecyclohexylmethane and halogen acid. 

Sodium Dicyclohexylphenylmethyl and the Hydrocarbon C~SH~~.-A solution of 
5 g. of dicyclohexylphenylchloromethane in 100 cc. of anhydrous ether was placed in a 
500-cc. round-bottomed flask and the air was swept out with nitrogen. To this solution 
was added 40 cc. of 40% sodium amalgam. The flask was tightly stoppered, placed on a 
shaking machine and agitated for about eight hours. A red color developed in about an 
hour. At the end of the shaking period the excess amalgam was frozen by cooling the 
mixture in an ice-bath and the solution of the metallic alkyl was transferred to a second 
flask. During this process and subsequent operations an atmosphere of dry nitrogen 
was maintained over the reaction mixture. To the suspension 100 cc. of dry, oxygen- 
free petroleum ether (b. p. 2 H 5 " )  was added in order to precipitate any of the metallic 
derivative from the ether. A cloth filter was fitted into the neck of the flask and the 
flask was inverted. The ether solution was then filtered. The red metallic alkyl re- 
mained on the filter. 

The ether solution which was filtered from this reaction mixture was evaporated. 
The residue was recrystallized with some difficulty from benzene and alcohol. I t  melted 
a t  209-211 O. 

Anal. Subs., 0.1310: C02, 0.4283; H20, 0.1254. Calcd. for CasHsr: C, 89.33; 
H, 10.67. Found: C, 89.17; H, 10.70. Mol. wt. (in benzene) Subs., 0.3893: ben- 
zene, 21.975; At, 0.191°. Calcd. for C38H64; mol. wt., 510. Found: mol. wt., 475. 

This hydrocarbon was very stable. It could be heated to 220' a t  1 mm. without 
decomposition. When 1 g. of hydrocarbon was boiled with 100 cc. of aqueous potassium 
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permanganate solution for twelve hours, over half of it was recovered unchanged. Oxi- 
dation with potassium dichromate and sulfuric acid destroyed the compound entirely. 
The hydrocarbon was unaffected by liquid sodium-potassium alloy. 

Dicyclohexylphenylacetic Acid.-The sodium dicyclohexylphenylmethyl obtained 
from 6 g. of the chloride as described above was suspended in 50 cc. of ether (freshly 
dried with ethylmagnesium bromide) and dry carbon dioxide was passed into the sus- 
pension for about ten ininutes. To the mixture was slowly added, first, about 15 cc. 
of water and then a solution of 5 g. of sodium hydroxide in 30 cc. of water. The mix- 
ture was warmed on the water-bath to remove the ether and 10 cc. of alcohol was added. 
This solution was cooled to about -5" and acidified with dilute hydrochloric acid. The 
acid which separated was recrystallized twice from glacial acetic acid and then melted 
a t  242-244". The yield was 0.9-1.1 g. 

Anal. Subs., 0.1270: C02, 0.3738; Hz0, 0.1070. Calcd. for CzoHzsOz: C, 79.95; 
H, 9.40. Found: C, 80.20; H, 9.43. Subs., 0.092: 9.75 cc. of 0.0312 N NaOH. Calcd. 
for C20H2802: neutral equivalent, 300.2. Found: 302. 

Three and one-quarter grams of the acid was boiled under a reflux condenser with an 
aqueous solution of 20 g. of potassium permanganate for four hours. An additional 
27 g. of potassium permanganate was then added and the solution was again boiled 
under a reflux condenser for eight hours. The excess permanganate was destroyed by 
alcohol and the reaction mixture was worked up as usual. From the mixture was ob- 
tained about 0.25 g. of benzoic acid, m. p. 119-120". A mixed melting point with an 
authentic specimen of benzoic acid showed no depression. 

Dicyclohexylphenylmethane.-The pure sodium dicyclohexylphenylmethyl from 
30 g. of dicyclohexylphenylchloromethane was suspended in ether and treated with 
water from which the dissolved oxygen had been removed. The ether was evaporated 
and the remaining oil was distilled under reduced pressure. The product boiled a t  
145-148" a t  5 mm. The yield was 10 g., ny 1.5390. 

For comparison the same hydrocarbon was prepared by the reduction of phenyl- 
cyclohexylidenecyclohexylmethane. To a solution of 17 g. of phenylcyclohexylidene- 
cyclohexylmethane in 130 cc. of glacial acetic acid was added 0.3 g. of platinum-oxide 
platinum black and the mixture was reduced by hydrogen under pressure as described 
by Adams and Marshall.6 The reduction product boiled a t  146-148O a t  5 mm.; n2 
1.5391; diO 0.9774; calcd. M,, 81.96; found, M,, 82.07. 

Anal. Subs., 0.1551: COz, 0.5067; HzO, 0.1570. Calcd. for ClsH~s: C, 88.98; 
H, 11.02. Found: C, 89.09; H, 11.33. Mol. wt. (cryoscopic in benzene). Stibs., 
0.1295: benzene, 13.1765; At, 0.203. Calcd. for Cl~Hns: mol. wt., 256. Found: mol. 
wt., 248. 

Godchot7 has previously obtained this hydrocarbon in an impure condition by the 
catalytic hydrogenation of triphenylmethane over nickel. 

TetracycIohexy1diphenylethane.-The sodium derivative from 4 g. of dicyclohexyl- 
phenylchloromethane was prepared as described before and was then suspended in 
50 cc. of dry, oxygen-free ether. To the cold (0") suspension was added slowly an ether 
solution of tetramethylethylene bromide until the color of the metallic alkyl was no 
longer apparent. During the addition of this solution the reaction mixture was vigor- 
ously shaken. The mixture was filtered and the filtrate evaporated in an atmosphere 
of nitrogen. About 1 g. of an oil remained which could not be made to crystallize. 
This oil was apparently the desired hydrocarbon, as shown by the following reactions. 

When about 1 g. of the oil was dissolved in 50 cc. of dry oxygen-free ether and the 

"dams and Marshall, THIS JOURNAL, 50, 1970 (1928). 
Godchot, Corn$. rend., 147, 1057 (1908). 
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mixture treated with 40 cc. of 40% sodium amalgam, the solution became red in about 
twenty minutes. Shaking was continued for six hours. Dry carbon dioxide was then 
admitted and the reaction mixture was worked up as described before for dicyclohexyl- 
phenylacetic acid. The yield of acid was 0.4 g., m. p. 242-244". A mixed melting 
point with the acid prepared previously showed no depression. From the same reaction 
mixture there was obtained 0.15 g. of the hydrocarbon Ca8H64 which melted a t  209'. 

The crude oily hydrocarbon from 4 g. of dicyclohexylphenylchloromethane was pre- 
pared and treated in dry oxygen-free ether with 110 g. of 1% sodium amalgam. The deep 
red color characteristic of the metallic alkyl appeared in about two and a quarter hours. 

Dicyclohexylphenylmethyl Peroxide.-A slow current of &y air was bubbled 
through a solution of 1 g. of the freshly prepared hydrocarbon in dry ether. A white 
precipitate separated from the solution. This product was recrystallized from ether or 
from benzene and alcohol. The purified product weighed 0.5 g.; m. p. 186-188" (with 
decomposition). 

Anal. Subs., 0.1630, 0.1297: COz, 0.5011, 0.3982; HzO, 0.1479, 0.1212. Calcd. 
for CzsHtrO~: C, 84.07; H, 10.03. Found: C, 83.86, 83.80; H, 10.03, 10.03. Mol. wt. 
(Rast method). Subs., 0.0109; camphor, 0.1861; At, 4.5" (average of 3 detns.). Calcd. 
for C38H6402: mol. wt., 542. Found: mol. wt., 521. 

Three-tenths of a gram of this peroxide was slowly dissolved in 10 g. of ice-cold 
sulfuric acid. The reaction mixture was stirred and allowed slowly to come to room 
temperature. It was then poured on cracked ice and extracted with ether. The 
ether was evaporated and the oil was dissolved in 6 cc. of benzene and treated with 2 cc. 
of acetyl chloride. After standing overnight the mixture was evaporated. A few 
crystals were obtained which melted a t  122" and showed no depression in melting point 
when mixed with an authentic specimen of dicyclohexylphenylchloromethane. Some 
unsaturated material, probably phenylcyclohexylidei~ecyclohexylmethane remained 
in the mother liquors. 

Attempts to follow quantitatively the absorption of oxygen by the crude hydrocar- 
bon were not very successful. Using oxygen-free xylene as a solvent, a preparation was 
made starting with 4 g. of dicyclohexylphenylchloromethane. As soon as the color of 
the metallic alkyl had disappeared, the apparatus was connected with a eudiometer 
filled with oxygen. In the first seven minutes 18 cc. of oxygen was absorbed. In  the 
next thirty minutes 7 cc. more was absorbed. No more oxygen was absorbed in the 
next eight hours. On evaporating the solution and recrystallizing the residue, 0.25 g. 
of the peroxide was obtained. In a duplicate run 17 cc. of oxygen was absorbed in 
the first five minutes, 7 cc. in the next fifteen minutes and 4 cc. in the next half hour. 
The peroxide found amounted to 0.3 g. In  a third run a weighed sample of 0.9 g. of 
crude ethane was used and results of the same order were obtained. In the first five 
minutes 15 cc. of oxygen was absorbed, in the next fifteen minutes 6 cc. and in the next 
hour 3 cc. The amount of oxygen absorbed would be that required for only 0.54 g. of 
the ethane and the peroxide isolated weighed only 0.29 g. 

Stability of Tetracyclohexyldiphenylethane toward Heat and Light.-One gram of 
the crude freshly prepared tetracyclohexyldiphenylethane was dissolved in 60 cc. of 
dry oxygen-free xylene and heated to 100 O for ten minutes. No color developed. The 
xylene was removed and the residue was recrystallized from alcohol and benzene. There 
was thus obtained 0.2 g. of product which by a mixed melting point determination 
was found to be the same hydrocarbon as that obtained as a by-product in the prepara- 
tion of sodium dicylohexylphenylmethyl. I n  the mother liquors there was present an 
oil:- material which probably was a mixture of phenylcyclohexylidenecyclohexylmethane 
and phenyldicyclohexylmethane produced by disproportionation of the tetracyclohexyl- 
diphenylethane. 
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When another sample of the ethane was heated for the same length of time and then 
shaken with 40% sodium amalgam for four hours, no red color developed, showing the 
absence of the starting material. 

Three runs of the ethane were prepared from 4 g. of dicyclohexylphenylchloro- 
methane. The solutions of hydrocarbon in ether were allowed to stand for different 
times and then treated with 40% sodium amalgam and the amount of dicyclohexyl- 
phenylacetic acid which could be isolated was noted. One sample was treated a t  once 
with amalgam and from it 0.32 g. of the acid was isolated. The second solution stood 
in the light for eight hours before the amalgam was added. It yielded only 0.12 g. of 
acid. The third solution stood in the light for five days before the amalgam was added. 
The amount of acid formed was too small to isolate and weigh. Several other solutions 
of the hydrocarbon were allowed to stand in the light and some in the dark. The hy- 
drocarbon apparently decomposed rather rapidly in either case. 

Summary 
1. Dicyclohexylphenylchloromethane has been found t o  react with 

40% sodium amalgam to give sodium dicyclohexylphenylmethyl and a 
hydrocarbon, C38H54. 

2. Sodium dicyclohexylphenylmethyl when treated with tetramethyl- 
ethylene bromide gave tetracyclohexyldiphenylethane. This hydro- 
carbon absorbed oxygen to give a peroxide and was cleaved by ly0 sodium 
amalgam, indicating that it dissociated to some extent into a free radical. 

3. Solutions of tetracyclohexyldiphenylethane were not colored. When 
the hydrocarbon was heated in solution it rearranged a t  least in part t o  
the same hydrocarbon that was obtained by the action of sodium amalgam 
on dicyclohexylphenylchloromethane. The ethane decomposed fairly 
rapidly a t  ordinary temperatures. 

URBANA, ILLINOIS 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OP THB JOHNS HOPKINS 

UNIVERSITY 1 
CONDENSATION OF 3-PHENYL-2,4-THIAZOLIDIONE WITH 

AROMATIC ALDEHYDES l 

It has long been known that heterocyclic compounds containing the 
linkage -SCH2CO- undergo condensation with aromatic aldehydes3 and 
with substances like phthalic anhydride and nitro~odimethylaniline,~ isatin, 

Presented in abstract before the Organic Division a t  the Columbus meeting, 
April, 1929. 

Part I1 of the Ph.D. dissertation of Klare S. Markley, June, 1929. 
Nencki, Ber., 17, 2277 (1884); Andreasch, Monatsh., 8, 407 (1887); Hann and 

Markley, J. Wash. Acad. Sci., 16, 169 (1926); Kingsbury and Markley, ibid., 18, 558 
(1928). 

Kufera, Monatsh., 35, 137 (1914). 
Andreasch, ibid., 38, 135 (1917). 
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alloxan6 and ~henanthraquinone.~ The reaction conditions and the ease 
with which condensation occurs depend on the substituents in the hetero- 
cyclic ring and upon the nature of the oxygen-containing compound with 
which it reacts. Among the substances containing the above-mentioned 
linkage is 3-phenyl-2,4-thiazolidione, which is particularly reactive with 
aromatic aldehydes. 

Ruhemanns condensed benzaldehyde, salicylaldehyde, cinnamic aldehyde 
and piperonal with it, employing alcohol as the solvent and piperidine as 
catalyst. Andreaschkondensed the first two of these aldehydes employing 
glacial acetic acid as solvent and anhydrous sodium acetate as a dehydrat- 
ing agent. Since condensation occurs as a result of the splitting out of 
water between the methylene hydrogen of the parent substance and oxygen 
of the aldehyde in accordance with the equation 

HzC-S\ RCH=C 
RCHO + I C=O -+ 

O=C-N/ O=C-N 

i t  is obvious that the latter method is preferable. 
In  view of the fact that the reaction between 3-phenyl-2,4-thiazolidione 

and aromatic aldehydes takes place readily and smoothly with the forma- 
tion of easily isolable, stable crystalline products, a number of condensa- 
tions were carried out to determine the applicability of the method for the 
characterization of individual members of this class of compounds. 

TABLE I 

~-PHENYL-~,~-THIAZOLIDIONF: CONDENSATION WITH AROMATIC ALDEHYDES 

Aldehyde 
Prepn. Name 

Time Yield of 
of condensation 

CpH?OaNS, CHJCOOH, reflux, product 
R. R. cc. hours g. % 

1 p-Tolualdehyde 1 .5  2 .0  2.5 5.0 2 .2  72 
2 p-Hydroxybenzaldehyde 3.4 5 .0  35 2.0 5.0 65 
3 0-Chlorobenzaldehyde 3.7 5.0 35 2.25 5 .0  61 
4 Vanillin 4.0 5.0 35 2.25 5.5 65 
5 Veratraldehyde 2.35 2 . 5  35 2.75 2 .0  45 
6 Piperonal 3.0 3.0 35 2.50 3 .0  59 
7 Furfural 3.0 4.0 60 2.0 ... 
8 Anisaldehyde 3.0 4 . 0  35 2.25 4 .0  83 
9 o-Methoxybenzaldehyde 1.5  2.0 25 2.50 2 . 5  78 

10 Benzaldehyde 2 .5  4 . 0  30 2 .0  4 . 0  69 
11 Salicylaldehyde 2.7 5.0 30 2.25 3 .5  46 
12 m-Nitrobenzaldehyde 4.0 5 .0  40 2.50 3 .0  36 
13 Cinnamic aldehyde 3.0 4.0 40 3 .0  4 .5  71 

" Preparation not weighed; another preparation gave 71y0 yield. 

6 Butscher, Monatsh., 32, 9 (1911). 
7 Raymond M .  Hann, Master's thesis, George Washington University, 1926. 
8 Ruhemann, J. Chem. Soc., 95, 117 (1909). 

Andreasch, Monatsh., 38, 125 and 127 (1917). 
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Prepn. Condensation product 

1 5-p-Tolual-3-phenyl-2,4-thiazolidione 
2 5-p-Hydroxybenzal-3-phenyl-2,4-thiazolidione 

Physical appearance 

Pale yellow needles 
Short, thick lemon-yellow 

needles 
White, filamentous crystals 
Bright yellow fragmented plates 
Long, bright yellow n6edles 
Slender, bright yellow needles 
White, filamentous crystals 
Pale yellow, filamentous crys- 

tals 
Pale yellow microcrystalline 

powder 
White, microcrystalline powder 
Brownish, yellow needles 
Pale yellow, microcrystalline 

powder 
Brilliant yellow needles 

Weight, 
S. 

Nitrogen-K. G. A. method 
N/14 HzSOa Nitrogen, % 

consumed, cc. Found Calcd. 

15.36 4.79 4.75 
12 29 4.77 4.71 
13.02 4.49 4.44 
11.09 4.37 4.28 
11.39 4.01 4.10 
14.52 4.26 4.31 
15.17 5.16 5.17 
13 22 4 44 4 50 
8.61 4.27 4.50 
13.59 4.84 4.98 
10 58 4.75 4.71 
22.70 8.51 8.59 
11.53 4.55 4.56 

Results and Discussion.-Sixteen aromatic aldehydes were condensed 
with 3-phenyl-2,4-thiazolidione using glacial acetic acid as solvent and 
anhydrous sodium acetate as the dehydrating agent. Reaction occurred 
with the formation of well crystallized, stable products in good yield with 
all except resorcylaldehyde, hydrocinnamaldehyde and 2,4,6-trinitro- 
benzaldehyde, with which the reaction occurred to some extent but pure 
compounds were not isolated from the reaction mixtures. Sharp melting 
points were observed with most of the products although some of them 
partially sublimed before melting, a behavior which is also characteristic 
of the parent substance. 

The data concerning the reaction conditions, the yield, melting point 
and nitrogen content of the products are recorded in Tables I and 11. 
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Ruhemann reported the melting points of the benzylidene and salicylidene 
compounds at 208-209' and 238-239', respectively, after recrystallization 
from alcohol; Andreasch gives 239 and 140°, respectively, whereas our 
compounds after recrystallization from glacial acetic acid melted a t  210- 
21 1' and 235-236", respectively. 

Experimental 

The parent substance, 3-phenyl-2,4-thiazolidione, was prepared by re- 
fluxing thiocarbanilide and monochloro-acetic acid for five hours in glacial 
acetic acid solution in accordance with the procedure described in a previous 
paper. lo 

The aldehyde condensations were carried out by dissolving 2 to 5 g. of 
3-phenyl-2,4-thiazolidione together with slightly more than the theoretical 
amount of the appropriate aldehyde, in 25 to 40 cc. of glacial acetic acid 
containing 5 g. of anhydrous sodium acetate and heating under a reflux 
condenser for one and one-half to five hours. The reaction product upon 
cooling almost always solidified in a characteristic crystalline mass. After 
the addition of water, the mass was disintegrated by shaking, the fine 
crystalline meal thrown on a Biichner funnel, thoroughly washed with water 
and usually with small amounts of glacial acetic acid, 50% alcohol and again 
with water to insure complete removal of the sodium acetate and excess 
aldehyde. After drying and determining the crude yields, the compounds 
were recrystallized from glacial acetic acid. 

The nitrogen determinations were carried out in accordance with the 
usual Kjeldahl-Gunning-Arnold procedure except that boric acidl1 was 
substituted for standard alkali for the absorption of the evolved ammonia, 
which was then directly titrated with N/14 sulfuric acid. 

An electrically heated melting point apparatus and Wheeler completely 
immersed thermometers, standardized by the U. S. Bureau of Standards, 
were used in determining the melting points of the compounds. They 
were usually immersed a t  a temperature approximately 10' below the 
roughly determined melting point and the temperature was allowed to rise 
slowly to the observed melting point. 

Summary and Conclusions 

Thirteen aromatic aldehydes were condensed with 3-phenyl-2,4-thi- 
azolidione and the products isolated and described. The physical appear- 
ance, melting point and nitrogen analysis of the resulting product are 
sufficiently distinctive to warrant the use of the method for the character- 
ization of aromatic aldehydes. 

BALTIMORE, MARYLAND. 

lo Markley and Reid, THIS JOURNAL, 52, 2137 (1930). 
l1 Markley and Hann, J. Assn. Off. Agri. Chem., 8, 455 (1925) 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OP TEE UNIVERSITY OF ILLINOIS] 

THE FORMATION OF PYRROLIDINE DERIVATIVES FROM 
DIETHYL a,al-DIBROMO-ADIPATE AND CERTAIN SECONDARY 

AMINES 

This theory has been supported by evidence presented by Fuson and Kao3 

and by von Braun, Jostes and Wagner.l On the basis of this mechanism, 
there seemed to be no reason for the abnormal behavior of piperidine and 
dimethylamine. The action of these amines has, therefore, been reinvesti- 
gated. Work by Fuson and Bradley4 and by von Braun5 has subsequently 
shown that under favorable conditions piperidine also gives a good yield of 
the cleavage products. 

The present paper is a report of a study of the dimethylamine case. 
Although it has not been possible to obtain cleavage products from a,a'- 

BY REYNOLD C. FUSON AND RALPH A. CONNOR 
RECE~VBD APRIL 3, 1930 PUBLISHED JULY 3, 1930 

I t  has been shown by von Braun and his collaborators1 that the cleavage 
of diethyl @,a'-dibrorno-adipate by secondary amines is general for a wide 
variety of aliphatic amines. Of the amines whose action was studied only 
piper'ldine and dimetbylamine failed to produce the cleavage. The mecha- 
nism proposed by Fuson2 for the cleavage involves the intermediate 
formation of an unstable cyclobutane derivative (11) from the a-bromo-a'- 
dialkylamino-adipic ester (I) postulated as the initial reaction product. 

CO,CzHb COzCzHs CO~CLI-I, 
I 

CH2-CBr 
I 

CH2-C-NK2 
I 

CH2-C-NR2 

1 Von Braun, Leistner and Miinch, Ber., 59B, 1950 (1926); von Braun, Jostes 
and Wagner, ibid., 61B, 1423 (1928). 

Fuson, THIS JOURNAL, 50, 1444 (1928). 
3 Fuson and Kao, ibid., 51, 1536 (1929). 

Puson and Bradley, ibid., 51, 599 (1929). 
6 Von Braun, Ber.. 62B, 1694 (1929). 

I 
H 

RzNH 
Br ___) 

I 

I 
H 

Br I CH2-C-H I 
CHz-C-H 

I 
CHp-C-H 

I 
COzCzH5 

I * 
COaGHs 

I 
COnCzHb 

J. I 
IT 

COzCzHj C02C2H6 
I 

CHt-CH 
I 

CH2-CH 
I \NR - 
CH~--CH/ 

I IV [ A H . - . , r  I11 
C02C2Hs 
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dibromo-adipic esters by the action of this amine, evidence has been ob- 
tained which seems to clear up the difficulty. 

I n  studying the reaction of dimethylamine with diethyl a,af-dibromo- 
adipate, the authors noted a large loss of material when the reaction mix- 
ture was worked up with dilute hydrochloric acid and ether. The aqueous 
solution was extracted with ether, made alkaline and again extracted with 
ether. The ether-soluble product so obtained amounted to less than a 
fourth of the starting materials. The explanation which a t  once suggested 
itself was the formation of a cyclic quaternary ammonium bromide (111, 
R = CH3). 

I n  order to test this hypothesis, the following experiments have been 
carried out. The reaction mixture after treatment with dilute hydrochloric 
acid was thoroughly extracted with benzene. The aqueous layer was then 
made alkaline and was again extracted repeatedly with benzene. The 
aqueous solution was then distilled under diminished pressure. After the 
water had been distilled the residue was heated until decomposition took 
place. In  this way, there was obtained a water-insoluble base which has 
been shown to be diethyl 1-methyl-pyrrolidine-2,5-dicarboxylate. 

The identity of the diethyl 1-methyl-pyrrolidine-2,5-dicarboxylate was 
established by a comparison of its chloroplatinate with that of an authentic 
specimen made by the method of von Braun and seemank6 The melting 
point of a mixture of the two chloroplatinates showed no depression. 

Results very similar to these have been reported by I,e Sueur and Haas7 

who obtained dialkyl 1-phenylpyrrolidine-2,5-dicarboxylates by treating 
a,crf-dibromo-adipic esters with mono- and diethylaniline. I t  would ap- 
pear from the present work that, in these cases, also, a cyclic quaternary 
ammonium bromide (111) is formed as an intermediate product which 
yields the pyrrolidine derivative (IV) when decomposed by heat. 

Experimental Part 
Meso-diethyl cu,af-Dibromo-adipate and Dimethylamine.-To 108 g. of a 25% solu- 

tion of dimethylamine in absolute alcohol (0.6 mole of dimethylamine) was added 36 g. 
(0.1 mole) of meso-diethyl a,orf-dibromo-adipate. The mixture was heated gently 
t o  bring the ester into solution, and after a few minutes reaction was evidenced by the 
evolution of heat which soon caused the solution to boil. After two hours' refluxing 
on the steam-bath, the clear slightly yellow solution was placed in a Claisen flask and the 
alcohol and excess amine distilled under diminished pressure (water pump). 

The residue, which consisted of a mixture of crystals and a viscous liquid, was 
filtered, the crystals were washed thoroughly with dry benzene and the latter was then 
used to extract any benzene-soluble material from the filtrate. The benzene solution 
was dried over sodium sulfate and distilled. I t  yielded 3 g. of an oil boiling at  140- 
145" (8 rnrn.), 150-160' (20 mm.). This corresponds to the diethyl or,&'-tetra-ethyl- 
diamino-adipate (CH~CHN(CHS)ZCO~CZR~)~ described by von Braun and Munch and 
represents a yield of 20% of the theoretical. 

Von Braun and Seemann, Ber., 56B, 1841 (1923). 
Le Sueur and Haas, J. Chem. Soc., 97, 173 (1910). 
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The water-soluble, benzene-insoluble portion of the residue after being, as indicated 
above, repeatedly washed with benzene, was placed in a Claisen flask and heated under 
diminished pressure. The temperature of the bath was gradually raised to about 250". 
An oily distillate was obtained, part of which crystallized a t  once and proved to be di- 
methylamine hydrobromide. The oil was washed with water, dried over potassium 
carbonate and distilled. There was obtained 2 g. of a slightly yellow oil boiling a t  112- 
113" (3 mm.). The chloroplatinate formed in deep yellow crystals melting a t  180- 
180.5" (corr.). 

The chloroplatinate of the base was prepared by dissolving 0.2 g. in 2 cc. of 95% 
alcohol and 1 cc. of dilute hydrochloric acid, and adding to this solution 4.5 g. of a 10% 
solution of chloroplatinic acid. The solution was concentrated on a steam-bath and 
allowed to stand overnight a t  0". Deep yellow crystals were obtained which after 
repeated recrystallization from alcohol melted at 180-180.5" (corr.). It was found that 
the precipitation of the chloroplatinate from the reaction mixture could be induced by 
the addition of a little ether. A mixture of the chloroplatinate with that  of diethyl 1- 
methylpyrrolidine-2,5-dicarboxylate, prepared as described below, melted a t  179-180" 
(corr.). 

The Chloroplatinate of Diethyl 1-Methylpyrrolidine-2,5-dicarbo9ylate.-This salt 
was prepared by the method of von Braun and Seeman. From 36 g. of diethyl cu,cu'- 

dibromo-adipate and 310 g. of a 30y0 solution of methylamine in absolute alcohol 
(corresponding to 0.3 mole of methylamine) 2 g. or 10% of the theoretically possible 
yield, of diethyl 1-methylpyrrolidine-2,5-dicarboxylate was obtained. The chloro- 
platinate melted a t  179-180 O (corr.). 

Summary 

The failure of dimethylamine to bring about the dibromo-adipic ester 
cleavage is accounted for by the fact that the chief reaction in this case is 
one leading to the formation of a water-soluble, benzene-insoluble product 
which is believed to be the cyclic quaternary ammonium bromide. This 
explanation is supported by the fact that the material when dry distilled 
yields diethyl 1-methyl-pyrrolidine-2,5-dicarboxylate. 

The formation of dialkyl 1-phenylpyrrolidine-2,5-dicarboxylates when 
mono- or diethylaniline is used is explained by a similar mechanism. 



SCISSION OF THE METHYLENEDIOXYL GROUP WITH 
ALUMINUM BROMIDE1 

The conversion of methylene ethers into the corresponding dihydroxy 
derivatives has been for many years a process of considerable importance, 
because of the frequent occurrence of this grouping in natural products, 
particularly among the alkaloids. By scission of the methylenedioxyl ring 
the parent dihydroxy compounds, as well as the monomethyl and dimethyl 
ethers, are made accessible. 

The opening of this ring has for the most part been accomplished through 
the action of concentrated acid or alkali a t  elevated  temperature^.^ In 
recent years, Spath and his co-workers have systematically investigated 
the method, first devised by Tollens, Weber and Clowes3 for quantita- 
tive estimation of the methylenedioxyl group, which depends upon the im- 
mediate destruction of the formaldehyde with phenolic substances. This 
was elaborated for preparative purposes, and employed with great success 
in alkaloid ~hemistry.~ Phosphorus pentachloride has been employed by 
Fittig and Rern~en,~ R. Weg~cheider,~ and A. P a ~ l y . ~  Most recently, Parijss 

has used absolute nitric acid and acetic anhydride to split methylene ethers. 
Aluminum halftles, especially the chloride, have found much use in the 

laboratory and in industry in the scission of ethers and have been success- 
fully applied to a number of  alkaloid^.^ Aluminum bromide compounds 
with aromatic ethers were first described by Kohler;lo they have recently 
beer1 studied exhaustively by Pfeiffer,ll who proposed a mechanism for the 
demethylation process. The splitting of the methylenedioxyl group with 
aluminum chloride has been attempted only in isolated cases,12 in which 

This investigation was supported by the Committee on Drug Addiction of the 
National Research Council. 

A complete bibliography on the subject is given in the paper of Spath and Quieten- 
sky, Ber., 60, 1882 (1927). 

Tollens, Weber and Clowes, Ann., 299, 316 (1898); Ber., 32,2841 (1899). 
Spiith and Quietensky, ibid., 58, 2267 (1925); Spnth and Holter, ibid., 60, 1891 

(1927); Spath and Mosettig, ibid., 59, 1496 (1926). 
Fittig and Remsen, Ann., 159, 144 (1871). 
Wegscheider, Monatsh., 14, 382 (1893). 
Pauly, Ber., 40, 3096 (1907). 
Parijs, Rec. trav. chim., 49,33 (1930). 
Oberlin, Arch. Pharm., 265, 256-273 (1927). 
Kohler, Am. Chem. J., 27,249 (1902). 

l1 Pfeiffer, Ann., 460, 156 (1928). 
l2 Dreyfus, German Patent 193,958; Thoms and Biltz, Arch. Pharm., 242, 87 

(1904); Mauthner, J. prakt. Chem., [2] 119, 74 (1928); see also Ref. 9. 
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the conditions (especially temperature) are such that the method has a 
very limited field of application. 

The more active and more soluble aluminum bromide would be expected 
to accomplish the desired result under milder experimental conditions. 
We have in fact found it possible to carry out the reaction with a number 
of methylene ethers at  room temperature or even a t  0°, with very satis- 
factory yields. The most suitable solvent proved to be nitrobenzene, be- 
cause of its ability to dissolve the reacting substances and to hold the 
resulting aluminum bromide double compound in solution. 

It seems quite certain that the scission with acids takes place according 
to the equation 

but to our knowledge no mechanism has been proposed for the action of the 
aluminum halides. According to Pfeiffer,ll the demethylation process 
takes the following course 

,/CH3 heat 
R--0-CHI + AlBr3 -+- RO-AlBr3 ----+ ROAIBrz + CH3Br 

ROAlBrz + H,O + ROH + HOAlBr* 

and it is not unreasonable to assume that in the case of methylene ethers a 
similar mechanism is applicable 

AlBr3 

In support of this assumption, we find that at  least two molecules of alumi- 
num bromide must be used for each molecule of methylene ether. With 
piperonal, for example, the yield of protocatechuic aldehyde was halved 
when but one molecule of aluminum bromide was used. Similarly, the 
reaction runs most favorably wit11 acetopiperone in the presence of three 
molecules of aluminum bromide, in accordance with the Pfeifferl1 theory 
that the carbonyl group also adds a molecule of aluminum halide. Since 
we were interested primarily in the perfection of a preparative method, 
further quantitative investigations to determine the course of the reaction 
were not undertaken. 

The methylene ethers chosen for investigation were: piperonal, piperon- 
ylic acid and its methyl ester, acetopiperone, m-nitrocatechol methylene 
ether, 2,3-methylenedioxy-phenanthrene-9-carboxylic acid, and inactive 
tetrahydroberberine. It is rather remarkable that, under conditions which 
give smooth scission of the methylene ether group, the methoxyl group is 
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scarcely affected. In parallel experiments with vvedtric aldehyde, only 
traces of alkali-soluble material were obtained; in the case of tetrahydro- 
berberine, the two methoxyl groups remained intact. The ester group in 
piperonylic acid methyl ester was hydrolyzed only to a small extent. 

The method is not applicable to those substances which are extremely 
sensitive toward aluminum bromide or which may undergo reaction with 
the methylene bromide assumed to be among the products. It was not 
possible, for example, with safrole, isosafrole or piperonyl alcohol (even 
after benzoylation of the alcoholic hydroxyl) to isolate the expected di- 
hydroxy compounds. Instead of these, sparingly soluble, alkali-insoluble 
amorphous substances were obtained, which probably represented con- 
densation products. The reaction likewise failed with 2,3-methylenedioxy- 
phenanthrene. 2,3-Methylenedioxy-phenanthrene-9-carboxylic acid, on 
the other hand, was converted in nearly quantitative yield to 2,3-dihy- 
droxy-phenanthrene-9-carboxylic acid, which could then be decarboxylated 
to  the desired 2,3-dihydroxy-phenanthrene. 

In  contrast to the methylenedioxyl group, the ethylenedioxyl group is 
exceedingly stable, and even a t  temperatures up to 130' no ring-opening 
took place with pyrocatechol ethylene ether, or pyrocatechuic acid ethylene 
ether. 

Experimental Part 
The aluminum bromide employed in the following investigations was distilled from 

aluminum chips before each experiment. The nitrobenzene was dried over calcium 
chloride. All high-vacuum sublimations were carried out in pyrex bulb-tubes sealed 
directly onto a n  efficient mercury-vapor pump. 

Preparation of Protocatechuic Aldehyde from Piperona1.-Five grams of piperonal 
was dissolved in 15 cc. of nitrobenzene and cooled t o  about 10". To this was added a 
cold solution of 18 g. of aluminum bromide (about 2 mols) in 20 cc. of nitrobenzene, giv- 
ing a deep red solution. After five hours' standing a t  room temperature, the reaction 
mixture was poured into 300 cc. of water containing a small amount of hydrochloric 
acid. The aqueous layer, separated from the nitrobenzene, was extracted with ether. 
The combined ether extract and nitrobenzene was washed with a little water and 
the protocatechuic aldehyde extracted with dilute sodium hydroxide. This alkaline 
solution was extracted with ether to  remove traces of nitrobenzene, acidified, saturated 
with salt and extracted exhaustively with ether. T h e  ether solution, dried with sodium 
sulfate, yielded on distillation an oil which soon crystallized. After recrystallization 
from 500 cc. of boiling toluene, the substance melted a t  151-153 ". Sublimation in high 
vacuum yielded long white needles of m. p. 154-155.5". It was readily soluble in alkali 
and its aqueous solution gave with ferric chloride the characteristic green color of proto- 
catechuic aldehyde. The yield was 3.8 g., 82% of the calculated. 

Another experiment carried out under the same conditions was interrupted a t  the 
end of fifteen minutes and worked up as described. Even after this short reaction 
period, the yield amounted to 56% of the theoretical. 

If piperonal and aluminum bromide are allowed to react in equimolecular amounts 
for eleven hours, a yield of 41% of protocatechuic aldehyde is obtained, and about 40% 
of the piperonal used can be regained with sodium bisulfite. 

T o  compare the action of aluminum bromide on the methoxyl group, veratric al- 
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dehyde was treated with aluminum bromide under the conditions described above. 
Alkali-soluble substances were obtained only in traces; judging from odor, these may 
have been vanillin or isovanillin. No protocatechuic aldehyde was formed (negative 
ferric chloride test). 

Preparation of Protocatechuic Acid from Piperonylic Acid.-Nine grams of finely 
powdered piperonylic acid suspended in 180 cc. of nitrobenzene was treated with a solu- 
tion of 3 g. of aluminum bromide in 70 cc. of nitrobenzene, whereby the piperonylic 
acid went into solution. The red solution stood for four hours a t  room temperature and 
was then poured into 400 cc. of acidified ice water. The nitrobenzene was distilled off 
with steam and the aqueous solution concentrated to 200 cc. Most of the protocate- 
chuic acid separated crystalline a t  this point. The remainder was obtained by ether 
extraction of the mother liquors from the crystallization. After treatment with animal 
charcoal in 30 cc. of boiling water, the acid was obtained nearly pure in a yield of 7.7 
g., 92% of the theoretical. Purified by high-vacuum sublimation, i t  had the m. p. 
200-202 O .  

Protocatechuic Acid Methyl Ester from Piperonylic Acid Methyl Ester.-Piper- 
onylic acid rnethyl ester was prepared by heating 2 g. of piperonylic acid in 80 cc. of 
methyl alcohol with 2 g. of concd. sulfuric acid After neutralization of the sulfuric 
acid the alcohol was distilled off in a strong current of carbon dioxide and the residue 
dissolved in ether, which was now washed with dilute soda solution and dried over so- 
dium sulfate. The oily residue from distillation of the ether was distilled in a vacuum 
(12 mm.). The highly refracting distillate solidified on cooling, m. p. 49.5-50.5", yield 
2 g. 

A solution of 2.6 g. of the methyl ester in 52 cc. of nitrobenzene was cooled in ice and 
treated with a cold solution of 8 g. of aluminum bromide in 35 cc. of nitrobenzene. After 
three and one-half hours a t  room temperature the mixture was poured into ice water, 
acidified, extracted with ether and the ether-nitrobenzene solution extracted as  rapidly 
as possible with very dilute ice-cold sodium hydroxide. The alkaline solution was made 
weakly acid immediately, saturated with salt, and extracted exhaustively with ether; 
0.2 g. of protocatechuic acid was removed from the ether by shaking with dilute sodium 
bicarbonate. Distillation of the ether yielded an oily product, which solidified t o  faintly 
colored crystals on standing in a vacuum desiccator overnight. The melting point was 
130-133", unsharp; the yield, 1.43 g. or 58y0 of the theoretical amount. After high- 
vacuum sublimation it  was obtained in radiated clusters of crystals, m. p. 134.5-135".13 

3,4-Dihydroxyacetophenone from Acetopiperone.-One gram of acetopiperonc14 
dissolved in 10 cc. of nitrobenzene was treated with a solution of 5.3 g. (somewhat more 
than 3 mols) of aluminum bromide in 40 cc. of nitrobenzene. After two and one-half 
hours' reaction a t  room temperature, the mixture was poured into acidified ice water, 
the nitrobenzene layer diluted with ether, separated, and the phenolic product shaken 
into 0.5 N potassium hydroxide. This was acidified and exhaustively extracted with 
ethcr. Thc product, which separated nearly pure, was further purified by  cautious 
precipitation from its xylene soiution with petroleum ether, or by high-vactium sublima- 
tion. The pure substance melted a t  117-118°;15 yield, 0.45 g , 48% of the theoretical 
amount. 

4-Nitropyrocatechol from 4-Nitropyrocatechol Methylene Ether.-The methylene 
ether used was obtained as a secondary product from the nitration of piperonal by the 

l3 Matsmoto, Ber., 11, 129 (1878), gives them. p. 134.5". 
l4  Prepared by the method of Mosettig and JovanoviE, Monatsh., 53 and 54, 427 

(1929). 
Mauthner, J. prakt. Chem., [ 2 ]  119, 74 (1928); Dzierzgowski, Ber., 27, 1988 

(1894), give the m. p. 116". 
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method of Ekeley and Klemme.16 Five grams of 4-nitropyrocatechol methyiene erher 
in 70 cc. of nitrobenzene was treated with a cold solution of 18 g. of aluminum bromide 
in 60 cc. of nitrobenzene with good cooling and allowed to react for one and one-half 
hours a t  0'. At the end of this time the double compound had precipitated in part from 
the solution. The mixture was decomposed with ice-cold dilute hydrochloric acid and 
the phenolic products extracted from the nitrobenzene layer with alkali. When the 
purple alkaline solution was acidified, a nearly insoluble substance precipitated and was 
filtered off. This material was not further investigated. The filtrate was concentrated 
and the 4-nitropyrocatechol extracted with ether. Crystallization from water gave 3 
g. of pure substance, corresponding to 65% yield. I t  sublimed readily in a vacuum, 
m. p. 174-175", agreeing with the melting point given in the literature.17 

Scission of the Methylene Ether Group of Inactive Tetrahydroberberine.18-Five 
grams of tetrahydroberberine in 150 cc. of nitrobenzene was cooled to a point just above 
that where the nitrobenzene started to crystallize and a cold solution of 8.5 g. of alu- 
minum bromide in 85 cc. of nitrobenzene added slowly, cooling in a freezing mixture. 
After standing for one-half hour a t  this temperature with frequent shaking, the reaction 
mixture was poured into 500 cc. of ice water containing 20 cc. of hydrobromic acid. A 
heavy precipitate of hydrobromides separated, which was filtered out and washed with 
ether. The filtrate was freed from nitrobenzene by extracting with ether and the basx 
remaining in it were thrown out as hydriodides with a large excess of potassium iodide. 
These salts were dissolved in water together and the solution made alkaline. By shaking 
out with ether, about 30% of the tetrahydroberberine employed was regained. The 
red alkaline solution was acidified, again made alkaline with sodium bicarbonate, and the 
dihydroxy base extracted into a large amount of ether. Concentration of the ether to 
about 100 cc. yielded the base in colorless micro crystals; 3 g. of product was obtained, 
melting in a vacuum at  260-261'. The substance agreed also in its other properties 
with the base described by Spath and M~se t t ig .~  

Anal. Subs., 6.573 mg.: AgI, 9.118 mg. (Zeisel-Pregl). Calcd. for CnH13(0H)~- 
(OCH&N: OCHs, 18.97. Found: OCH,, 18.33. 

For further confirmation, our dihydroxy base was methylated with diazomethane4 

and racemic tetrahydropalmatine (m. p. 147-148O) obtained. 
Synthesis of 2,3-Dihydroxy-phenanthrene.-This preparation was carried out 

according to the Pschorr method for the synthesis of phenanthrene derivatives. 
The 6-nitropiperonal was prepared and purified by the method of Ekeley and 

Klemme. l6 

a-Phenyl-2-nitro-4,5-methylenedioxy-cinnamic Acid.-Twenty grams of 6- 
nitropiperonal was heated with 15.2 g. of anhydrous sodium phenylacetate and 1 g. of 
anhydrous zinc chloride in 85 cc. of acetic anhydride for four and one-half hours in an 
oil-bath a t  110-120". The reaction mixture was poured into 500 cc. of water and, after 
the initial cloudiness had settled, the clear solution was decanted from the brown resin- 
ous products. These resins were brought into solution by boiling with 3 liters of water, 
with addition of concd. ammonia, and filtered through a layer of paper pulp. The fil- 
trate was acidified and the pale yellow precipitate of acid filtered out. I t  was dried and 
recrystallized from about 60 parts of boiling benzene. The yield was 17.3 g., 54y0 of 
the theoretical. I t  consisted of pale yellow crystals, m. p. 193-195'. 

Anal. Subs., 7.185 mg.: N, 0.305 cc. (25", 740 mm.). Calcd. for CieH1106N: 
N, 4.47. Found: N. 4.73. 

l6 Ekeley and Klemme, THIS JOURNAL, 50, 2711 (1928). 
l7 Kempf, J. prakt. Chem., [2] 78,257 (1908); Dakin, Am. Chem. J., 42,490 (1909). 
l8 Spath and Mosettig (Ref. 4) accomplished this with phloroglucinol and sulfuric 

acid a t  100'. 
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or-Phenyl-2-amino-4,5-methylenedioxy-cinamc Acid.-Five grams of the nitro 
acid was dissolved in 30 cc. of water and 10 cc. of 25% ammonia, heated to boiling and 
poured into a suspension of ferrous hydroxide, prepared from 35 g. of hydrated ferrous 
sulfate in 105 cc. of water with 20 cc. of 25% ammonia. This was heated for one-half 
hpur on the steam-bath with frequent shaking a.nd filtered through paper pulp. The 
pulp filter and residue was boiled out three times with dilute ammonia and the combined 
ammoniacal liquors acidified with acetic acid. The amino acid, which separated in 
yellow crystals, was filtered out and dried at  100'. The yield was 2.8 g , 62% of the 
theoretical. After recrystallizing from boiling toluene it melted a t  201-203" (decomp.). 

If the ammoniacal solution is acidified with hydrochloric instead of acetic acid, the 
amino acid separates in pale pink crystals, which become yellow on drying a t  100°. 
The acid apparently exists in two modifications, as other authorsIS have shown with 
analogous compounds. 

Anal. Subs., 7.050 mg.: N, 0.328 cc. (27O, 747 mm.). Calcd. for C16H1304N: 
N, 4.95. Found: N, 5.20. 

2,3-Methylenedioxy-phenanthrene-9-carboxylic Acid.-Ten grams of the amino 
acid, suspended in 200 cc. of water, was neutralized with a solution of 2.8 g. of sodium 
carbonate and mixed with 44 cc. of normal sodium nitrite solution. The mixture was 
now added dropwise with mechanical stirring to 140 cc. of ice-cold 5 N sulfuric acid 
keeping the temperature below 2 ". At the end of the reaction, the solution was filtered, 
molecular copperz0 added and the suspension stirred for one hour a t  75 ". After cooling 
the precipitate of copper and phenanthrene-carboxylic acid was filtered off, the acid 
dissolved out by hot ammonia and reprecipitated with hydrochloric acid. Recrys- 
tallized from boiling xylene, it melted at  259-260". I t  consists of colorless crystals, 
which sublime in high vacuum. 

Anal. Subs., 0.0980: COz, 0 2595; HzO, 0.0359. Calcd. for Cl8H1004: C, 
72.16; H, 3.80. Found: C, 72.22; H, 4.10. 

The methyl ester was prepared by refiuxing a suspension of the acid in absolute 
methyl alcohol containing 5% of concd. sulfuric acid. The organic acid dissolved com- 
pletely after about forty-five minutes and the reaction was stopped a t  the end of four 
hours. The sulfuric acid was neutralized with potassium hydroxide arid the mixture 
poured into ten times its volume of water. The amorphous precipitate soon crystal- 
lized and was filtered off and washed with dilute sodium carbonate. Recrystallization 
from methyl alcohol gave white needles in a yield of 76%; m. p. 151-151.5". 

Anal. Subs, 0.1370: CQZ, 0.3666; H20, 0.0562. Calcd. for C17H1204: C, 72.83; 
H, 4.32. Found: C, 72.98; 8, 4.59. 

2,3-Dihydroxy-phenanthrene-9-carboxylic Acid.-Two grams of finely powdered 
methylenedioxy-phenanthrene-carboxylic acid was suspended in 20 cc. of nitrobenzene 
and treated with 3.5 g. of aluminum bromide in 30 cc. of nitrobenzene. The acid went 
into solution with deep red color. After three hours a t  room temperature i t  was poured 
into ice-cold diluted sulfuric acid. The larger part of the dihydroxy product separated 
and was filtered off and pressed dry. A little more was obtained from extraction of the 
nitrobenzene layer with sodium hydroxide. The acid was purifi+ by dissolving in so- 
dium hydroxide, filtering and precipitating with acids. The crude product was obtained 
in a yield of about 97%. The acid starts to decompose at about 280"; its solution in 
dilute alcohol gives a deep blue color with ferric chloride. Since no suitable solvent could 
be found for recrystallizing the acid, the crude substance was used for decarboxylation. 

l9 Pschorr, Ber., 39, 3110 (1906); 29, 499 (1896); Mayer and Balle, Ann., 403, 194 
(1914). 

Gattermann, Ber., 23, 1219 (1890). 
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2,3-Dihydroxy-phenanthrene.-One gram of crude dihydroxy-phenanthrene- 
carboxylic acid was distilled a t  25-30 mm. pressure in a hard-glass bulb-tube. The dis- 
tillate was dissolved in ether and washed with dilute sodium bicarbonate to remove 
unchanged acid. The dihydroxy-phenanthrene was extracted from the ether with 
dilute alkali, precipitated with acid and again brought into ether. Distillation of the 
ether gave a fairly pure, crystalline product in 46% yield. The substance is quite 
soluble in most organic solvents, excepting benzene, insoluble in water or petroleum ether. 
The best purification method is high-vacuum distillation or sublimation and recrystalliza- 
tion from benzene; m. p. 158.5-159'. 

Anal. Subs., 0.1005: C02, 0.2942; H20, 0.0446. Calcd. for C11HloOz: C, 79.97; 
H, 4.80. Found: C, 79.84; H, 4.97. 

The dihydroxy-phenanthrene was converted t o  its dimethyl ether, previously 
prepared by Pschorr in another way: 0.3 g. of dihydroxy-phenanthrene was dissolved in 
1 cc. of absolute methyl alcohol and the ethereal diazomethane solution from 1 cc. 
of nitrosomethylurethan added. After ten hours the mixture was washed with dilute 
alkali and the ether distilled off. The residue was recrystallized from methyl alcohol 
and sublimed in high vacuum; m. p. 130.5-132' (Pschorr, m. p. 131"). The picrate 
showed the melting point 126.5-127.5', given by P s c h ~ r r . ~ ~  

2,s-Methylenedioxy-phenanthrene.-One gram of 2,3-methylenedioxy-phenan- 
threne-carboxylic acid was distilled slowly a t  250 mm. pressure. The distillate was 
taken up in ether and washed with dilute potassium hydroxide. The residue obtained 
from distillation of the ether, recrystallized from methyl alcohol, had the m. p. 93-94". 
The yield varies from 45 to 50%. 

Anal. Subs, 0.0973: C02, 0 2899; H20, 0 0404. Calcd. for Cl:HloOz: C, 81 05; 
H, 4.54. Found: C, 81.26; H, 4.65. 

The brick-red picrate, recrystallized from methyl alcohol, melts a t  151-152 ". 
Anal. Subs., 5.764 mg.: N, 0.481 cc. (25", 740 mm.). Calcd. for CZ1H,3O9N3: 

N,9.32. Found: N,9.31. 
The ring-opening of tnethylenedioxy-phenanthrene was u~successful. We obtained 

only amorphous, brown-colored substances, sparingly soluble in water or ether, soluble 
with difficulty in alkali. 

Summary 

A new method of converting methylene ethers to the corresponding 
dihydroxy compounds is described. The reaction offers special advantages 
in operating at temperatures from 0 to 20°, and leaving methoxyl or ester 
groupings practically intact. 

It has been employed successfully with the methylene ethers of a variety 
of aromatic compounds, and with one alkaloid. 

The preparation of 2,3-dihydroxy-phenanthrene and its methylene ether 
is described. 

2l Pschorr, Ber., 33, 1829 (1900). 
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THE ACTION OF HYDROGEN PHOSPHIDE ON FORMALDEHYDE, 
11' 

BY ALFRED HOFFMAN 

RECEIVED APRIL 9, 1930 PUBLISHED JULY 3, 1930 

As a preface to the second communication on this subject, i t  may be of 
interest to state briefly why this investigation was undertaken. As the 
result of investigations in various branches of science, a number of authors 
have expressed the opinion in recent years that the original atmosphere of 
the earth contained little free oxygen. I t  has seemed not unreasonable, to  
the present writer, to go a step further and to consider some of the reactions 
that might have taken place if free oxygen were absent altogether. Under 
those conditions complex compounds might have been formed, which 
would constitute a starting-point for further organic evolution. Without 
going into the various cosmogonic theories, it may be said that  such an 
atmosphere, similar to  the sun's, would contain free hydrogen and carbon 
monoxide and dioxide, which react to give formaldehyde under certain 
 condition^,^ and hydrogen chloride, which would generate hydrogen 
phosphide from phosphides present in the original crust (meteorites usually 
contain phosphides). On the other hand, compounds of phosphorus with 
formaldehyde (which has a genetic relation to the sugars) would seem to  
be of interest in view of the groupings occurring in the nucleic acids, the 
distinctive components of the most vital part of the cell. 

In the first article the primary condensation product (CHa0H)dPCl was 
described and referred to as tetrahydroxymethylene-phosphonium chloride 
in analogy to the term tetrahydroxyethylidene-phosphine for (CHQCH- 
OH)3P(C(OH)CHs) as used in Beil~tein.~ As the constitution of the 
compound is now fully established, i t  will conform better to modern nomen- 
clature to call i t  tetrakis(hydroxymethyl)phosphonium chloride. 

Continuing the former work, a more detailed investigation of the action 
of alkalies and of carbonates on the mother substance was undertaken. 
This action was found to take place in two steps. Using sodium hydroxide 
a t  room temperature or with gentle heating not above 80°, one molecule of 
hydrogen is evolved and the action stops with the formation of tris(hy- 
droxymethy1)phosphine oxide. On boiling, a second molecule of hydrogen 
is given off. An alkaline carbonate, such as sodium carbonate, gives the 
same results, but the action is slower. A neutral carbonate, like calcium or 
barium carbonate, produces but one molecule of hydrogen, even on long 
boiling. Subsequent addition of sodium hydroxide to the boiling solution 
frees the second molecule of hydrogen. 

The intermediate compound, tris(hydroxymethy1)phosphine oxide, may 
Alfred Hoffman, THIS JOURNAL, 43, 1684 (1921). 
Beilstein, 4th ed., Vol. I, p. 559. 
Beilstein, 3d ed., Vol. I, p. 921. 
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be isolated as a sirup or as its crystalline tribenzoate. Gither of these 
compounds evolves a niolecule of hydrogen on boiiing with sodium hydrox- 
ide. The final product of the reaction is bis(hydroxymethy1)phosphinic 
acid, (HOCH2)2P02H, which was isolated as a crystalline barium salt. 

As a test for the presence of hydroxyl groups, the action of phosphorus 
pentachloride on the mother substance was investigated. A wetl-crystal- 
lizing substance, tetrakis(chloromethy1)phosphonium chloride, (CH2C1),- 
PC1, was obtained. The solution of the chloride reacts with alkalies, 
ammonia or even sodium bicarbonate to give the oily tris(chloromethy1)- 
phosphine, according to the reaction 

(ClCH2)4PCl + 2NaOH = (ClCHJ3P -I- CHzO + 2NaC1 + HzO 

The ready hydrolyzation of the tetrakis(chloromethy1)phosphonium 
chloride seems to indicate that the corresponding hydroxide is a feeble base. 
Tris(ch1oromethyl)phosphine also has but slight basic properties. I t  is 
soluble in strong mineral acids, but the solution hydrolyzes completely on 
evaporation. Dry hydrogen chloride passed into the carbon bisulfide 
solution of the phosphine did not seem to react. Unlike trimethylphos- 
~ h i n e , ~  the trichloroderivative shows no tendency to oxidize to the corre- 
sponding oxide by exposure to the air, but by boiling with nitric acid the 
crystalline tris(ch1oromethyl)phosphine oxide was obtained. On heating 
the trichloro oxide with dry sodium benzoate to 200°, the tribenzoate of 
tris(hydroxymethy1)phosphine oxide was formed, identical with the prod- 
uct of the action of benzoyl chloride on the latter. An attempt was made 
to  prepare the oxide by the action of phosphorus pentachloride on tris- 
(hydroxymethy1)phosphine oxide, but only black, tarry products were 
obtained. 

The flow sheet illustrates the relation of the compounds described. 
" - - - 

(-I- BaCO3) -+ { zOCHl)3P0 
(+NaOH) + Hi- 

/ (HOCH2)2P02Na 
+C6H,COCI + (CsHcCOOCH2)aPO 

\ 
(+PCl,) + (ClCH2)4PCl + NaOH ---+ { yg&?!2)3P + \ + HNOa + (ClCH2)3PO 

Experimental Part 
Analysis of the Tribenzoate of Tris(hydroxymethy1)phosphine Oxide.-In the 

first article the composition of this substance was given tentatively as C24H2108P1 as 
based on the phosphorus content. The carbon determination by combustion gives 
widely varying results due to the occlusion of carbon by phosphoric acid or phosphates. 
It has now been found possible to obtain good results by wet oxidation using chromic 
acid.5 This showed that the true composition is CZ4H110iP. The hydrogen was de- 
termined by the usual combustion. 

Cahours and A. W. Hofmann, Ann., 104, 30 (1857). 
Messinger, Ber., 23, 2757 (1892). 
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Anal. Calcd. for C Z ~ H ~ I O ~ P :  C, 63.72; H, 4.6; P, 6.8. Calcd. for C24H2108P: 
C, 61.5; H,4.4; P, 6.6. Found: C, 63.48, 63.61; H,4.8; P, 6.9. 

Action of Barium Carbonate and of Sodium Hydroxide on Tetrakis(hydroxymethy1)- 
phosphonium Chloride.-0 2148 g. of the chloride in 5 cc. of water was boiled with 
barium carbonate for eight hours; 24.9 cc. of hydrogen was given off, when all action 
ceased. Caled. for IHz: 29.6 cc. Then a solution of sodium hydroxide was added and 
on boiling an additional 29 cc. of hydrogen was obtained. 

Action of Sodium Hydroxide on Tri(hydroxymethy1)phosphine Oxide Triben- 
zoate.-1.0338 g. of tribenzoate boiled with 1 g. of sodium hydroxide in 8 cc. of water 
gave 54.5 cc. of hydrogen; calcd. for 1Hz under the same conditions: 55 4 cc. 

Preparation of Tetrakis(chloromethyl)phosphonium Chloride.-Six and six- 
tenths grams of tetrakis(hydroxymethy1)phosphonium chloride and 30 g. of phosphorus 
pentachloride in 100 cc. of carbon tetrachloride were boiled gently for four hours. 
Hydrogen chloride was evolved and the product separated in crusts. These were filtered 
with suction, washed with a little carbon tetrachloride and recrystallized from a mixture 
of 80 cc. of ethyl acetate and 15 cc. of methyl alcohol; yield 7.7 g.; calcd., 9.2. g. The 
product consists of white crystals, easily soluble in water, but not hygroscopic. It is 
easily soluble in methyl and ethyl alcohols, difficultly in ethyl acetate, chloroform and 
carbon tetrachloride. The dry compound is odorless, but its aqueous solution has a dis- 
tinct odor due to hydrolysis and the breaking up of the phosphonium hydroxide into the 
phosphine. I t  melts a t  192-193". 

Anal. Calcd. for C~HSC~SP:  C1,67.1; P, 11.7. Found: C1,66.7; P, 11.2. 
If the substance is dissolved in water, acidified with nitric acid and silver nitrate 

added, one molecule of silver chloride is precipitated; calcd. for 1 C1, 13.4; found, 13.3. 
If, however, the aqueous solution is treated with sodium bicarbonate and, after re- 
moving the phosphine with carbon bisulfide, treated with nitric acid and silver nitrate, 
two molecules of silver chloride are formed: calcd. for 2 C1, 26.8; found, 26.34. If the 
solution is treated with sodium hydroxide and let stand for a week or more, the phos- 
phine again dissolves and the chlorine is practically all in the ionized form: calcd. for 
4C1, 53.6; for 5C1,67.1; found, C1, 56.2. 

Preparation of Tris(chloromethy1)phosphine.-Five grams of tetrakis(chloromethy1) - 
phosphonium chloride in 20 cc. of water was treated with 8 g. of sodium bicarbonate. 
The solution became milky and gave a strong formaldehyde reaction with fuchsin re- 
agent. The phosphine was shaken out with carbon bisulfide, dried over sodium sulfate 
and distilled under diminished pressure; b. p. 100' (7 mm.). Heated a t  atmospheric 
pressure it decomposes. I t  is a colorless, mobile liquid of a powerful, benumbing odor; 
sp. gr. 20°, 1.414. I t  appears to  be stable indefinitely in contact with air, showing no 
signs of oxidation. I t  is slightly soluble in water and easily in organic solvents. 

Anal. Calcd. for C3HGClaP: C1, 59.3. Found: C1, 59.4. 
Preparation of Tris(chloromethyl)phosphine Oxide.-0.75 g. of the phosphine was 

boiled for one hour with 4 cc. of nitric acid (sp. gr. 1.2). After evaporating on the water- 
bath until the odor of nitric acid had disappeared, a sirup remained which crystallized 
on cooling; m. p. 88-89 "; easily soluble in water and alcohol. For analysis i t  was dried 
in  uacuo a t  78 ". 

Anal. Calcd. for C3H60ClsP~1/zHO: C1, 52.1. Found: C1, 52.2, 52.23. 
Mixed with sodium benzoate and heated a t  200' for one hour, a waxy material 

resulted. After removing the excess sodium benzoate with boiling water, an oil re- 
mained which solidified on cooling. Recrystallized from methyl alcohol, i t  melted a t  
110°, showing no depression when mixed with the benzoylation product of tris(hydroxy- 
methy1)phosphine oxide. 

Preparation of the Barium Salt of Bis(hydroxymethy1)phosphinic Acid.-Three 
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and eight-tenths %rams of tetrakis(hydroxymethy1)phosphonium chloride dissolved in 
100 cc. of water was boiled with 19 g. of barium hydroxide for several hours until the 
evolution of hydrogen ceased. The barium was then removed with a slight excess of 
sulfuric acid and the hydrochloric acid with silver carbonate. From the filtrate, dis- 
solved silver was precipitated with hydrogen sulfide. The filtrate was then evaporated 
on the water-bath to a sirup and the heating continued for some time to drive off any 
formic acid which might have resulted from the action of barium hydroxide on formalde- 
hyde. The acid was then converted into the barium salt by boiling with water and barium 
carbonate, the filtrate evaporated to small bulk and allowed to crystallize. The crystals 
were washed with a little water. The mother liquor seemed to contain caramel-like 
substances formed by the action of barium hydroxide on formaldehyde. The product 
consisted of well-developed crystals, moderately soluble in water, insoluble in alcohol. 

Anal. Calcd. for C4HI2O8P2Ba: Ba, 35.4; P, 16.02. Found: Ba, 35.2; P, 15.68. 

Summary 
The action of alkali on tetrakis(hydroxymethyl)phosphonium chloride 

has been shown to take place in two stages, giving first tris(hydroxy- 
methy1)phosphonium oxide and finally bis(hydroxymethy1)phosphinic acid 
and liberating one molecule of hydrogen a t  each stage. With a neutral 
carbonate the action stops a t  the oxide stage. 
Tetrakis(chloromethy1)phosphonium chloride was prepared from the 

corresponding hydroxy derivative by treating with phosphorus penta- 
chloride. This was converted into tris(ch1oromethyl)phosphine and the 
latter to tris(chloromethy1)phosphine oxide. 

A crystalline barium salt of bis(hydroxymethyl)phosphinic acid was 
obtained. 

The work is being continued. 
KEW GARDENS, NEW YORK 

[CONTRIBUTION PROM THE LABORATORIES OF THE SHELL DEVELOPMENT COMPANY] 

TRIORGANO THALLIUM COMPOUNDS. THALLIUM TRIETHYL 
AND THALLIUM DIETHYL TRIPHENYLMETHYL 

The only organo thallium compounds known are of the type R2TIX,1 
i. e., salts of the bases RzTlOH first isolated by R. J. Meyer and A. Berth- 
eim.2 Many alkyl and aryl compounds of this type have been prepared by 
D. and A. E. G ~ d d a r d , ~  I%. Krause and A. v. Grosse.' F. Hein and E. 
Markerts and A. a. Goddard3 attempted without success to prepare TlR3 
or (Tl(C~H5)z)z. 

Hansen, Ber., 3, 3 (1870); Hartwig, ibid., 7, 298 (1874). 
2 Meyer and Bertheim, ibid., 37, 2051 (1904). 

Goddard and Goddard, J. Chem. Soc., 119, 672, 1310 (1921); 121, 36, 256, 482 
(1922). 

Krause and Grosse, Ber., 58, 272, 1933 (1925). 
Hein and Markert, ibid., 61, 2255 (1928). 
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A. v. Grosse6 in his article "The Periodic System and the Alkyl Com- 
pounds of the Elements" predicts the existence of true thallium trialkyls 
from theoretical considerations of the atomic structure. In  fact, no reason 
can be discerned why triorgano thallium compounds should not be stable 
provided the combination of the third valency of thallium with an organic 
radical can be achieved. The strongly alkaline character of dialkyl 
thallium hydroxide suggests that the third valency may be difficult to  
combine with an alkyl group, but as alkyls even of the alkali metals are 
known, i t  should not be impossible. The most promising method of com- 
bining the third valency with an alkyl group seemed to be reaction between 
thallium dialkyl chloride and an alkali metal alkyl, e.  g. 

(CzH5)zTlCl + NaC2H6 = (CzH5)3TI f NaCl (1) 
This reaction is analogous to Schlenk's synthesis of tetramethyl triphenyl- 
methyl ammonium, and other penta-organo nitrogen compounds.' As 
both sodium ethyl and thallium diethyl chloride are insoluble in any in- 
different solvent, this reaction presents many technical difficulties. Ac- 
cordingly, lithium ethyl, which is soluble in petroleum ether, was chosen 
for the reaction. The reaction between lithium ethyl and thallium diethyl 
chloride occurs slowly with good yields and comparative freedom from side 
reactions a t  room temperature. Heating of the reaction mixture if only to  
50' is unfavorable, as much metallic thallium is then formed. 

Thallium triethyl is a heavy mobile liquid resembling lead tetraethyl in 
its odor and in many other characteristics. It differs in appearance from 
the lead compound in its bright golden yellow color, which becomes more 
intense a t  increased temperatures. At the temperature of carbon dioxide- 
acetone mixture the liquid is still yellow, but at liquid-air temperature i t  
crystallizes to almost white crystals. 

Thallium triethyl is soluble in ether, petroleum ether and alcohol, but is 
insoluble in water. Under atmospheric pressure i t  decomposes spontane- 
ously a t  12g0 before reaching its boiling point and liberates metallic thal- 
lium. Under a pressure of 1.5 mm. of mercury it boils unchanged a t  54.8O, 
but i t  was observed that the compound decomposed if the temperature of 
the glass walls of the distilling flask rose to 90-100°. 

The chemical properties differ more widely from those of the correspond- 
ing lead compound. Thallium triethyl is more reactive. While i t  is 
stable toward dry oxygen, i t  is decomposed readily by water to thallium 
diethyl hydroxide and ethane. 

Tl(CzH5)3 f Hz0 = TI(CzHa)20H f CzHs (2) 
This decomposition is comparatively slow, as the reaction occurs only a t  
the interface between the two immiscible liquids. That the slow reaction 
is not due to inactivity of the thallium triethyl is shown by the fact that  

Grosse, 2. anorg. allgem. Chew., 152, 133 (1926). 
W. Schlenk and J. Holtz, Ber., 49,603 (1916); 50,274,276 (1917). 
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a much more rapid reaction occurs with alcohol, in which it is soluble. The 
compound is violently decomposed by absolute alcohol with evolution of 
heat and gas; also, when shaken with water i t  reacts much more rapidly, 
and in moist air emits white fumes due to reaction of its vapor with the 
water vapor. 

For preliminary information prior to the preparation of thallium tri- 
ethyl, thallium diethyl triphenylmethyl was prepared from thallium di- 
ethyl chloride and sodium triphenylmethyl, which latter is soluble in ethyl 
ether. The reaction occurred in the same way as with lithium ethyl. 
Thallium diethyl triphenylmethyl was obtained as a yellow sirup which 
did not crystallize. It therefore could not be separated from impurities 
such as triphenylmethyl carbinol and triphenylmethane. The sirup has 
properties similar to those of thallium triethyl. It is soluble in ether and 
petroleum ether, but insoluble in water. In  moist air the sirup becomes 
coated with a skin of crystals which were shown to contain thallium. 
These crystals dissolve in water to give a solution with a strongly alkaline 
reaction, but are insoluble in ether or petroleum ether. They effervesce 
with acid and are obviously thallium diethyl carbonate. With water 
the sirup decomposes slowly without evolution of gas, the water becom- 
ing alkaline, and the sirup, originally clear and yellow, becoming cloudy 
and discolored. This indicates a decomposition to thallium diethyl hy- 
droxide and triphenylmethane. 

( C ~ H ~ ) Z T ~ C ( C ~ H ~ ) ~  f Hz0 = (CzHs)p'I'lOH 4- HC(C6Hs)s (3) 

Thallium diethyl triphenylmethyl was not further examined since only a 
small quantity of i t  was prepared as a step toward the synthesis of thallium 
triethyl, the latter being the main object of this investigation. * 

Finally, i t  was found that thallium triethyl may also be prepared by 
direct reaction between ethyl chloride and alloys of thallium with sodium. 
Finely divided alloys containing 7, 10 and 15% of sodium were shaken for 
several hours with ethyl chloride. The reaction was very slow at  room 
temperature. Small amounts of thallium triethyl were formed in each 
experiment but no way has been found to increase the yield. 

Experimental 
I n  the preparation of thallium triethyl from thallium diethyl chloride 

and lithium ethyl, oxygen and moisture must be rigorously excluded. 
The technique and apparatus used by Schlenk and Holtz7,s for the prepa- 
ration of lithium ethyl were, with minor modifications, found suitable also 
for the preparation of the thallium triethyl. The thallium diethyl chloride 
must be as pure as possible. When the Grignard synthesis of the com- 
pound is carried out correctly, one recrystallization from ammonia is suf- 

Schlenk and Holtz, Ber., 50, 262 (1917). Houben-Weyl, "Die Methoden der 
organischen Chemie," Vol. IV, 2d ed., p. 959. 
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ficient; otherwise, a recrystallization in the dark from absolute alcohol, 
using conveniently a Soxhlet extractor, is necessary to provide a product 
pure enough for the synthesis. The lithium ethyl prepared by the reaction 
of finely granulated lithium with mercury diethyl was isolated by crystal- 
lization, weighed, and used as so1i"dn order to ensure freedom from mercury 
diethyl, which would contaminate the thallium triethyl and be difficult to 
separate. This precaution is unnecessary if the solution of lithium ethyl 
as obtained by the synthesis is free from mercury. Lithium metal is pre- 
pared in a finely granulated form by melting lithium in white paraffin and 
stirring rapidly. Using such finely divided lithium, the yield of lithium 
ethyl with respect to mercury diethyl is practically quantitative. 

Preparation of Thallium Triethy1.-Thirty-two and one-half grams (0.11 mole) 
of dry thallium diethyl chloride was put into a 200-cc. bulb of the type described by 
Schlenk with a neck wide enough to fill in the solid lithium ethyl by introducing the 
neck of the closed filter or storage bulb in which the lithium compound was weighed. 
Enough petroleum ether of 30-50" boiling range was added to cover the thallium di- 
ethyl chloride completely and to  expel any air included by the powder. A stream of 
dry, highly purified nitrogen was passed through the bulb until all air was displaced. 
The bulb was inserted into a mixture of ice and salt to prevent reaction during the 
operation of filling. Six grams (0.16 mole) of lithium ethyl was added and washed 
down with petroleum ether, the bulb finally being filled to about two-thirds of its ca- 
pacity. The neck and the side tubes were then sealed quickly, the stream of nitrogen 
being maintained as long as possible. For ease of operation in an inert atmosphere it is 
very convenient to  use reaction bulbs with two side tubes set a t  90 O to each other instead 
of the bulbs with single tubes as described by Schlenk. The bulb was taken out of the 
ice and carefully shaken by hand for about twenty minutes. The temperature of the 
reaction mixture must not be allowed to rise above room temperature. Occasional 
cooling with ice was advisable during this period as the reaction sometimes started too 
rapidly. The bulb was then shaken in a shaking machine in the dark. 

The liquid soon began to turn yellow and a t  the same time lithium chloride began 
to  appear as a very fine light sludge, slightly discolored by traces of metallic thallium; 
the heavy powder of thallium diethyl chloride slowly disappeared. Completion of the 
reaction required twenty-four to forty-eight hours a t  room temperature, the time de- 
pending mainly on the fineness of the thallium diethyl chloride. 

The bulb was opened in a stream of dry nitrogen and the liquid decanted into 
centrifuge tubes shaped a t  the top like a Schlenk bulb with a side tube for the nitrogen 
current. After centrifuging, the liquid was decanted from solid matter into another 
bulb. Any residual lithium ethyl was destroyed by passing through the solution a 
stream of dry air free from carbon dioxide. The liquid was filtered in a well-dried 
atmosphere and the petroleum ether removed by evaporation on a water-bath below 
100". This evaporation may be accelerated by evacuating, a lower temperature being 
then maintained to prevent loss of thallium triethyl. The residue is pure thallium tri- 
ethyl. The yield was 25 g. of Tl(CzH6)3, i. e., 79y0 of the theoretical. The product was 
distilled under vacuum and the constant-boiling fraction analyzed. 

Analysis.-A weighed quantity (1.7144 g.) of substance was hydrolyzed with water 
and the amount of ethane formed according to Equation 2 measured. The solution was 
divided into five equal parts, one of which was titrated with 0.1 N hydrochloric acid to  
determine thallium diethyl hydroxide, while the other four were used for the gravimetric 
estimation of thallium as thallous iodide. The following gravimetric method was used. 



The solution of Ti(C2H5)20H was neutralized with dilute sulfuric acid and evapo- 
rated t o  dryness. The organic salt was decomposed by carefully adding fuming nitric 
acid and heating on a water-bath until no more red fumes were evolved. The solution 
was again evaporated to  dryness, the residue dissolved in water, reduced with ammonium 
bisulfite and dilute sulfuric acid, and evaporated t o  dryness. The thallous sulfate was 
converted to  thallous iodide as described by Frese?nius.s 

Anal. Subs., 1.7144: CzH6, 0.1753. Subs., 0.3429: 11.5 cc. of N/lO HCI. Subs., 
0.3429: TlI, 0.3897, 0.3857, 0.3907, 0.3889; av., 0.3888. Calcd.: C Z H ~ ,  0.1767; 11.76 
cc. of N/lO HC1; TlI: 0.3898. 

Physical Properties.Specific gravity, s;: .:, 1.971 ; b. p. 54.6-54.8 a t  1.50-1.55 
mm.; m. p. below -80 and above - 183 ". 

Thallium Diethyl Triphenylmethy1.-Two and four-tenths grams of dry thallium 
diethyl chloride was put into a bulb of the type already described. The air was then 
displaced from the bulb by dry nitrogen, 107 cc. of 0.075 N solution of sodium tri- 
phenylmethyl in ether was added and the mixture shaken until the red color of the 
sodium triphenylmethyl had disappeared. This took about twenty hours. The solu- 
tion was separated from the precipitate by centrifuging in the manner already described 
and the ether evaporated. 

The yield was about 4 g. of a yellow sirup, which contained much thallium. It 
was soluble in petroleum ether and in ether, and insoluble in water. I t  slowly de- 
composed in the presence of water without gas formation. After decomposition by 
water the extract with ether or petroleum ether contained no thallium, whereas the 
extract with water was strongly alkaline and gave all reactions of thallium diethyl 
hydroxide. From this behavior and analogy with thallium triethyl it  is concluded that 
the sirup is or contains thallium diethyl triphenylmethyl. It was not further examined. 

Summary 
1. Thallium triethyl has been synthesized by the reaction of thallium 

diethyl chloride with lithium ethyl. 
2. The chemical and physical properties of thallium triethyl are de- 

scribed. 
3. Thallium diethyl triphenylmethyl has been synthesized from 

thallium diethyl chloride and sodium triphenylmethyl. 

9 Fresenius, 2. anal. Chenz., 29-30, 342 (1891). 
. 
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FLUORANE FROM THE DRY DISTILLATION OF COPPER 
PHTHALATE 

BY J o m  R. EKELEY AND INEZ HAM MATTISON 
RECEIVED APRIL 23, 1930 PUBLISHBD JULY 3, 1930 

In a previous paperJ1 mention was made of a product obtained by the 
dry distillation of copper phthalate, which was not further investigated 
a t  the time, being regarded as benzophenone from its appearance and odor. 
The yield seemed to be considerable and i t  was suggested that this might 
be a convenient method for the preparation of this ketone. A further 
examination, however, of the distillate obtained as described above reveals 
that the product is not benzophenone, but fluorane, and it may be obtained 
in yields as high as 91% of the theoretical. 

It seems probable that the decomposition of the anhydrous copper 
phthalate takes place according to the equation 

Experimental 
Preparation of Copper Phtha1ate.-Copper carbonate was added to a hot water 

solution of phthalic anhydride until carbon dioxide was no longer given off. The solu- 
- 

tion was filtered and evaporated to crystallization. The copper phthalate crystals thus 
obtained were allowed to dry in the air. The moist crystals may not bc dried by heating 
them even at a relatively low temperature, since, if heated while wet, a t  a certain point 
in the crystalline mass they ignite and glow, the glowing quickly spreading through the 
whole decomposing mass. After the moist crystals had dried in the air, the anhydrous 
salt was obtained by heating them for some time at 120'. 

Dry Distillation of Air-Dried and of Anhydrous Copper Plrtha1ate.-Five grams of 
air-dried copper phthalate was distilled from a 50-cc. distilling flask upon the sand-bath, 
the flask being wrapped with asbestos and the receiver being cooled by means of a cloth 
wrapped around it and continually cooled with a stream of cold water. The flask was 
heated slowly a t  first and gradually raised to a dull red heat, and the heating continued 
until no more vapors passed over. Carbon dioxide was given off during the distillation. 
The residue left in the flask was a mixture of finely divided cuprous oxide and metallic 
copper, which when pressed out on a hard surface with a spatula showed the bright me- 
tallic luster of copper. The solidified distillate was crystalline and melted a t  120°.2 

1 Ekeley and Banta, THIS JOURNAL, 38, 767 (1917). 
R. Meyer, Ber., 25, 1386 (1892). Fluorane crystallizes from alcohol solutioil 

with one-half molecule of alcohol of crystallization. In driving off the alcohol of crys- 
tallization in an air-bath a t  120°, Meyer observed the curious fact that a t  120°, after the 
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It was solubie in concentrated nitric and iu concentrated sulfuric acid with a green- 
yellow fluorescence. An analysis gave the following results: Calcd. for C20H1~0~: 
C,.80.00; H, 4.00. Pound: C, 79.87; H, 4.22. 

Recrystallized from alcohol, i t  yields long bright prisms, which after giving off their 
alcohol of crystallization melt a t  180'. The crystals gave the following analysis. 
Calcd. for C2~E11208.1/2C2H50H: C, 78.32; H, 4.64. Found: C, 78.08; H,  4.86. The 
substance is evidently fluorane. 

Two grams of anhydrous copper phthalate was distilled very carefully. The 
fluorane obtained weighed 1.092 g., a yield of 91.5y0 of the theoretical. 

The temperature of distillation must be above 300°. The quality of the distillate 
is only slightly influenced by the temperature, but much larger yields are obtained by 
strong heating. 

Copper tetrachlorophthalate yields a similar distillate, but thus far the product has 
presented difficulties in the combustion for carbon and hydrogen and in the determnina- 
tion of chlorine. Presumably the product is dodecachlorofluorane, but checking aualy- 
ses for carbon have not yet been obtained, since during the combustion small quantities 
of the compound distil through the red-hot copper oxide unburned and condense as mi- 
nute crystals in the cold part of the tube. The combustion, while giving a low value for 
carbon, gives only a very small fraction of a per cent. of hydrogen, this latter corre- 
sponding to a dodecachlorofluorane, which would contain no hydrogen. The Carius 
method for chlorine yields varying low values for chlorine, around 58%, while the cal- 
culated value is 59.49%. Other methods for chlorine also yield low results. 

Summary 
Dry distillation of anhydrous copper phthalate at  high temperatures 

(between 300' and dull red heat) gives fluorane, which may be obtained in 
as high a yield as 91.5%. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF GRINNELL COLLBGE] 

DECOMPOSITION OF OPTICALLY ACTIVE DIAZO COMPOUNDS1 

BY FRANCIS EARL RAY 

RECEIVED APRIL 24, 1930 PUBLISHBD JULY 3, 1930 

The aliphatic diazo group may be formulated as a straight chain or as a 
ring. 

The chain structure was established largely by the work of Angeli,2 Thiele,3 
and Sta~dinger ,~  who obtained chain derivatives of diazo compounds. 

alcohol had been driven off, a portion of the alcohol-free substance was melted, whereas 
the melting point of fluorane is 180". 

1 Presented before the 79th meeting of the American Chemical Society, Atlanta, 
Georgia, April 10, 1930. 

A. Angeli, Atti accad. Lincei, [V] 32, i, 443 (1923). 
3 J. Thiele, Ber., 44, 2522 (1911). 

Staudinger. Helo. Chirn. Acta, 5, 75 (1922). 
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Recently there has been a disposition to revert to the ring structure. 
Lindemann and Thiele5 as a result of studies of the parachors assign a ring 
structure to the azides, and Sidgwick6 from a comparative study of boiling 
points is now inclined to favor the ring structure for both azides and diazo 
compounds. On the other hand, Mumford and Phillips7 conclude that 
the parachor does not enable them to decide between the ring and chain 
formulas for the diazo group. Forster and Newman8 had previously 
reached a similar conclusion. 

If we assume a straight chain structure, then one of the carbon-nitrogen 
bonds is a polar valence and the other is a co-valence and together they 
form what is termed a semipolar double bond. The adjacent nitrogen loses 
one electron to the carbon and the asymmetry of the carbon atom results 
from a localization of this charge much the same as the localization of the 

R1 . 
ordinary bond is considered to cause asymmetry? : c : N : : : N : 

Rz ' ' .  
R1; + 

Quadrivalent sulfur compounds of the type s : 0 : have been pre- 
Rz '  " 

pared and resolved into optical isomers, l0 showing that the positive charge 
is localized on the sulfur atom. The existence of a polar valence in quadri- 
valent sulfur was demonstrated by Sugden.ll 

In 1921 Levene and Mikeska12 and in 1922 Noyes and Chiles13 prepared 
optically active esters in which the only possible asymmetric carbon was 
that doubly bound to diazo nitrogen. This work has been criticized be- 
cause the rotations of the compounds investigated were so small that im- 
purities might have caused the observed rotation. 

In 1926 Kendall and Noyes14 obtained optically active diazo derivatives 
from both camphoric acid and 1-isocamphor~c acid. Camphoric acid and 
its derivatives, however, contain two asymmetric carbon atoms, but when 
strain is introduced into the molecule the secondary carbon only is race- 
mized and the I-iso- compound is formed. Though KendalI prepared 
optically active diazo derivatives from both types of compounds, their 
instability precluded any decision as to the activity of the secondary carbon 
which was attached to the diazo group. 

6 Lindemann and Thiele, Ber., 61, 1529 (1928). 
6 Sidgwick, J. Chem. Soc., 1108 (1929). 

Mumford and Phillips, ibid., 2112 (1929). 
8 Forster and Newman, ibid.,  97, 2572 (1910). 

W. A. Noyes, Chem. Rev., 5, 549 (1928). 
lo Phillips, J. Chem. Soc., 127, 1525 (1925) ; 2079 (1926) ; 188 (1927). 
l1 Sugden, ibid., 125, 1177 (1924); 127, 1528 (1925); 1173 (1927). 
l2 Levene and Mikeska, J. Biol. Chem., 45, 592 (1911); 52, 485 (1922). 
l3 Chiles with Noyes, THIS JOURNAL, 44, 1798 (1922). 
l4 Kendall with Noyes, ibid., 48, 2404 (1926). 
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Camphoric acid (cis) 

CH3 
I 

H2C----C-COON 1 CH3+CH3 

H z C - - C : N : : : N :  . . 

cis-diazo 

0 
0 
H 

2-Isocamphoric acid (trans) 

trans-diazo 

Skinner15 has studied quite thoroughly the decomposition of aminolauronic 
ester, derived from the cis acid by substitution of the amino group for the 
secondary carboxyl; and Skinner and Noyes16 have studied the decomposi- 
tion of the trans-amino ester, similarly derived from the I-isocamphoric acid. 
They found for the decomposition of the cis-amino ester, 40 parts of hy- 
droxy to 60 parts of unsaturated esters, and for the trans-amino ester, 60 
parts of hydroxy to 40 parts of unsaturated esters. An ether acid was 
found only in the decomposition of the trans compound. There is, how- 
ever, no direct proof that in these decompositions diazo compounds are 
formed as intermediates. 

In  this work we undertook to prepare the actual diazo compounds, to 
deconipose them under identical conditions, and to study their deconiposi- 
tion products. By this method we have obtained definite evidence that 
the two compounds differ. Prom the decomposition of 20 g. of the cis- 
diazo compound we found 60.5% of unsaturated ester. This corresponds 
to  the amount found by Skinner for the cis-amino compound. No ether 
acid was found. 

I n  the decomposition products of the trans-diazo derivative we isolated 
the ether acid that Skinner found only in the decomposition of the trans- 
amino ester. Unsaturated esters were iresent to thr. extent of 27%. 

A consideration of the conflicting pl: %ical evide. -e, together with the 
4 a- 

fact that the products of decompositit ";,.re partly the same, furnishes 
justification for the view that the chair .'I ring formulas represent tauto- 

l6 Skinner, THIS JOURNAL, 45, 1498 (19 .ri - 
l6 Skinner and Noyes, ibid., 39, 2692 (1 ' ' \ '  . 
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meric modifications that exist in equilibrium. This would account for the 
ease with which the active form racemizes. 

The transition from the ring to the chain form may occur by a fission in 
the ring a t  either point (a) or at point (b). When the carbon-nitrogen 
bond breaks, the carbon must retain both electrons, for if both electrons 
went with the separating nitrogen, this nitrogen would be negative, the 
nitrogen adjacent to the carbon positive, and the compound optically in- 
active (form IV). If one of the electrons forming this severed carbon- 
nitrogen bond went with the carbon and the other with the nitrogen, neither 
the carbon nor the remote nitrogen would have a complete octet. 

If the ring I1 opens a t  (a) then form I11 will result, while if fission occurs 
a t  (b), form I will be obtained. The carbon retaining the electrons being 
negative and the remote nitrogen positive, the free electrons on the nitrogen 
adjacent to the carbon will shift and occupy a place between the two 
nitrogen atoms. All atoms have completed octets in this interpretation.17 

That we obtained different products on decomposition of the d- and 1- 
forms was undoubtedly due to the slowness with which the active forms 
approach equilibrium at  the low temperatures employed. 

Experimental Part 
d-Camphoric acid was prepared by the oxidation of d-camphor with nitric acid. 

A total of fifty pounds of camphor was used in this work. The camphoric acid was con- 
verted into the anhydride by boiling with acetic anhydride. On heating with ammonium 
hydroxide under pressure by the method of Noyes and Taveau,l8 a mixture of the am- 
monium salts of a- and p-d-camphoramidic acids resulted which was separated by the 
difference in solubility of their ammonium and sodium salts. 

Aminocamphonanic acid was obtained from the a-d-camphoramidic acid by means 
of the hypobromite reaction. 

CO 
The anhydride of aminocamphonanic- acid, C~H,~' 1 was prepared by the 

\NH 
method of Noyes and Potterlg by heating aminocamphonanic acid with acetic anhydride 
and sodium acetate. It i 3s also preparec by distilling the amino acid with chalk. 

*ir C 

l7 Lindemann, Wolter and Groger {er., 63, 702 (1930), from a study of the para- 
chors, refractive indices and absorptior ~ec t ra  also reach the conclusion that the diazo 
group is mostly cyclic but partly open chain that may exist in an optically active form. 

l8 Noyes and Taveau, Am. Chem. J., 32, 287 (1904). 
la Noyes and Potter, THIS JOURNAL, 37, 189 (1915). 



3008 FRANCIS EARL RAY Vol. 52 

The nitroso anhydride precipitated on passing nitrogen trioxide into the ice-cold 
aqueous solution of the amino anhydride. I t  was recrystallized from alcohol, giving 
light yellow needles, m. p. 138-139'; 60 g. of the pure compound was obtained. The 
rotation of 2.5 g. in 100 cc. of absolute alcohol was [aI2: 157.6'. Noyes and Potter 
give [a]? 153 O. 

The cis-diazo derivative was prepared from the nitroso anhydride by the method 
of Kendall and N ~ y e s , ~ Q  which consists of treating the ethereal solution of the nitroso 
anhydride a t  20' with sodium methylate. Light red crystals were obtained which 
melted, when pure, a t  30-32 " when placed in a bath a t  25" and heated rapidly. 

Twenty-one and two-tenths grams of the crystalline compound was obtained. 
On decomposition in ether solution with dilute sulfuric acid, 16.24 g. of material resulted. 
The ether solution was washed with dilute sodium carbonate solution to extract any 
ether acid but none was found. 

From the 16.24 g. of material there was obtained by two refractionations 9.83 g. of 
unsaturated ester which boiled a t  56' (3 mm.). The remainder boiled between 70 and 
100 ". A residue of 2.0 g. was left in the flask. The unsaturated ester, therefore, makes 
up 60.53% of the decomposition products (compare Skinner). 

The trans-Derivatives 

1-Isocamphoric acid was prepared by the method of Noyes and Knight,21 in which 
d-camphoric acid is heated in sealed tubes with acetic and hydrochloric acids. A total 
of 1570 g. was obtained. This was converted into a,@-dimethyl I-isocamphorate which 
had the following constants: [or]? -67.7"; di5 1.0746; b. p. 117-118' (4 mm.). Noyes 
and Skinner give [aI2: -65.5'. This dimethyl ester was hydrolyzed to the @-methyl 
I-isocamphorate, which was converted to the @-methyl a-trans-camphoramidate using 
the method of Noyes and Skinner. 

Methyl trans-Amino-camphonanate._Considerable difficulty was experienced in 
preparing this ester in good yield; 60 g. of the P-methyl a-trans-camphoramidate cooled 
to  -20' was treated with 60 g .  of bromine dissolved in a well-cooled 10% solution of 
sodium hydroxide. After standing for one hour, during which it had warmed up to 0°, 
it  was heated for twenty to thirty minutes on the steam-bath. The oily layer which 
separated was extracted, dried, and distilled; yield, 30 g.; b. p. 112 O (5-6 mrn.). 

Mono-urea from Methyl trans-Aminocamphonanate.-This compound was pre- 
pared by mixing 30 g. of methyl-trans-aminocamphonanate with a solution of 20 g. of 
nitrourea in 100 cc. of ~ a t e r . 2 ~  On standing the mono-urea crystallized out and was re- 
crystallized from alcohol; m. p. 155". 

Di-urea from Methyl trans-Aminocamphonanate.-The mono-urea was treated in 
ether solution with nitrogen trioxide forming the isocyanate. On adding an equivalent 
of methyl trans-aminocamphonanate crystals of the di-urea often separated. Some- 
times an oil precipitated which was dissolved by adding more ether. Then on slowly 
adding 10% sodium hydroxide the di-urea precipitated in about 75% yield; m. p. 305". 
This is the melting point obtained by Kendall and Noyes. 

Anal. (Kjeldahl). Subs., 0.1521 required 7.78 cc. of N/10 HCl. Calcd. for 
C21H360&Z; N, 7.06. Found: 7.16. 

Nitroso Derivative of Di-urea.-The di-urea was suspended in absolute ether a t  
-20" and dry nitrogen trioxide was passed in for four to five hours. After standing 
overnight the ether solution was washed with ice water. Air was blown through the 

20 Kendall with Noyes, THIS JOURNAL, 48, 2404 (1926). 
21 Noyes and Knight, ibid., 32, 1670 (1910). 
22 Compare Davis and Blanchard, ibid., 51, 1790 (1929). 
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mixture for about an hour, during which time the water was frequently changed. As 
the ether evaporated, crystals of the nitroso derivatives were deposited on the sides of 
the flask. On recrystallization from ether sulfur-colored, microscopic, rectangular 
plates melting at 78O were obtained. This compound is very unstable and tends to  
revert to the di-urea even when kept in a desiccator over calcium chloride. A Kjeldahl 
analysis gave results corresponding to the di-urea. 

trans-Diazo Derivative.-The nitroso compound was dissolved in absolute ether 
and treated with one equivalent of sodium in absolute methyl alcohol. A deep red 
solution resulted. This was washed several times with water to  remove the sodium 
hydroxide and the residual half of the urea molecule. The ether solution was then 
dried by freezing to -80" with a mixture of solid carbon dioxide and acetone. The 
clear ether solution was siphoned off and on evaporation the solid diazo resulted. It 
was not possible to purify this material by recrystallization, as the compound showed 
a tendency to decompose when warmed to about - 15" and such attempts only resulted 
in making the material less pure. The purity of the diazo compound varied in the 
several runs from 89 to 92%. The diazo compound was decomposed by acidifying a t  
-20" with dilute sulfuric acid. The ethereal solution was washed with sodium car- 
bonate to extract the ether acid. The ethereal layer was dried, the ether distilled and 
the residue twice fractionated under reduced pressure; 32.12 g. of decomposition prod- 
ucts gave 8.66 g. of unsaturated ester boiling at 90-95" (32 mm.). The remainder boiled 
a t  a temperature above 110". The unsaturated fraction9 make up 26.96y0 of the total. 

Methyl Ether of cis-Camphonolic Acid.-The sodium carbonate extract was 
warmed with bone black, filtered, acidified and extracted with ether. The crystals 
from ether were recrystallized twice from alcohol and melted a t  86-87 O. 

Anal. Subs., 0.0675: Ag, 0.0245. Calcd. for A ~ C I O H ~ ~ O ~ :  Ag, 36.86. Found: 
Ag, 36.30. 

Since this paper was submitted for publication, additional evidence has 
been obtained showing that the cis and trans diazo compounds differ. 
Kendall14 showed that the cis diazo compound spontaneously decomposed 
to give the bis-hydrazone of Noyes and Taveau,ls m. p. 97 ". When, how- 
ever, the trans diazo compound was allowed to decompose in the same 
manner, a compound of high molecular weight (320-340) was obtained which 
melted a t  71 '. A mixed melting point gave 59-62 ". These compounds 
may also be cis-trans isomers. 

The writer expresses his thanks to the directors of the W. S. Hendrixson 
Memorial Fund of Grinnell College for a grant that defrayed part of the 
expenses of this investigation. Thanks are also due Miss Martha Hemphill 
and Mr. Ralph Bunting for the preparation of materials, to Dr. G. S. Skinner 
for gifts of camphoric acid and camphoric anhydride, and to  Professor W. 
A. Noyes for his kindly interest and advice. 

Summary 

From a study of the decomposition of diazo derivatives of the methyl 
esters of both cis-aminocamphonanate and trans-aminocamphonanate, 
evidence has been secured that a carbon atom attached to the diazo group- 
ing retains its asymmetry. 

The methyl ether of cis-camphonolic acid is found only in the decom- 
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position products of the trans-diazo compound. The proportion of the 
unsaturated ester is different in the two decompositions. 

The two diazo compounds give by their decomposition approximately 
the following products: cis-diazocamphonanic methyl ester 

Esters of hydroxy acids.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .39.5% 
Esters of unsaturated acids.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .tN. 5% 

trans-diazocarnphonanic methyl ester 

Methyl ether of cis-camphonolic acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.0% 
Esters of hydroxy acids.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .68.0% 
Esters of unsaturated acids.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .27 .Oyo 

The above results furnish conclusive proof that the two diazo compounds 
have an asymmetric structure, in part. This is most simply explained by 
the electronic formulas 

[CONTRIBUTION PROM THE LABORATORY OF FOODS AND SANITATION, UNIVERSITY OF 

WISCONSIN 1 
NORMAL VALEROLACTONE. 111. ITS PREPARATION BY THE 

CATALYTIC REDUCTION OF LEVULINIC ACID WITH 
HYDROGEN IN THE PRESENCE OF PLATINUM OXIDE 

BY H. A. SCHUETTE AND RALPH W. THOMAS 

RECEIVED APRIL 25, 1930 PUBLISHED JULY 3, 1930 

n-Valerolactone has been prepared in the past by reducing levulinic acid 
to  y-hydroxyvaleric acid and then removing the elements of a molecule of 
water from the latter. Reduction of the levulinic acid has been effected 
either through the agency of sodium amalgam1 or of ethyl alcohol and 
  odium,^ procedures which are time-consuming, expensive and ill-suited to 
the preparation of this lactone in quantity. 

The basis for a simplification and an improvement in method of prepa- 
ration was announced some years ago by Sabatier and Mailhe,3 who by 
passing levulinic acid in gas phase together with hydrogen over a nickel 
catalyst a t  250' succeeded in hydrogenating the former and dehydrating 
the resulting reaction product all in one operation. Certain facts4 recently 
ascertained with respect to the stability of n-valerolactone a t  its boiling 
point having cast some doubt upon the quality of a product obtained a t  

Wolff, Ann., 208, 104 (1881). 
2 Losanitsch, Monatsh., 35, 301 (1914); Schuette and Sah, THIS JOURNAL, 48, 

3163 (1926). 
Sabaticr and Mailhe, Ann. chim. phys., [8] 16, 78 (1909). 
Schuette and Thomas, THIS JOURNAL, 52,2028 (1930). 
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this temperature, i t  seemed desirable, for this and other reasons, to in- 
vestigate again the application of this form of hydrogenation to levulinic 
acid in the hope of harmonizing in principle Sabatier's procedure3 with these 
newer observations. That this reduction can be carried out very con- 
veniently a t  room temperature (22-24') in the presence of platinum oxide5 

as catalyst, and that the rate of hydrogenation and efficiency of reduction 
are in this instance influenced by the solvent employed have been demon- 
strated in this Laboratory. The presentation of these facts is the object 
of this communication. 

Experimental 
For the purpose of making a comparison of the relative speeds with 

which the catalytic hydrogenation of levulinic acid6 proceeds when the 
latter is dissolved in one of three common solvents (diethyl ether, ethyl 
alcohol, acetic acid), a series of reductions was made during the course of 
which several variables were introduced. What are deemed to be the 
most significant results of the series were obtained under the following - 
conditions. 

To 0.5 mole of levulinic acid in 150 cc. of anhydrous solvent there was added 0.4 
g. of platinum oxide ca ta ly~ t .~  The usual form of mechanical shaker, operating a t  room 
temperature, was used with hydrogen under a pressure of 2.3 to 3.0 atmospheres. At 
the end of forty-four hours the reaction was interrupted because it was apparent that 
the consumption of hydrogen had practically ceased. Data pertinent to this series are 
presented in the form of curves (Fig. 1). 

The best yield of lactone (87%), based upon the quantity of levulinic 
acid reduced, was obtained when ethyl ether was employed as solvent. 
Corresponding yields when ethyl alcohol and acetic acid were in turn sub- 
stituted for the former proved to be 52 and 48%, respectively. 

Anal. Subs., 0.2037: COz, 0.4449; Hz0, 0.1488. Calcd. for CaHsOz: C, 59.97; 
H,8.05. Found: C,59.58; H,S.17. 

Physical constants were found to be n 2  1.4303; dZ5 1.0465; M,,tod , 24.88; Mrouna 
24.70: 

During the course of a second series of reductions in ethyl ether solution 
fresh portions of catalyst were added at  the end of seven and twenty hours, 
respectively. This modification of the procedure resulted in the theoretical 
yield of lactone a t  the end of forty-four hours. 

Discussion 
The reduction of levulinic acid proceeds in its initial stages approxi- 

mately 3.5 times as fast in diethyl ether solution as when it is dissolved in 
ethyl alcohol, and 4.5 times as fast as in acetic acid. This statement is 

Voorhees and Adams, THIS JOURNAL, 44,1397 (1922). 
Grateful acknowledgment is made to Milford A. Cowley for assistance given us 

in the preparation of the levulinic acid. This acid was made from sucrose, in part by 
the method of Rischbieth [Ber., 20, 1775 (1887)], and in part by the modified procedure 
of Conrad [ibid., 11,2177 (1878); "Organic Syntheses," Vol. IX, p. 501. 
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based on the observation (Fig. 1) that a t  the end of seven hours, 0.27 mole 
of hydrogen was consumed when the reaction was being carried out in 
ethyl ether. The speed of reduction in ethyl alcohol was such that this 
quantity of hydrogen was not consumed until the reaction had proceeded 
for twenty-five hours and, similarly, in acetic acid for thirty-three hours. 

That a reaction takes place between the acid and the solvent when re- 
duction is carried out in the presence of ethyl alcohol was evident by the 
formation of some, as yet unidentified, ester. Glacial acetic acid is appar- 
ently inert in this respect since only the lactone and unreduced levulinic 
acid were found in the flask when the reaction had come to equilibrium. 

8 16 24 32 40 48 
Time in hours. 

Fig. 1.-Effect of solvent upon the rate of hydrogenation of 
levulinic acid. 

The superiority of diethyl ether over ethyl alcohol or acetic acid in this 
reduction lies not only in the production of larger yields of valerolactone, 
but also in the ease and certainty with which, because of marked differences 
in vapor pressure, solvent and reaction product can be separated. 

Summary 

The catalytic hydrogenation of levulinic acid can be most advanta- 
geously carried out at  room temperature in the presence of diethyl ether as 
solvent. Theoretical yields of n-valerolactone are obtainable by this pro- 
cedure. 

MADISON, WISCONSIN 
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[CONTRIBUTION f ROM THE CONVERSE MEMORIAL LABORATORY OF HARVARD UNIVERSITY ] 

STUDIES IN THE CHLOROPHYLL SERIES. 111. PRODUCTS OF 
THE PHASE TEST 

One of the most characteristic reactions of the pure chlorophyll com- 
pounds is their behavior on treatment in ether solution with strong methyl 
alcoholic potassium hydroxide. In the "a" series the unallomerized chloro- 
phyllides and the phaeophorbides give a yellow-brown color which soon 
changes to an intensive green. This appearance of a transitory character- 
istic color is known as the phase test. On diluting with water the material 
is found in the aqueous layer. In the "b" series the phase is reddish-brown 
instead of yellowish-brown. Although this method of saponifying the 
phaeophorbides is used as a test of the purity of the material, since the 
"altered" compounds do not give the characteristic yellow or red phase, 
the products of the reaction have been relatively little studied. Thus in 
Willstatter's directions for the saponification of the phaeophorbidesl 

(phaeophytin) he recommends either treating the solid compound with 
hot or cold alcoholic potassium hydroxide or allowing a pyridine solution to  
react with alcoholic potash a t  the boiling point for half a minute. These 
procedures yield chlorin e (phytochlorin e), which has been the chlorin 
most studied. Another chlorin, phytochlorin g, is described in one paper 
by Willstatter2 as being the principal product of the action of alcoholic pot- 
ash on an ethereal solution of phaeophytin (phase test conditions). The 
chlorin was described as unstable and its transformation products were not 
isolated. It seemed to us a matter of interest to pursue this investigation 
further and we have done so, using the pure members of the "a" series. 

Our first experiments were with methyl phaeophorbide a, prepared and 
purified according to the procedure outlined by Willstatter. The com- 
pound was dissolved in a small quantity of pyridine (20 cc. for each gram) 
and then diluted with much ether, so that the resulting solution contained 
100 mg. in 150 cc. This solution was shaken vigorously with one-tenth 
its volume of a 25% solution of potassium hydroxide in methyl alcohol. 
The yellow color first appeared and gradually changed in the course of three 
minutes to bright green. In these concentrated solutions and on a large 
scale the yellow phase is never so bright as when a test with a more dilute 
solution is carried out on a small scale. At the end of five to ten minutes 
the mixture was diluted with water, the alkaline aqueous solution separated 
and the material in i t  transferred to fresh ether by acidification. The 

' Willstatter and Stoll, "Investigations on Chlorophyll," translated by Schertz 
and Merz, Science Printing Co., 1928, p. 263. 

Willstatter and Utzinger, Ann., 382, 129 (1911). 
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product was then fractionated by the usual Willstatter-Mieg procedure. 
The major portion of the product was a mixture of chlorins in which 

unstable chlorins with acid numbers between 6 and 12 predominate. These 
chlorins cannot be isolated in a pure condition since they change more or 
less rapidly in ether solution, producing two compounds of a purplish 
brown color which we shall designate as phaeopurpurins. The two phaeo- 
purpurins have acid numbers of 7 and 18, respectively, and crystallize 
readily; the yields from 1 g. of methyl phaeophorbide were, of phaeopur- 
purin 18, 350-435 mg., and of phaeopurpurin 7, 100-125 mg. In addition 
to the unstable chlorins which change into the phaeopurpurins, the phase 
test a t  room temperature yields approximately 150 mg. per gram of ma- 
terial of a stable chlorin fraction. This was composed of chlorin e (identi- 
fied by conversion to the trimethyl ester with diazomethane) and a chlorin 
of acid number 5 containing one methoxyl group. The spectrum and be- 
havior of the latter substance indicated that i t  might be a mononlethyl 
ester of chlorin e but the action of diazomethane yielded an ester with dif- 
ferent crystal form from the characteristic trimethyl ester of chlorin e. 

At 23', the phase test saponification is not complete in less than three 
minutes; five to ten minutes is a suitable time for preparative purposes. 
If the action is continued for five hours no phaeopurpurin 7 can be isolated; 
the products are chlorin e and phaeopurpurin 18. 

The formation of chlorin e in the phase test can be completely suppressed 
by substituting ethyl alcohol or n-propyl alcohol for methyl alcohol in 
making the alcoholic solution of potassium hydroxide. The same result 
may also be brought about by carrying out the phase test a t  -10'. At 
this temperature the yellow phase persists much longer and the saponifica- 
tion is not complete even in fifteen minutes, but no chlorin e is formed. On 
the other hand, if the saponification of methyl phaeophorbide a is brought 
about by the action of boiling alcoholic potassium hydroxide in pyridine 
solution (Willstatter's procedure), chlorin e is the chief product and no un- 
stable chlorins are formed. 'l'hus by relatively slight changes in the condi- 
tions, the saponification of methyl phaeophorbide a yields either the un- 
stable chlorins or the stable chlorins (chiefly chlorin e). With the same 
lot of methyl phaeophorbide we have been able to obtain the one type of 
product or the other; the phase test as ordinarily carried out a t  room tem- 
perature represents a set of conditions in between the two extremes but 
much nearer the optimum for the production of the unstable products. 

We have found that the trimethyl ester of chlorin e is surprisingly like 
methyl phaeophorbide a in its behavior toward strong alkali. If one uses 
a dilute ether solution and methyl alcoholic potassium hydroxide, a yellow 
phase is distinctly visible; apparently this observation is new. The 
"phase" is somewhat slower in forming and persists longer than with the 
phaeophorbides. The product formed is a mixture of unstable chlorins 
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which are identical in their behavior with those formed in the phase test 
with the phaeophorbides. Even at room temperature the unstable chlorins 
are the principal product and no chlorin e is formed, Just as in the case 
of the phaeophorbides, however, if the saponification is brought about rap- 
idly at a higher temperature (using a pyridine solution and boiling alco- 
holic potash), no unstable chlorins are formed; the product was chlorin 
e, which was identified by the formation of the characteristic trimethyl ester 
on re-methylation. 

The relationships of the phaeopurpurins to each other and the normal 
chlorophyll derivatives (phaeophorbides, chlorin e) is shown in the accom- 
panying diagram. 

Methyl phaeophorbide ck 

C H ~ N ~  Dimethyl 
Phaeophorbide a -----+ Unstable chlorins -----+ phaeopurpurin 7 

Phase test / 4 on standing KOH 4 CH~NI  t 
Phaeopurpurin 18 + Phaeopurpurin 7 

Phase KOH 5 f spontaneously 

Chlorin a 
I 

Chlorin e trimethyl ester 5 
Chlorin a trimethyl ester 

Phaeopurpurin 7 contains a methoxyl group and a t  least one free carboxyl 
group. This is evidently the propionic acid group since i t  has been shown3 

that this is the free group in phaeophorbide a,  and phaeophorbide a yields 
phaeopurpurin 7 through the phase test. The formation of dimethyl 
phaeopurpurin 7 by the action of diazomethane probably involves the es- 
terification of one carboxyl and in addition an en01 or carboxyl group. 
Phaeopurpurin 18 contains no methoxyl group, one free carboxyl group, 
and two masked carboxyl groups. The analyses indicate that  there are 
but five oxygen atoms in the molecule, therefore a lactam and a lactone 
ring are probably present. One of these rings may be present in the closely 
related phaeopurpurin 7. The analyses indicate that in the conversion of 
the normal compounds (the phaeophorbides or the trimethyl ester of 
chlorin e) into phaeopurpurin 7, water has been added and that this water 
is eliminated in the formation of phaeopurpurin 18. The saponification of 
phaeopurpurin 18 yields a chlorin which appears to be identical with Will- 
stitter's chlorin a. Its trimethyl ester is isomeric with the corresponding 
ester of chlorin e. Chlorin a slowly changes to phaeopurpurin 18 on stand- 
ing; the process may be accelerated by heating a solution in a neutral sol- 
vent. Both the phaeopurpurins yield rhodoporphyrin on decomposition 
with alkali a t  150'. 

Conant and Hyde, THIS JOURNAL, 51, 3668 (1929). 
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The existence of more than one unstable chlorin in the products from the 
phase test is indicated by the wide range of acid number and by the spon- 
taneous formation of both phaeopurpurin 7 and phaeopurpurin 18. Prob- 
ably two chlorins are present which differ only in a methoxyl group; the 
methoxy compound forms phaeopurpurin 7 spontaneously, the other 
yields phaeopurpurin 18 with loss of water. The action of diazomethane 
on the ether solution or dimethyl sulfate on the alkaline solution converts 
both of the unstable chlorins a t  once into dimethyl phaeopurpurin 7, as 
shown by the fact that the yield of this compound is equal to the combined 
yields of phaeopurpurin 7 and 18 when they are formed spontaneously. 
It seems probable that the unstable chlorin which yields phaeopurpurin 18 
is identical with Willstatter's phytochlorin g. The method of formation 
is similar, the acid number approximately the same, and the instability is 
characteristic; we also found that our mixture gave an unstable red com- 
pound on heating with alcohol, as noted by Will~tatter .~ 

We have summarized in Table I the empirical formulas which we con- 
sider most probable for the compounds described in this paper, and in the 
first paper of this series, together with representative analytical data. 
Each formula has been chosen to fit into a logical scheme and a t  the same 
time to  give as good agreement as possible between the calculated and found 
percentages. When one makes due allowance for the difficulties of puri- 

Composition calculated 
Name Formula C H N OCHa C 

Methyl phaeophorbide a CaeHaaOoN4 69.5 6 .11 9 . 0  9 .98 69.7 
70.38 

Phaeophorbide a CasHasOsNa 69.08 5 .92  9 .21 5 . 1  70.17 
69.11 

Methyl pyrophaeophorbide a CaaHaoOaN4 74.45 6 .57  10.22 5.66 74.20 

Pyrophaeophorbide a 

Phaeopurpurin 7 

Dimethyl phaeopurpurin 7 

Phaeopurpurin 18 

Methyl phaeopurpurin 18 

Chlorin e 

Chlorin e trimethyl ester 

Chlorin a 

Chlorin a trimethyl ester 

Analyses 
found 

H N OCHI 

6.16 9 .38  10.23 
6 .23  9 .32  10.58 
6 .28  9 .36 4 .33 
6 .16 9 .43  
6 .98  10.1 5 .54 

Ref. 1, p. 276. 
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fication and analysis of these compounds, the agreement is fairly satisfac- 
tory; the possibility of the compounds being richer in hydrogen must 
always be considered. This is particularly so in the case of phaeopurpurin 
18 and its ester and chlorin a and its ester; the addition of four more 
hydrogen atoms to the empirical formulas would lead to a much more 
satisfactory agreement between the calculated and found compositions. 
This is shown in the table by the empirical formulas enclosed in brackets. 
Processes of reduction and oxidation may be involved in the transforma- 
tions for which we have assumed merely saponification and hydrolysis. 
The formulas for pyrophaeophorbide a and methyl pyrophaeophorbide a 
have been derived from the parent compounds by assuming loss of carbon 
dioxide and formaldehyde since recent work in this Laboratory (which 
will be published shortly) has shown that the methoxyl group is involved 
in the thermal decomposition of the phaeophorbides. 

Although it is too soon to attempt to write satisfactory structural for- 
mulas for the compounds involved in the phase test, certain facts are evi- 
dent from our work. Both the phaeophorbides and the trimethyl ester of 
chlorin e must have in them a structure which is responsible for the forma- 
tion of the unstable chlorins under the conditions of the phase test. This 
structure cannot be the lactam linkage which Willstatter postulated, since 
the results of the pyrolysis of chlorin e have shown the absence of a lactam 
ring in the compound. The opening of a lactone group might be involved 
but the mere opening and closing of such rings could not alone account for 
the shift of color to the phaeopurpurins. The functional groups themselves 
are apparently of no significance in determining the absorption spectrum, 
since pyrochlorin e from which two of these groups have been removed by 
pyrolysis has the same type of spectrum as the parent substance. Evi- 
dence in the same direction is afforded by the resemblance in color of the 
two phaeopurpurins, which nevertheless differ in the manner in which the 
potential carboxyl groups are combined. We are inclined to  believe that 
while the changes involved in the normal series (phaeophorbides, chlorin 
e, and pyro-compounds) are due to changes in the functional groups, the 
transition to the other chlorins and phaeopurpurins is due to a reaction 
involving the unsaturated system in these molecules which, in contrast to 
that in the porphyrins, is very rea~t ive .~ 

Experimental Part 
Saponification under Phase Test Conditions of Methyl Phaeophorbide a.-One 

gram of methyl phaeophorbide a was dissolved in 20 cc. of pyridine, the solution diluted 
with 1500 cc. of ether, and 150 cc. of 25% potassium hydroxide in methyl alcohol added; 
the mixture was shaken vigorously for eight minutes. The yellow-green color of the 
phase appeared a t  the beginning and gradually changed to bright green. One liter of 
water was then added and the color a t  once changed to brown, all of the acidic material 

Conant and Hyde, THIS JOURNAL, 52, 1233 (1930). 
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going into the aqueous layer, leaving the upper ether layer almost colorless. The 
alkaline water layer was acidified with dilute hydrochloric acid in the presence of fresh 
ether until all of the product was transferred t o  the ether. The ether solution, which 
was olive green in color, gave the following spectrum: 50 mm.: I ,  706.9-646.1; 11, 
619.6-605.1 (hazy); 111, 562; IV, 547.8- - -536.6--524; V, 513.6-483; E. A., 443. 
Order: I ,  V, IV, 11,111. 

The ether solution was then extracted with 6% hydrochloric acid until the blue 
color of the extracts began to diminish. The material in the acid extracts was a t  once 
retransferred t o  800 cc. of ether. Spectrum of the 6% fraction in ether: I ,  700- - -692.2- 
649.2; 11, 617.1-604.1 (hazy); 111, 536 2-528.4 (hazy a t  each side); IV, 511.4- 
486.7; E. A., 436.4. Order: I ,  IV, 111, 11. The residual ether solution then showed the 
following spectrum: I ,  707.7-648.2; 11, 618.9406.2 (more prominent than in 6 
per cent. spectrum); 111, 544.8- - -533.G524.1; IV, 512.2-484 8 ;  E. A., 444.1; Order: 
I, IV, 111, 11. The solution was then further extracted with 9, 10, 11 and 12% acids 
successively. The extraction was stopped when the 12% extracts became only slightly 
colored. The acid solutions were of a deep green color. The ether solution from the 
combined extracts (1500 cc.) was olive green with a brownish tinge. Spectrum: I ,  
709.0-648.3; 11, 620.G-605.7 (hazy); 111, 546.8- - -534.5-524.3; IV, 512.6-484.4; 
E. A., 443.6; Order, I ,  IV, I I1 , I I .  A small amount of material of a reddish-brown color 
was not extracted by even the 12% acid. The ether spectrum of i t  was: I ,  717.6- 
652.3- - -628.2; 11, 552.7-532.6; 111, 514.G497.4; IV, 482.5-471.2 (faint and hazy); 
E. A., 449.0; Order: I ,  11, 111, IV. No attempt was made t o  isolate a pure substance 
from this product. 

The two ether solutions from the 6% and 9-12% extractions were washed with water 
and allowed t o  stand over a small amount of anhydrous sodium sulfate for one week. 
At  the end of this time the solution from the 6% extract was colored a greenish-brown 
and the other solution was a rich purplish-brown; each of these was then carefully frac- 
tionated according to the Willstatter-Mieg procedure. 

The  ether solution from the 6% extract was found t o  contain chlorin e,  a mono- 
methyl chlorin, phaeopurpurin 7, and a small quantity of phaeopurpurin 18. Chlorin e 
was removed with 3% acid, the monomethyl chlorin with 5% acid, phaeopurpurin 7 
with 7% acid, while the phaeopurpurin 18 remained in the ether after extraction with 
12% acid. 

The other ether solution contained chiefly phaeopurpurin 18, together with some 
phaeopurpurin 7, which was removed with 7% acid. Extraction with stronger acids 
removed a n  intermediate fraction and a solution of pure phaeopurpurin 18 remained. 

The yields from a number of experiments were 350-425 mg. of phaeopurpurin 18, 
and 100-125 mg. of phaeopurpurin 7. The total chlorin fraction was approximately 150 
mg., and consisted of about an equal mixture of chlorin e and the monomethyl chlorin. 

The same products were obtained by the saponification of phaeophorbide a. One 
run  starting with 1 g. of phaeophorbide a and employing the procedure described above, 
except tha t  phase-test alkali treatment was limited t o  three minutes, yielded the mix- 
ture of the two chlorins, 442 mg. of phaeopurpurin 18 and 72 mg. of phaeopurpurin 7. 

The change in ether solution from the unstable chlorins first obtained t o  the brown- 
ish phaeopurpurin is very slow. The major part of the transformation takes place in 
two days, bu t  a t  least a week is necessary to  reach a state approaching completion. 
The  ether solution may stand for two weeks or longer without decreasing the yields of 
phaeopurpurins. As described under the discussion of dimethyl phaeopurpurin 7, 
t h e  same transformation may be brought about instantly by methylation with diazo- 
methane. 

The substitution of ethyl alcohol for methyl alcohol in the phase test results in a 
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more rapid reaction and the formation of only the unstable chlorins, as the following 
experiment shows. 

To a solution of 200 mg. of methyl phaeophorbide a in 300 cc. of ether (by use of 
pyridine) in a separatory funnel, was added 20 cc. of a 20y0 solution of potassium hy- 
droxide in absolute ethyl alcohol. The yellow color of the phase appeared, but quickly 
turned green. The saponification proceeded with greater rapidity than when methyl 
alcoholic potash was used. A solid precipitated from solution. After shaking for four 
minutes, water was added. All the material went into the aqueous layer. The sa- 
ponification products transferred to ether with a brownish-green color. Methylation 
with diazomethane produced the instantaneous color change to  the phaeopurpurin color. 
After fractionation in the usual way, dimethyl phaeopurpurin 7 was obtained as the 
chief product; no chlorjn e ester was found, the other product being weakly basic. 
In another experiment n-propyl alcohol was substituted for the methyl alcohol, the 
procedure being identical. Dimethyl phaeopurpurin 7 was obtained in excellent yields, 
no chlorin e ester being formed. The identity of the dimethyl phaeopurpurin 7 was 
checked by analysis. 

A saponification a t  -10' was carried out as follows. A solution of 200 mg. of - 
methyl phaeophorbide a in pyridine was transferred to 300 cc. of ether in a 500-cc. 
three-necked flask equipped with a mechanical stirrer and thermometer. The flask 
was surrounded by an ice-salt mixture and the ether solution cooled to  - 12O. Thirty 
cc. of a cold methyl alcoholic potash solution was added and the mixture stirred 
mechanically for sixteen minutes. The temperature was kept a t  -10 to  -12'. The 
mixture was then transferred to a separatory funnel and shaken with water. A small 
amount of unreacted methyl phaeophorbide a remained in the ether layer, but most of 
the material went into the aqueous solution. The alkali-soluble material was transferred 
to ether. The color of the ether was decidedly brown, and a treatment with 4% acid 
showed that no strongly basic chlorins were present. The ether solution was washed, 
dried and treated with diazomethane. The color became purplish-brown on methyla- 
tion. The chief product was dimethyl phaeopurpurin 7. The side products were 
weakly basic materials of mixed green-brown color, not extracted by 10yo acid. No 
chlorin e trimethyl ester was found. The yield of crystalline dimethyl phaeopurpurin 
7 was 72 mg. 

Phase Test Saponification of Chlorin e Trimethyl Ester.-A solution of 200 mg. of 
chlorin e trimethyl ester in 300 cc. of ether (the ester being first dissolved in pyridine) 
was shaken for fifteen minutes with 30 cc. of 25% methyl alcoholic potash. At the end 
of this time all the material was alkali soluble. Water was added and the product 
transferred to fresh ether. The color of the ethereal solution was a deep olive green 
with a brownish tinge; extraction with 4% acid showed the complete absence of any 
strongly basic chlorins. The ether solution was washed with water and dried with so- 
dium sulfate. I t  was then shaken with an ethereal diazomethane solution until a test 
showed that all the material was alkali insoluble. Upon the addition of the diazo- 
methane, the color of the solution changed a t  once to the rich purplish-brown color of the 
phaeopurpurins. On working up the product there was no trace of chlorin e ester; 
the chief product was dimethyl phaeopurpurin 7; the yield was 104 mg. It is interest- 
ing to  note that chlorin e itself in an identical experiment yielded only the usual tri- 
methyl ester and no phaeopurpurins. 

Hot Saponification of Phaeophorbide a.-A solution of 600 mg. of phaeophorbide a in 
2 cc. of pyridine was warmed to 80 in a silver crucible, and to this was added a boiling 
solution of 16 g. of pure potassium hydroxide in 25 cc. of methyl alcohol, while stirring 
with a silver spatula. The mixture was boiled for thirty seconds, cooled and washed 
with water in a separatory funnel. The reaction products in 1500 cc. of ether were 
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completely methylated by diazomethane, and the esters were fractionally extracted with 
acid. The largest amount of material came out with 7 and 8% acid, and later proved to 
be chlorin e trimethyl ester. A very small amount of dimethyl phaeopurpurin 7 was 
found in the 10yo extract. The remainder of the material was weakly basic chlorin es- 
ters which were extracted with 12-16% acid. The yield of chlorin e trimethyl ester 
(prismatic needles) was 320 mg. 

Hot Saponification of Chlorin e Trimethyl Ester.-In a silver crucible, 138 mg. of 
the ester was dissolved in 0.4 cc. of pyridine. The crucible was warmed on a hot plate, 
and to i t  was added a boiling solution of 3.5 g. of potassium hydroxide in 6 cc. of methyl 
alcohol. The mixture was boiled for thirty seconds, cooled and washed into a separa- 
tory funnel with water. The saponification product was transferred to ether and the 
ether solution washed and dried. The olive-green chlorin solution was then completely 
methylated by means of diazomethane in the usual way. There was no change of color. 
No dimethyl phaeopurpurin 7 was found, but a small amount of weakly basic chlorin 
material remained in the ether mother liquor. The chlorin ester extracted by 8% acid, 
upon concentration of the ether solution, gave 74 mg. of chlorin e trimethyl ester as 
long prismatic needles, identical with the starting compound. 

Properties of the Unstable Ch1orins.-These compounds cannot be isolated in a 
solid state, as their solutions become brown on evaporation. The spectrum of the mix- 
ture as obtained by extraction with 9-12yo acid and retransferring to ether was: I,  
709.G648.3; 11, 620.6605.7 (hazy); 111, 546.8- - -534.G524.3; IV, 512.6-484.4; 
E. A., 443.6; order I, IV, 111, 11. The action of diazomethane on this mixture and its 
spontaneous conversion to the phaeopurpurins is described below under these compounds. 
The ethereal solution on evaporating and boiling with alcohol gave a very unstable light 
red color similar to that described by Willstatter as characteristic of phytochlorin g. 
This red compound quickly changes to a mixture of the phaeopurpurins in which phaeo- 
purpurin 18 predominates. 

Monomethyl Chlorin from Phase Test Saponification.-The spectrum of this sub- 
stance is identical with that of chlorin e trimethyl ester except for an extra line in the 
red. Spectrum (1 mg. in 30 cc.): I, 705-694; TI, 653-646; 111,615-602; IV, 562- - - 
555; V, 545- - -534-526; VI, 512485 ;  E. A., 439. Order: 11, VI, V, I, 111, IV. The 
acid number is 5, and the acid solution is Flue. The ether solution is more green than 
that of chlorin e .  

Anal. Calcd. for C36Ht206N4: C, 68.4; H, 6.84; N, 9.12; OCHI, 5.05. Found: 
C, 68.14, 68.46, 68.64; H, 6.70, 6.61, 6.73; N, 9.26; OCH,, 5.04, 5.07. 

Phaeopurpurin 7.-This substance, purified by careful acid fractionation, is brown 
in ether solution, with a purplish tint. A thin layer of solution is more purple than 
brown. I t  crystallizes from ether in bluish-black spherical clusters of fine needles. 
I t  is very soluble in pyridine and acetone, almost insoluble in cold ether, insoluble in 
cold methyl and ethyl alcohols, but goes into solution upon heating, and is insoluble in 
petroleum ether. The acid number is 7, and the acid extract has a deep green color. 
The compound does not melt sharply, but fuses on the block at  200-205'. The spec- 
trum was taken of an ether solution of a concentration of approximately 2 mg. in 50 
cc. through a thickness of 50 mm. I, 714.0-648.6; 11, 632.2--613.0 (faint and hazy); 
111,549.6-528.8 (edges not sharp); IV, 514.1-487.4 (edges hazy) ; E. A., 443.4. Order: 
I ,  IV, II1,II .  

Anal. Calcd. for C3sHa07N4: C, 67.1; H, 6.07; N, 8.95; OCH3, 4.95. Found: 
C, 67.10, 67.26, 67.57, 67.65; H, 5.88, 5.92, 6.54, 5.89; N, 8.74, 8.91; OCHs, 5.19, 
5.33, 5.45. (In these and all other analyses reported in this paper, the Pregl micro 
methods were employed; the samples were dried in high vacuum over phosphorus 
pentoxide for a t  least twelve hours a t  61°.) 
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Dimethyl Phaeopurpurin 7.-An excess of diazomethane in ether was added to a 
solution of 80 mg. of phaeopurpurin 7 in 200 cc. ether. After two or three minutes the 
substance was completely methylated, as shown by shaking a portion of the solution 
in a test-tube with dilute alkali. The ether solution was fractionated and the product 
isolated in the usual manner; the yield was 55 mg. A more convenient method of prepa- 
ration is to treat the mixture of unstable chlorins with diazomethane. Surprisingly 
enough, the color changes at  once from olive green to the deep purplish-brown charac- 
teristic of the phaeopurpurins. The product is isolated in the usual way, care being 
taken in the acid fractionation to remove the trimethyl ester of a chlorin e with an acid 
number of 8. From 1 g. of methyl phaeophorbide a, 455495 mg. of crystalline dimethyl 
phaeopurpurin 7 may be thus obtained; 150 mg. of the trimethyl ester of a chlorin was 
obtained as a by-product. A third method of preparation is by alkylation with dimethyl 
sulfate. Two hundred mg. of methyl phaeophorbide a was saponified under phase-test 
conditions and the product transferred to 200 cc. of water in a separatory funnel. Then 
dimethyl sulfate, which had previously been washed with dilute alkali, was added a few 
drops a t  a time with continuous shaking. Each portion of dimethyl sulfate was used 
up before more was added. At the neutral point the methylated product began to 
precipitate from the solution and the solution became almost colorless. Small portions 
of dilute alkali were added to destroy any dimethyl sulfate that remained. The aqueous 
layer containing the precipitate was shaken with ether, the ester pa

ss

ing into the ether 
solution; it was separated from any unmethylated material by washing with 0.1 N 
alkali. The fractionation of this solution with 8 and 10% acids produced a small 
amount of chlorin ester and dimethyl phaeopurpurin 7. 

Dimethyl phaeopurpurin 7 crystallizes from ether solution in glistening hexagonal 
plates of a purplish-blue color. The ether solution is purplish-brown and the acid 
solution is green. The acid number is 10. I t  is somewhat more soluble in solvents than 
phaeopurpurin 7, especially in ether. On a block it melts a t  233-235'. Spectrum in 
ether (1 mg. in 25 cc.) 50 mm. tube: I, 712.1-650.8; IT, 634.6- - -618.0 (very faint); 
111, 554.5- - -549.0-532.1- - -526.3; IV, 514.9- - -510.5--491.7- - -485.3; E. A., 442.2. 
Order: I, IV, 111,II. 

Anal. Calcd. for C ~ T I I ~ ~ O ~ N ~ :  C, 67.9; H, 6.42; N, 8.56; OCIH3, 14.2. Found: 
C, 68.38, 68.46, 68.21; H, 6.51, 6.28, 6.44; N, 8.73, 8.65, 8.53; OCH3, 14.45, 14.16. 

Phaeopurpurin 18.-This substance, purified by recrystallization from ether, has 
a rich brown color in ether solution that shows a purplish tint in thin layers or dilute 
solutions. I t  crystallizes from ether in hair-like needles which form matted clusters 
and dark, irregular aggregates. The crystals are yellow-brown by transmitted light 
and dark blue by reflected light. The compound is difficultly soluble in ether and 
methyl and ethyl alcohol, insoluble in benzene and petroleum ether, easily soluble in 
pyridine, moderately soluble in acetone. The acid numb% is 18, and the acid solution 
is greenish-blue in color. It has no definite melting point but slowly sinters a t  250- 
280 O on the block. Spectrum: (1 mg. in 50 cc. of ether containing pyridine) I ,  716.W 
676.5- - -645.7-628.7; 11, 549.9-544.2- - -540.s533.8; 111, 511.1498.0 (shadow); 
IV, 484.4- - -470.7 (shadow, faint); E. A., 436.8. Order: I, 11,111, IV. 

Anal. Calcd. for C34H3606N4: C, 70.35; H, 6.21; N, 9.66. Found: C, 70.04, 
70.18; H, 5.87, 5.64; N, 9.26, 9.85, 9.71; OCH3, none. 

Methyl phaeopurpurin 18 was prepared by the methylation of phaeopurpurin 18 
with domiazethane in acetone solution. I t  crystallizes from ether in prismatic needles 
or long plates with pointed ends. The crystals are extremely insoluble in ether, but are 
fairly soluble in acetone and very soluble in pyridine. The color of the ester in solutions 
is similar to that of the free acid. The acid number is 19. I t  melts a t  215-2723' (block). 
Spectrum (1 mg. in 50 cc. ether): I, 717.1-675.1- - -645.9-628.5; 11, 550-4544.2- - - 
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540.0-533.7; 111, 511.1-498.1; IV, 482.1-471.1 (shadow); E. A., 438 5.  Order: I ,  
11,111, IV. 

Anal. Calcd. for C3~H360bNn: C, 71.0; H, 6.08; N, 9.46; OCH3, 5.24. Found: 
C,69.80,70.15,70.45; H,5.63,6.05,6.10; N,9.18; OCH3,5.34. 

Chlorin a.-A solution of 300 mg. of phaeopurpurin 18 in 800 cc. of ether was 
shaken for ten minutes with 45 cc. of 25% methyl alcoholic potassium hydroxide; water 
was added and the product fractionated in the usual way. The 6-7yo acid fraction was 
carefully refractionated to remove some material of lower acid number. Chlorin a 
crystallized from ether in clusters of small needles. The ether solution is slightly 
more greenish than that of chlorin e. The acid number is 6 and the acid solution is 
blue-green. The spectrum in ether (1 mg. in 30 cc.): I, 691.3-650.0; 11, 620- - -606.2; 
111, 534--526.6; IV, 508.5485.2; E. A., 432.5. Order: I,  IV, 111,II. 

Anal. Calcd. for C3nH380tiN4: C, 68.25; H, 6.36; N, 9.37. Found: C, 68.31, 
68.20; H, 6.4, 6.9; N, 9.22, 9.04. 

Chlorin a is the chief product, also, from the hot quick saponification of phaeopur- 
purin 18; there is also a small amount of a chlorin of acid number 3.5. 

A sample of pure crystalline chlorin a after drying a t  61 for twelve hours and stand- 
ing for two weeks a t  room temperature was found to contain a small amount of phaeopur- 
purin 18. The transformation to phaeopurpurin 18 is hastened by heating as shown by 
an experiment in which a freshly purified sample was heated in diphenyl to 140° for 
thirty minutes; after transferring to ether the solution was purplish-red and a consider- 
able amount of phaeopurpurin 18 was obtained by acid fractionation. 

Trimethyl Ester of Chlorin a.-Methylation with diazomethane of the 6-7% 
fraction from the saponification of phaeopurpurin 18 (hot or cold) yielded the trimethyl 
ester of chlorin a. I n  one experiment 155 mg. was obtained from 300 mg. of phaeo- 
purpurin 18. 

This substance crystallizes from ether in hexagonal plates with a blue luster. The 
acid number is 10. The color of the ether and acid solutions is the same as those of the 
free acid. An ethereal solution does not show a "phase" with methyl alcoholic potash, 
but turns a deep blue-green color at once. The spectrum is the same as that of chlorin a. 
The melting point on the block was 239-240 ". 

Anal. Calcd. for C3~H~aOe.N~: C, 69.4; H, 6.88; N, 8.75; OCH3, 14.52. Found: 
C, 69.4, 69.54; H, 6.9, 7.13; N, 8.97, 9.13; OCHs, 14.47, 14.63. 

Alkali Decomposition of the Phaeopurpurins.-Thirty-milligram samples of both 
phaeopurpurin 7 and 18 were decomposed with 3 cc. of methyl alcoholic potassium 
hydroxide, 1.5 cc. of pyridine and 25 mg. of magnesium oxide a t  150-160" for five hours 
in a silver-lined auto~lave.~ The resulting mixtures were shaken with 20% acid to 
decompose the magnesium complexes and transferred to ether. Fractionation showed 
that in each case rhodoporphyrin was almost the sole product. Only traces of ma- 
terial with acid numbers lower or higher than four were found. The 4% extracts gave 
solutions whose spectra in ether and acid solution were identical with those of a sample of 
rhodoporphyrin. 

Summary 

The saponification of methyl phaeophorbide a, phaeophorbide a and the 
trimethyl ester of chlorin e has been studied. Under phase test conditions 
a t  room temperature unstable chlorins are formed in large amounts; 
from these chlorins a new type of compound, designated as the phaeopur- 

6 Treibs and Wiedemann, Ann., 471, 174 (1929). 
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purins, results by a spontaneous change. By the use of ethyl alcohol in 
place of methyl alcohol, or by lowering the temperature, the unstable 
chlorins became the sole products: quick saponification a t  an elevated 
temperature produces chlorin e and no unstable chlorins. 

CAWBRIDGE, MASSACHUSETTS 

NOTES 

Attempted Use of Activated Silica Gel in the Esterification of Salicylic 
Acid and P-Naphthol.'--K~rolev,~ using an especially prepared silica gel 
suspended in the liquids, obtained 75580% yields of methyl salicylate, 
and a 50% yield of methyl naphthyl ether. 

Although the use of silica gel in the liquid phase seems to offer a simple 
method of preparing esters, the preparation of the silica gel as described by 
Korolev is far from a convenient process. It seemed worth while, there- 
fore, to study the esterification of salicylic acid and 0-naphthol using silica 
gel which had been activated by passing dry air over the gel a t  a tempera- 
ture of 150°, according to the commercial process as devised by Patrick 
(U. S. Patent 1,297,724) and which has been adapted to small-scale pro- 
duction by H01mes.~ 

Since silica gel activated in this way is known to be a good absorber of 
water, the presence of the gel should favor production of ester, not only by 
its catalytic powers, but also by removing the water formed. 

The general method used was to place two samples of the mixture to  be 
esterified in flasks fitted with reflux condensers and to heat them in a water- 
bath. Silica gel was added to one flask and, after refluxing for a t  least 
eight hours, the acid was then determined by titration with a standard base. 

It was found that a number of different samples of silica gel activated 
by the method of Patrick do not catalyze the esterification of salicyclic acid 
or 0-naphthol with methyl alcohol. 

Estimation of Organic Halogen.-In their paper "A General Method 
for the Determination of Halogens in Organic Compounds" [THIS 
JOURNAL, 52, 1195 (1930)j the authors, J. J. Thompson and U. 0. 
Oakdale, make no mention in their references to a similar method 

The experimental work was done by R. Chelberg, teacher of chemistry a t  Tracy, 
Minnesota. 

a Korolev, J. Chem. Ind. (Moscow), 4, 547 (1927); C. A., 22, 944 (1928). 
Holmes, "Laboratory Manual of Colloid Chemistry," 1922, p. 76. 
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[Robertson, 1. Chem. Soc., 107, 902 (1915); 109, 218 (1916); Chem. 
News, 120, 54 (1920) 1. 

I n  their method fuming sulfuric acid alone or in conjunction with 
chromic acid or persulfate is used as oxidizing agent, and the liberated 
halogen absorbed in alkaline arsenite. In the present writer's method 
ordinary strong sulfuric acid and potassium dichromate are employed with 
aqueous sodium peroxide as absorbent. The following advantages are 
claimed. (a) The apparatus is much simpler; i t  is, in fact, an apparatus 
for the Bunsen determination of peroxides with slightly modified Peligot 
tubes for absorption. (b) The use of fuming sulfuric acid, an unpleasant 
reagent, is avoided. (c) As air is aspirated through the apparatus the 
time of an estimation is shorter, being fifty to sixty minutes instead of sev- 
enty to ninety as stated by Thompson and Oakdale. (d) Sodium peroxide 
is a reagent which has never been found to be contaminated with halogen. 

I n  the last fifteen years some hundreds of estimations have been carried 
out by the author and his research students without a single failure. The 
method is described in various textbooks and is in use in a number of 
laboratories. 

VICTORLA UNIVERSITY COLLEGE P. W. ROBERTSON 

WELLINGTON, NEW ZEALAND 

COMMUNICATIONS TO THE EDITOR 
AN ATTEMPT TO DETERMINE NUCLEAR MOMENTS 

Sir: 
The explanation of the hyperfine structure of line spectra and the alter- 

nating intensities of band spectra involves the assumption of the existence 
of a proton spin in the nucleus of l / 2  quantum unit. The magnetic moment 
associated with this spin would stand in the same ratio to the magnetic 
moment of the electron as elm for the two charges. This means that 
the magnetic moment of a hydrogen nucleus would be 1/1840 of a Bohr 
magileton, which is too small an amount to detect in the ordinary Stern- 
Gerlach experiment. 

In  the case of the heavier atoms the proton spins are usually paired in 
the nucleus but in some cases, e.  g., iodine, several protons remain un- 
paired and a resultant proton spin of several half units results. Thus 
a resultant spin of 3 units is to be expected for HI and 5 units for 1 2 .  The 
iodine molecule has the larger spin, but the deflection in the Stern-Gerlach 
experiment is inversely proportional to the absolute temperature of the 
beam and the beam of iodine must be formed a t  room temperature while 
the beam of hydrogen iodide may be formed a t  a temperature of 130- 
140' K. Experiments were tried with both molecules. 
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In order to  obtain the maximum deflection, poIe pieces 10 cm. long 
were used to produce the inhomogeneous field. The beam was formed by 
slits of about 0.02 mm. width and was condensed upon a surface cooled 
with liquid air under reduced pressure. The image was photographed 
in vacuo. The image formed was about 0.2 mm. wide and under the most 
favorable conditions a broadenkg of the image of about 0.01 mm. was 
to be expected when the field was on. This effect shol~ld be easily meas- 
urable. The experiments failed because of the lack of sharpness of defi- 
nition of the edges of the image. This lack of sharpness is partially the 
result of the long path of the beam. It was not possible to obtain images 
whose widths could be measured with certainty to 0.01 mm. and i t  is 
not certain that any deflection has been observed. 

CATALYSIS BY SODIUM CHLORIDE OF OXIDATION OF CARBON 
Sir: 

The catalytic action of salt in the oxidation of carbon, long familiar to  
the householder as a means of freeing chimneys of soot, may readily be 
demonstrated in the laboratory. If a glass tube or rod is held just above 
a flame which surrounds a wad of asbestos impregnated with sodium 
chloride, the latter volatilizes and deposits on the glass. A faint veiling 
is all that is necessary. An alternative method of applying the salt is to  
wipe a solution of i t  over the glass and let the water evaporate. Next, 
the glass is covered with soot by means of a smoky flame, over both the 
bare glass and that portion coated with sodium chloride, ar-d is permitted 
to cool to give uniform temperature in the subsequent heating. If the 
tube or rod so prepared is then slowly heated, as uniformly as possible, 
i t  will be noted that the deposit of soot burns off first from the section 
where the sodium chloride is, leaving a very sharp dividing line between 
the treated and untreated glass surfaces. 

A similar effect is observed if an effort is made to cover with soot a hot 
piece of glass, a portion of which has been treated with sodium chloride. 
Depending on the temperature, the soot will either fail to  deposit a t  all 
on the treated surface, or will burn off rapidly when the smoky flame is 
removed, while the untreated glass becomes and remains covered. 

An effort was made to follow the reaction quantitatively, using sugar 
charcoal heated to a definite temperature in a current of carbon dioxide- 
free air, determining the rate of formation of carbon dioxide by absorp- 
tion in standard barium hydroxide solution. I t  was found that  the un- 
catalyzed oxidation proceeded at an appreciable rate even a t  a tempera- 
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ture as low as 200°, and that the reaction was accelerated by the presence 
of sodium chloride; consistent rates, however, could not be obtained, 
since the reaction became slower and slower as time went on, presumably 
because of the more rapid oxidation a t  first of the smaller particles or more 
active patches on the carbon surface. 

T H E  DECOMPOSITION OF HYDROCARBONS IN THE ELECTRODELESS 
DISCHARGE 

Sir: 
In  the light of the recent note of Harkins and Gans [THIS JOURNAL, 

52, 2578 (1930)l on the decomposition of benzene in the electrodeless 
discharge, the following observations may be of interest. In 1927 and 
1928 the author, while a t  Yale University, collaborated with Dr. I. A. 
Black in a study of the spectra of some simple hydrocarbons. Several 
means of excitation were used in determining the most satisfactory method 
for producing a spectrum of the unaltered molecule; these methods are 

Fig. 1.-Spectrum of the decomposition products obtained from pentane in the 
electrodeless discharge. 

described in our paper on the spectrum of benzene [Phys. Rev., 35, 452 
(1930)l. Trial exposures using the electrodeless discharge were made 
on a number of substances iricluding benzene, pentane, 2,2,4-trimethyl- 
pentane, acetylene, chlorobenzene and cyclol~exane before the method 
was discarded because of the excessive decomposition it caused. 

Our photographs of benzene show complete agreement with the ob- 
servations of Harkins and Gans. Three lines of the Balmer series of 
hydrogen, the Swan bands, as well as the CH bands a t  X 4300 and X 3900, 
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and the line spectrum of ionized C were observed, the C line at X 2478 
being particularly prominent. All these bands and lines were produced 
by the other substances; in addition there appeared on most of the plates 
the second positive group of nitrogen, arising no doubt from the trace of 
air remaining in the discharge tube. The spectrum of pentane, shown 
in Pig. 1, and that of acetylene contained some bands which are believed 
to belong to the CN band group a t  X 3883. In the case of chlorobenzene, 
a well-defined benzene spectrum appeared accompanied by faint "raies 
ultimes" of C1 a t  X 4810, etc. These facts indicate that the process of 
breakdown in the electrodeless discharge is the same for all these simple 
hydrocarbons. It should perhaps be mentioned here that  in every case 
save one relatively large amounts of reddish-brown product similar to  
that described by Harkins and Gans were obtained; the significant ex- 
ception was cyclohexane by which only a little was produced. A more 
detailed discussion of these observations will appear in a future publi- 
cation. 

NEW BOOKS 
Anorganisch-chemisches Praktikum. Qualitative Analyse und anorganische Praparate. 

(Laboratory Manual of Inorganic Chemistry. Qualitative Analysis and Inorganic 
Preparations.) BY DR. E. H. RIESENFELD, Professor at the University of Berlin. 
Ninth edition, revised with the assistance of Dr. R. K~EMENT. Verlag von S. 
Hirzel, Leipzig, Germany, 1930. xvi + 393 pp. 29 figs. 13.5 X 20.5 cm. Price, 
M. 9. 

The author points out in the Preface to this ninth edition of the "Prakti- 
kum" that it had been usual in German Universities since the time of Liebig 
and up to the first of this century to begin the study of experimental 
chemistry with analytical reactions and separations-that is, with qualita- 
tive analysis. In  1903, Haber brought back from his travels in this country 
the American method of instruction, according to which the student first 
carries out a number of simple experiments which portray before his own 
eyes the broad relationships of chemical phenomena. This method the 
author strove zealously to introduce during his teaching activities a t  
Freiburg twenty years ago when the first edition of the laboratory manual 
was published. The author states that only during the last decade have a 
number of the large German Universities altered their procedure to  the 
extent that they preface the instruction in analysis with some exercises 
in the preparation of chemical substances. 

This manual as i t  has now been developed has after the customary 
discussion of laboratory manipulations a long chapter devoted to  prelimi- 
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nary experiments illustrative of the broad principles of chemistry. Next 
are two chapters on the descriptive chemistry of the most important non- 
metallic elements and one on the most important acids. Then follows a 
series of chapters based on the classification of systematic qualitative 
analysis. In  each of these chapters there are experiments which develop 
both the general properties of the elements of the group and also those 
properties on which the analytical separation and detection are based. 
Meanwhile some sixty-four "preparations" are introduced a t  appropriate 
places. Discussions of the theoretical matters beyond what is given in 
the introductory chapter are also inserted a t  frequent intervals throughout 
the book. 

It can be seen from the above that the manual combines the experi- 
mental work in general and inorganic chemistry with that in qualitative 
analysis and elementary inorganic preparations The experiments and 
preparations appear to be wisely chosen. The descriptions and explana- 
tions are clear and concise. The manual is now more complete than even 
a combination of the usual American manuals of general chemistry and 
qualitative analysis. A student who works through it conscientiously 
will acquire a thorough knowledge of inorganic chemistry and qualitative 
analysis. 

ARTHUR B. LAMB 

Annual Survey of American Chemistry. Vol. IV. July 1, 1928, to  December 31, 1929. 
Edited by CLARENCE J. WEST, Director, Research Information Service, National 
Research Council. Published for the National Research Council by the Chemical 
Catalog Company, Inc., 419 Fourth Avenue, New York, 1930. 549 pp. 13.5 X 
21.5 cm. Price, $4.00. 

Vol. IV of the Annual Survey of American Chemistry has been extended 
to  cover a period of eighteen months in order that succeeding volumes of 
the survey may review the work published in a calendar year. 

A study of the present volume brings out clearly the fundamental char- 
acter and wide diversity of the contributions to chemical knowledge made 
in American laboratories. A recent compilation of statistics in regard to 
papers published on chemical subjects in the various countries of the world 
has shown that America and Germany head the list in the number of 
contributions. This volume is evidence of the high quality of the work 
done here. 

The material presented is grouped in 43 chapters which have been pre- 
pared by active investigators in the several fields. In addition to the 
chapters dealing with the divisions of physical, inorganic, organic and 
industrial chemistry, this volume of the Survey contains reviews of work 
in certain limited fields in which rapid progress is being made. Among 
these are the following: determination of crystal structure by x-rays; 
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x-ray examination of industrial materials; carbohydrates; stereochemis- 
try; pharmaceuticals; the vitamins; fermentation; rayon; synthetic 
resins. The extent of the work which is reviewed is evidenced by the fact 
that the index contains about 3500 names of authors. The activity in the 
several fields is shown by the number of references; for example, the chap- 
ter on insecticides and fungicides contains 249 references, fermentation 154, 
biochemistry 147, petroleum chemistry and technology 102, colloid chemis- 
try 148, kinetics of homogeneous gas reactions 71. 

It is evident that in this volume of the Survey the authors have suc- 
ceeded in making their reviews more readable than in the past. When i t  
was found advisable to refer to foreign work that had a direct bearing on the 
subject considered, such work has been included. Faced by the flood of 
contributions to chemistry that confronts one, the only way to  keep in 
touch in a general way with current work outside one's own field is to read 
a book of the type of this Survey rather than to attempt to absorb knowl- 
edge from the usual form of highly condensed abstracts. 

The Annual Survey of American Chemistry has made a place for itseli 
and is steadily improving in its aim to present in a concise but readable 
form a record of the chemical research accomplished in this country. 

JAMES F.  NORRIS 

Stuff. The Story of Materials in the Service of Man. By PAULINE G. BEERY. D. 
Appleton and Company, 35 West 32d Street, New Pork, 1930. xiii f 504 pp. 
Illustrated. 14.5 X 22.5 cm. 

In this volume the author has written in a lively and enthusiastic vein 
about a great variety of materials or "stuffs," as she is a t  some pains to 
call them. She has been quite uncommonly successful in collecting a 
wealth of information of historical and "human" interest appertaining to 
these materials. 

The presentation is descriptive and discursive. There is no progression 
and no attempt is made at  any real explanation of chemical phenomena. 
There appear to be numerous inaccuracies: thus, we notice that  "atomic 
numbers" are incorrectly defined; Prout is described as "a German chem- 
ist"; and Dalton's contributions are dismissed without mention of multiple 
proportions. 

ARTHUR B. LAMB 

Trait6 de Polarim6trie. (Treatise on Polarimetry.) By GEORGES BRUHAT, Professor 
in the Faculty of Sciences of Paris. Preface by A. COTTON. aditions de la 
"Revue d'optique thhorique et instrumentale," 165 Rue de Sevres; 3 and 5, Bou- 
levard Pasteur, Paris, France, 1930. xvi + 447 pp. 250 figs. 16 X 24.5 em. 
Price, 65 fr. 

The subject of polarimetry is covered so thoroughly and so well in this 
treatise that the book will be invaluable to both the chemist and the 
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physicist. It supplies to the chemist an excellent description of the various 
forms of polarimetric instruments and accessory apparatus, a very able 
presentation of the physical laws which underlie the subject and chap- 
ters on the related topics of magnetic rotatory power, rotatory disper- 
sion and the rotatory power of crystals. The work is carefully indexed 
for subjects and authors and carries nearly nine hundred literature refer- 
ences. 

C. S. HUDSON 

Grundziige der theoretischen und angewandten Elektrochemie. (Outlines of Theoreti- 
cal and Applied Electrochemistry.) By Dr. GEORG GRUBS, Professor and Director 
of the Physical Chemical and Electrochemical Laboratories of the Technical High 
School of Stuttgart. Second, enlarged edition. Verlag von Theodor Steinkopff, 
Residenzstrasse 32, Dresden-Blasewitz, Germany, 1930. xii + 495 pp. 165 figs. 
16 X 23.5 cm. 

At the time of the appearance of the first edition of this textbook [THIS 

JOURNAL,, 46, 260 (1924)], which dealt with the electrochemistry of solu- 
tions, the avowed intention of the author was t o  issue a second companion 
volume covering the electrochemistry of molten salts and of gases. This 
program for various reasons was not carried out, but instead in this second 
edition chapters covering these subjects as well as the electrothermal proc- 
esses used in the chemical and metallurgical industries have been incor- 
porated. In  addition, the chapters from the first edition devoted to the 
electrochemistry of solutions have been revised and enlarged. In particu- 
lar, a discussion of theory of the complete dissociation of strong electrolytes 
has been introduced. This book is designed primarily to serve as a text- 
book for instruction in electrochemistry a t  colleges and universities. 
Thanks to  its clear and reasonably concise presentation i t  appears ad- 
mirably suited for that purpose. 

ARTHUR B. LAMB 

A Report of the National Research Council Committee on the Construction and Equip- 
ment of Chemical Laboratories. The Chemical Pornidation, Incorporated, 654 
Madison Ave., New York, N. Y., 1930. xiii + 340 pp. 124 figs. 15.5 X 23.5 
cm. Price, $1.00. 

The committee, consisting of G. I,. Coyle, I,. M. Dennis, C. R. Hoover, 
I,. W. Mattern and J. N. Swan, has done a most valuable service in gather- 
ing under the covers of this excellent book the thought and experience of 
those who have produced some of the outstanding laboratory buildings 
erected before 1928. All phases of construction and of fixed equipment are 
considered. Advice is given on preliminary planning, location and exterior 
construction; this is followed by discussion of floor plans in general, ventila- 
tion, heating, lighting, plumbing, electrical installations and furniture. 
Various types of rooms such as must be provided in all larger chemical 
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laboratories are described in detail, and there are special sections dealing 
with the problems of the high school, the chemical industries, biochemistry 
and various special fields such as microscopy and spectroscopy. With the 
authors, ten specialists have collaborated, and it is obvious that every effort 
has been made to  secure information from all available sources. Par- 
ticularly interesting is the section on Industrial Chemical Laboratories, in 
which the plan of an actual building is described and then discussed in 
detail. The book cannot fail to be invaluable to anyone who faces the 
task of planning a new building or, for that matter, to  those responsible for 
the upkeep of older ones, not only because of its general survey of the topics 
mentioned above, but especially because of the discussion and description 
of smaller details which so often are overlooked by architects unfamiliar 
with the needs of chemical laboratories. 

There are one or two suggestions that might be made for the improve- 
ment of the book in the new editions which seem likely to be demanded. 
In a few instances the material is not treated as specifically as is desirable. 
For example, the statement is made that several laboratories have made 
exhaustive tests of paints and enamels, but the laboratories are not named, 
and there are other instances of similar kind. One of the most difficult 
problems in planning a building is to decide on the ratio of connected load 
to total supply and to fix on reasonable load and diversity factors for the 
various supplies. In the case of electrical current this matter assumes 
major significance, for selection of too large values for the factors may in- 
volve the waste of thousands of dollars while the opposite error may 
prove the undoing of the whole system. Experience of engineers and 
architects who have never built a chemical laboratory is of no value. 
While i t  is true that these factors will differ for various types of laboratories, 
some information as to what has been done would be of great value. Like- 
wise description of jumper boards or other types of local switchboards for 
increasing flexibility in the distribution of current would give the designer 
of a new building a starting point for his own plans. Flexibility in other 
respects, also, is of the utmost importance in the modern laboratory, espe- 
cially if it is to provide for advanced work. The use of portable laboratory 
benches, of adjustable shelving, of openings in walls and floors for inter- 

b 
communication between rooms has been successful in several buildings, 
and might have received more detailed discussion. 

But these are relatively minor matters. The book will stimulate the 
building of better laboratories. By improving the facilities for instruction 
and research i t  will be a vital factor in the progress of chemistry. 

H. I. SCHLESINGER 
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Lehrbuch der organischen Chemie. (Textbook of Organic Chemistry.) By Dr. PAUL 
KARRER, Professor at the University of Zurich. Second edition. Georg Thieme 
Verlag, Leipzig, Germany, 1930. xxi + 889 pp. 8 figs. 17 X 25 cm. 

An examination of Karrer's "Textbook on Organic Chemistry" is in- 
teresting for a variety of reasons: It comes from the pen of an active and 
eminent organic chemist; it represents-"but little expandedw-a course 
of lectures given at  a great university; the arrangement of the material is 
"based entirely upon didactic considerations"; and it met with such im- 
mediate favor that a second edition was required within two years. 

The reviewer confesses that the first effect of a brief examination was a 
feeling of wonder, or better perhaps, of bewilderment. Here are more than 
850 large and well-filled pages in which-to judge from a rough calculation 
based on the size of the index-more than 4000 organic compounds find at  
least mention. How, one wonders, is it possible to present all of this 
material in a year and perhaps also-how is it possible for the student to 
survive i t? 

A closer examination revealed a partial explanation of the mystery. 
The author concentrates on substances, "their origin, the proof of their 
constitution, and whenever possible, also the proof of their configuration." 
A few general topics like enolization, esterification and coordination com- 
pounds receive a measure of attention, but relatively little space is devoted 
to matters of this kind and to the mechanism of reactions. By a liberal 
use of charts, therefore, and a printed text for reference i t  would doubtless 
be possible to cover this extensive ground in a year. 

In the choice of material for presentation the author was influenced by 
the needs of students of medicine and the circumstance that during the last 
two decades the major developments in organic chemistry have been associ- 
ated with the problems presented by natural products. The text therefore 
contains very excellent chapters on fermentation, the carbohydrates, 
purines, terpenes and alkaloids, as well as on the dyes and their inter- 
mediates. In addition to the regular text the book contains eighteen pages 
of useful tables and an excellent index. 

It is easy to understand why Professor Karrer's textbook has been so 
favorably received. Its contents are extensive and selected with skill, 

1 its arrangement is orderly, its style is clear and interesting, and the 
presswork is admirable. The book can be heartily recommended to 
American students as a book of reference for those who are taking a second 
course in organic chemistry. 

B. P. KOHLER 
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Colloids. A Textbook. By H. R. KRWT, Professor of Physical Cl~emistry, University 
of Utrecht. Translated from the manuscript by H. S. van Klooster, Professor of 
Physical Chemistry, Rensselaer Polytechnic Institute. Second edition, revised and 
enlarged. John Wiley and Sons, Inc., 440 Fourth.Averiue, New York, 1930. 
xiii + 286 pp. 118 figs. 15 X 23.5 cm. Price, $3.50. 

The new edition is not greatly changed from the first edition,l either in 
quantity of material or method of presentation. Most of the topics have 
been brought up to date (September, 1929) by including reference to work 
published in the last few years. The author has successfully adapted the 
material treated to  the understanding of students to whom it  is addressed. 
The treatment of protein sols is admittedly "considerably a t  variance with 
the customary trend" and i t  is not obvious that this variance is justified 
by the experimental work quoted. One is surprised to read (p. 192) that  
the hydration of alcohol is governed by the law of mass action, which de- 
termines the equilibrium between the alcohol hydrate(~) and their de- 
composition products; and i t  is almost a shock to read (p. 263) that "we 
can compute the activity coefficient, i, according to the formula of van't 
Hoff," from the boiling point elevation of a soap solution. Instances of 
such loose statements are rare and perhaps they should not be mentioned 
a t  all. 

As in the previous edition, the translator has successfully rendered a 
foreign language into smooth English from which literal translations of 
foreign idioms are happily lacking. 

E. B. MILLARD 

Kapillarchemie. Eine Darstellung der Chemie der Kolloide und verwandter Gebiete. 
(Capillary Chemistry. A Treatise on the Chemistry of Colloids and Related Fields.) 
By Prof. Dr. HERBER'I FREUNDLICH, Kaiser Wilhelm Institute of Physical Chem- 
istry and Electrochemistry. Fourth edition, revised with the assistance of J. 
Bikerman. Akademische Verlagsgesellschaft m. b. H., Schlossgasse 9, Leipzig 
C 1, Germany, 1930. viii + 566 pp. 97 figs. 17.5 X 25 cm. Price, unbound, 
M. 36; bound, M. 39. 

The present new (fourth) edition is to appear in two volumes instead of 
one. The first volume is devoted to the fundamental principles of colloid 
chemistry; the second will presumably contain the remainder of the sub- 
ject matter of earlier editions, namely, a discussion of individual colloid- 
disperse systems. 

The first volume as compared with the corresponding part of the second 
edition, which appeared in 1922, shows only an enlargement of about 4% 
but i t  is clear that there have been a thorough revision and a careful con- 
sideration of recent work. This is particularly evident in the section deal- 
ing with interfacial films, where there has been so much active research. 

-4s for the sub-division into two volumes, it is undeniable that two 
Reviewed in THIS JOURNAL, 49, 1852 (1927). 
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moderate-sized volumes in place of the single bulky volume of the earlier 
editions are a convenience. On the other hand, there is the resultant extra 
cost, a matter of real moment at the present time when the cost of scientific 
literature is mounting fo such heights. Moreover, the indices present a 
difficulty: a separate index for the second volume would not only cause in- I 

convenience but would detract from the value of the handbook as a whole; 
on the other hand, a combined index in the second volume would render 
the present index occupying 56 pages useless and hence an unnecessary 
expense. 

However, irrespective of the cost, this revision of so unique, important 
and useful a handbook will be welcomed by the host of students and in- 
vestigators interested in this rapidly developing field. 

ARTHUR B. LAMB 

Essential Chemical Elements that Constitute a Balanced Food. By CHARLES NOYES 
KINNEY, A.C., M.S., Professor of Chemistry in Drake University. Second edition. 
Success Composition and Printing Company, Des Moines, Iowa, 1930. xvi 4- 303 
pp. 15.5 X 23.5 em. 

The first edition of this book was issued in 1929, and the second edition 
came from the press in the first half of 1930, which is a rather short time 
t o  elapse between the first and second editions. The second edition 
has been enlarged and contains 315 pages. The author states that it 
is the purpose of this book to review the newer ideas on foods and to clarify 
somewhat the discussion that is taking place on the subject a t  this time. 
It is the hope of the author that the data contained in the book will aid 
the reader to obtain a clearer conception of what constitutes a food for 
animals. There are twelve chapters and the title of each chapter is put 
in the form of one or more questions pertaining to the nature and func- 
tion of the various metallic and non-metallic elements that ordinarily 
occur in a normal food. The author emphasizes the possible function 
of minute quantities of such elements as manganese, copper, zinc, nickel, 
cobalt, barium, strontium, fluorine, bromine and iodine in organic combi- 
nation in the economy of plants and animals. Small quantities of com- 
pounds of these elements are normal constituents of the earth's crust 
and plants absorb minute quantities from the soil and synthesize them " 
into metal and nonmetal organic complexes, some of which undoubtedly 
have the properties of enzymes, oxidases, peroxidases, catalases, hormones 
and vitamins. The contents of the various chapters consist for the most 
part of abstracts of recent articles occurring in research journals dealing 
with the metabolism of plants and animals. The book should find its 
most interested readers among research investigators in these subjects. 
The book contains an appendix, a glossary of the less familiar words and 
terms pertaining to medicine, pharmacy and chemistry. 

J .  S. MCHARGUE 
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PROMOTER ACTION IN REACTIONS OF OXIDATION 
CONCOMITANT WITH THE CATALYTIC DECOMPOSITION OF 

HYDROGEN PEROXIDE.ls2 
I. THE OXIDATION OF HYDRAZINE 

Introduction 
The catalytic decomposition of hydrogen peroxide by iron and copper 

salts has been studied in this Laboratory by Bohnson and R ~ b e r t s o n , ~  
who observed that when a slight amount of a copper salt was added to the 
iron salt used as the catalyst, a marked promoter effect was observed. 
This was explained by Robertson as being due to the fact that cupric acid 
reacts with hydrogen peroxide much faster than does ferric acid. 

Walton and Christensen4 showed that the oxidation of ethyl alcohol by 
hydrogen peroxide catalyzed by ferric salts was dependent on the same 
mechanism as that shown by Bohnson and Robertson to effect the catalytic 
decomposition of hydrogen peroxide. They were, however, unable to  
extend the parallel into the study of promoter action because the catalytic 
activity of the copper salts was inhibited by the presence of the ethyl alco- 
hol. The purpose of this investigation is to extend these studies into fields 
that permit the investigation of the phenomenon of promoted oxidation 
concomitant with the catalytic decomposition of hydrogen peroxide by iron 
and copper salts. The oxidation of hydrazine is particularly well adapted 
to mechanistic studies of this nature as it does not interfere markedly with 
the action of the catalysts used. 

This work is from a thesis presented by the author in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy a t  the University of Wisconsin, 
conducted under the personal direction of Professor James H. Walton. 

This research was made possible by a grant from the Research Committee of the 
University of Wisconsin, Dean C. S. Slichter, Chairman. 

Bohnson, J. Phys. Chem., 25, 19-54 (1921); Bohnson and Robertson, THIS 
JOURNAL, 45, 2493 (1923) ; Robertson, ibid., 47, 1299 (1925). 

Walton and Christensen, ;bid., 48. 2083 (1926). 
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Browne and Shetterly5 and others have pointed out that when hydrazine 
is oxidized by concentrated solutions of hydrogen peroxide, appreciable side 
reactions occur which result in the formation of considerable ammonia and 
some hydrazoic acid. However, preliminary experiments by the author 
showed that in the presence of the catalysts used the oxidation of hydrazine 
gave a yield of 98-10070 nitrogen, justifying the equations 

2HzO2 = 2Hz0 f 0 2  

NzH* + 0 2  = 2HzO + Nz 

Experimental Part 
Materials.-The hydrogen peroxide was obtained as Merck's Superoxol (30% 

HzOz) and was twice distilled a t  diminished pressure to remove all preservatives. I t  
was stored in quartz. 

L/qu/d i e v r /  ph~/fh 
Bulb /n f/a fed 

Fig. 1.-Reaction flask. 

Pure copper sulfate, ferric sulfate and hydrazine sulfate were available and were 
used without further purification. 

The water used for the dilution of samples was obtained from the laboratory dis- 
tilled water supply and redistilled in glass over barium hydroxide. 

Apparatus and Method.-The hydrogen peroxide with hydrazine sulfate and cata- 
lysts was placed in a flask which was shaken with a shaking machine"hich permitted 

Browne and Shetterly, THIS JOURNAL, 31, 783-99 (1909). 
Walton, 2. physik Chew., 47,185 (1904). 
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the gases Nz f O2 to be evolved as soon as they were formed. The speed of the reaction 
was determined by measuring the rate at which these gases were evolved. The nitrogen 
contained in the gas evolved is a measure of the extent of the oxidation of the hydrazine 
and the estimation of this nitrogen necessitated the complete removal of the gas mixture 
from the reaction flask. This was effected by means of the rubber bag as shown in 
Fig. 1. By inflating the immersed rubber bag, it was possible to raise the liquid level 
to the top of the reaction flask and drive all the gas in the system into a gas buret. 
This gas mixture was then run repeatedly into alkaline pyrogallol until all the oxygen 
was absorbed. The remaining nitrogen was then rneasurcd in a gas buret, affording a 
measure of the extent of the oxidation of the hydrazine at the time when the gas was 
driven from the reaction flask. This time was carefully noted, making it possibl: 
t~ study the extent of the oxidation as a function of time. Since the nitrogen evolved 
is equal in volume to the oxygen consumed in the oxidation, the total volume of the gas 
evolved in the reaction is'a true measure of the extent of the decomposition of the hydro- 
gen peroxide. 

Results 

In this study the decomposition of the hydrogen peroxide and the con- 
comitant oxidation of the hydrazine were studied as functions of time. In 
each run a volume of 120 cc. of solution was used, containing one millimole 
of hydrazine sulfate, hydrogen peroxide sufficient to give on decomposition 
125 cc. of oxygen referred to standard conditions and the catalyst in quanti- 
ties as noted. All runs were carried out at a temperature of 25.0'. The 
results obtained were checked by duplication. The decomposition of 
hydrogen peroxide was followed with an accuracy of about 3'35, while the 
measurement of the rate of evolution of nitrogen was accurate to about 5%. 
These accuracies were sufficient to establish the relationships sought. 

I t  was found that neither the first- nor second-order type of reaction was 
completely fulfilled in these reactions but it was observed that toward the 
middle of the reaction, a first-order constant was closely approached. 
This is shown in Table I and was found true in the oxidation of the hydra- 

Cc. of 
Time in gas mixture 
minutes evolved ( a )  

00 
16 
25 
30 
36 
40 
46 
60 
75 

End 

K as mean of last four values. 2.88. 
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zine and also the decomposition of the hydrogen peroxide. Because of the 
space required the original data are not given in detail, but are summarized 
in tables and graphs thoughout the text. For both reactions it was found 
that when the extent of reaction was plotted against time the graphs ob- 
tained were of the same type for various catalyst concentrations, so it was 
quite feasible to employ the constants as obtained above as measures of the 
reaction velocity. These computations were made using the second as the 
unit of time. 

Copper Sulfate as a Catalyst.-The reactions under consideration were 
studied with various concentrations of copper sulfate and the results ob- 
tained are summarized in Table 11. They are also given graphically in 
Pig. 2. 

TABLE 11 
COPPER SULFATE AS A CATALYST 

Concn. of CuSOn, milli- 
moles.. . . . . . . . . . . . . . .  0.05 0.100 0.150 0 .20  0 .30  0.50 0 .70  1.00 

10 4K . .  . . . . . . . . . . . . . . . . .  .443 .865 1.59 2 .88  5.60 14.2 25.6 43.6 
... 104K'. . . . . . . . . . . . . . . . . .  .320 .71 ... 1.96 4.05 ... ... 

K ,  Reaction rate for decomposition of hydrogen peroxide. 
K', Reaction rate for oxidation of hydrazine. 

These results indicate that the mechanism of the oxidation of hydrazine 
is closely related to that of the decomposition of hydrogen peroxide since 
variations in catalyst concentration effect the same trends in both reactions. 

Scale No. 1. 
0  0.5 1 .0 1.5 

Scale No. 2. 

Fig. 2.-The oxidation of hydrazine by hydrogen peroxide 
catalyzed by cupric ions. 

The accompanying graph shows that at  concentrations of copper sulfate 
below 0.50 inillimole an increase in catalyst concentration produces an 
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increase in the rate of decomposition of the hydrogen peroxide, the slope of 
the curve increasing with increasing concentrations of copper sulfate. 
However, a t  higher concentrations the relationship is linear. This effect 
may be explained by the possibility that a compound may be formed be- 
tween the hydrazine sulfate and the copper salt, there being exactly 1.00 
millimole of the hydrazine salt present. I t  was not found practicable to 
carry the study of this effect into the oxidation of the hydrazine as the 
reaction velocity was so high at these catalyst concentrations that accurate 
readings were impossible. 

Ferric Sulfate as a Catalyst.-Ferric sulfate was studied as a catalyst 
in a manner similar to that employed with copper sulfate. In  this work, 
the milliatom, abbreviated as ma. and equal to one-half a millimole, was 
used as the unit of concentration. This was due to the fact that the active 
catalyst is assumed to be the ferric ion and not the ferric sulfate molecule. 
The results are summarized in Table I11 and Pig. 3. 

TABLE I11 
FERRIC SULFATE AS A CATALYST 

. . . . .  Concn. of Fe2(S04)3, milliatoms.. 0.20 0.40 0.50 0.70 1 .OO 1.50 2 .00  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  104K.. .39 .61 .74 .90 1.19 1.62 2 .4  

. .  . .  . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10*K1.. .20 .35 0 .52  0.78 

As in the case of copper sulfate, the reaction of oxidation follows closely 
that of the decomposition of the hydrogen peroxide, indicating that in this 
reaction, as in the one pre- 

2.0 ' I 

viously treated, the oxida- 
tion of the hydrazine is ef- 
fected through the decom- 
position of the hydrogen 
peroxide and must be ex- 
plained by the same mecha- 
nism established for this 
decomposition. The rela- 
tionship is shown clearly in 
Fig. 3. There are also indi- O &&. ,A *. 

0 0.5 1.0 1.5 cations of compound forma- 
Fig. 3.-The oxidation of hydrazine by hydrogen tion as were observed with peroxide catalyzed by ferric ions. 

copper sulfate except that 
the first part of the curve showed a constantly decreasing slope indicating 
that the effect tends to accelerate the reaction. This effect was observed 
for the decomposition of the hydrogen peroxide and for the oxidation of the 
hydrazine as well, offering excellent confirmation of the suggested parallel- 
ism between these two reactions. 

Cuprie Sulfate Used in Various Concentrations with 0.200 Ma. of 
Ferric Sulfate as Catalyst.-Far the purpose of detecting and studying 
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the phenomenon of promoter action, the study of the catalytic properties of 
mixtures of ferric and cupric sulfates was undertaken next. In these 
studies, the concentration of one of the catalysts was fixed while that of the 
other was varied. For the first group of runs i t  was found convenient to 
fix the ferric sulfate concentration a t  0.200 ma. and to vary the copper sul- 
fate concentration. The results obtained are given in Table IV and are 
graphed in Fig. 4. 

TABLE IV 

CUPRIC SULPATE USED IN VARIOUS CONCENTRATIONS ~ T H  0.200 MILLIATOM OF 

FERRIC SULPATE AS CATALYST 

Concentration of CuSOd, millimoles. . . . . . . . . . . . . . . .  0 .OO 0.05 0.10 0.15 0.20 
1 0 * ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .39 1.47 2.84 5.4 10.1 
104K' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .20 0.78 1.6 2 . 8  4.3 

It was found that the mixtures of catalysts studied showed a total effect 
much greater than additive. The quantitative expression of this promo- 
tion will be considered in a later portion of this paper. It is, however, 

immediately apparen t  t h a t  
these results differ from those 
of Robertson, who found that 

10 4 the greatest effect relative to 
the copper concentration was 
obtained with the smaller quan- 
tities of the copper salt while 
these results show that in the 
presence of hydrazine sulfate 
the promoter effect continues 
with increased concentrations 
of the copper salt. These rela- 
tionships are made more appar- 
ent in the quantitative discus- 
sion of the promoter action. 
The effect was observed both 

0 0.1 
O" for the decomposition of the 

Fig. 4.-The oxidation of hydrazine by hydro- 
gen peroxide catalyzed by 0.200 ma of ferric sul- hydrogen peroxide and for the 

fate  with various quantities of cupric sulfate. oxidation of the hydrazine. 
Ferric Sulfate Used in Vari- 

ous Concentrations with 0.100 Millimole of Cupric Sulfate a s  Catalyst.- 
Continuing the study of the catalytic activity of mixtures of ferric and 
cupric sulfates, the reaction velocities were determined for a group of runs 
in which the concentration of cupric sulfate was fixed and that of the ferric 
sulfate varied. The results are summarized in Table V and in Fig. 5 .  

As before, in this group of runs, a marked promotion was observed. 
However, as can be seen by comparison of Fig. 5 with Fig. 4, the effect of 
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TABLE v 
FERRIC SU~,I!ATE USED IN VARIOUS CONCENTRATIONS WITH 0.100 MILLIMOLE OF CUPRIC 

SULFATE AS CATALYST 

Concn. of Fe2(SOa)s in milliatoms . . . . . . . . 0.00 0.200 0.400 0.700 1.00 1.50 
I O ~ K . .  . .  . . .87 2 . 8  5.0 6 . 3  7.7 9.2 
l0*Kf.. . . . . . . . . . . . . . . . . . . . . . . . . . . .71 1.63 2.1 2.4 . . . . 

increasing the concentration of cupric sulfate was quite different from that  
observed when the concentration of ferric sulfate was the variable studied. 
In general i t  was observed in the study of mixtures of the two catalysts that  
when the concentration of one was varied, the reaction rate for both the 
decomposition of the hydrogen peroxide and for the oxidation of the 
hydrazine followed the general trends observed when that catalyst was 
used alone in varying concentrations. 

Fig. 5.-The oxidation of hydrazine by hydrogen per- 
oxide catalyzed by 0.100 millimole of copper sulfate with 
various quantities of ferric sulfate as noted. 

The Effect of Acidity.-The effect of the addition of v%rious quantities 
of sulfuric acid to the reaction system was studied with copper sulfate and 
ferric sulfate used individually and in combination as catalysts for the 
oxidation of hydrazine by hydrogen peroxide. 'I'he results obtained 
showed the effect on the reaction to parallel closely that on the decomposi- 
tion of the peroxide, offering still further evidence that these two reactions 
are dependent upon the formation of the same catalytic intermediates. 
An increase in acidity resulted in an inhibition of the two concomitant reac- 
tions quite similar to  that observed in the earlier studies of the catalytic 
decomposition of hydrogen peroxide by iron and copper salts. 
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A Quantitative Measure of Promoter Action.-Attention has been 
called in an earlier part of this paper to the fact what when the two cata- 
lysts ferric sulfate and cupric sulfate are used together, the resulting rate is 
greater than the sum of the rates obtained when the same catalysts are used 
separately. In order to obtain a mathematical evaluation of promotion, 
the following conventions are employed 

K t  = reaction rate for mixture of catalysts 

Kre = reaction rate for ferric sulfate a t  concentration noted 

Kc, = reaction rate for copper sulfate a t  concentration noted 

A = (Kt - Kfe) (0.200) = promotion factor for cupric sulfate 
(K,,) (Concn. ferric sulfate) 

- - (Kt - (O.lOO) = promotion factor for ferric sulfate 
(Kf,) (Concn. cupric sulfate) 

For the reaction of the decomposition of hydrogen peroxide, the symbols 
are used as above but for the oxidation of hydrazine, the letters are primed, 
as A' and B'. 

The promotion factor for cupric sulfate as defined by the above formula 
is the ratio of the increase in the rate of reaction effected by its addition to 
a reaction system already containing 0.200 milliatom of ferric sulfate, to 
the reaction velocity effected by its use as a catalyst in the absence of the 
ferric sulfate. Likewise, the promotion factor for ferric sulfate is the ratio 
of the increase in reaction velocity resulting from its addition to a reaction 
system already containing 0.100 millimole of copper sulfate, to the reaction 
velocity obtained by its use alone as a catalyst. Since the promotion factor 
of each catalyst is referred to a certain definite concentration of the other, 
this factor will change with variation in catalyst concentration. The last 
term in the numerator together with the last term in the denominator form 
an approximating correction term for the concentration of the reference 
catalyst. Since this correction term is only approximate, assuming a 
linear relationship, the true values for A and A' are reached only from the 
data obtained with the ferric sulfate concentration fixed a t  0.200 milliatom, 
when the correction term becomes unity and drops out of the computation. 
Likewise, the true values of B and B' are obtained only from the data 
obtained with the cupric sulfate concentration fixed a t  0.100 millimole. 

Promotion factors computed by the method just discussed from the data 
obtained in the studies of the catalytic effects of the mixed catalysts are 
given in Tables VI and VII. 

It is evident that the approximating factor introduced gives satisfactory 
results in the computation of B and B' but gives values deviating markedly 
from the true values in the computation of A and A' in Table VII. Al- 
though the true values of the promotion factors show slight trends, it is 
entirely practicable within the concentration limits studied to express these 
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relationships as constant. The averages of these values are A = 3 . 0 ;  

A' = 1.8; B = 5.5; B' = 4.5. 

Concn. of CuSOa in rnillimoles 
0.05 0.10 0.15 0.20 

A  2 . 5  2  8 3 . 1  3 . 4  
A t  1 . 8  2 . 0  1 .6+  2 . 1  
B 5 . 3  5 .1  6 . 5  9 . 4  
B' 4 . 6  4 .6  4 . 0  5 . 7  

TABLE VII 
PROMOTION FACTORS OBTAINED WITH 0.100 MILLIMOLE OF CUPRIC SULFATE WITH 

VARIOUS QUANTITIES OF FERRIC SULBATE AS NOTED 

Concn. of Fe2(SOl)s in rnilliatoms 
0.20 0.40 0.70 1.00 1.50 

A  2 . 8  2 . 5  1 .8  1 .5  1 . 2  
A t  2 . 0  1 .3  0 . 8  . . .  . . .  
B 4 . 9  6 . 7  5 .9  5 . 6  5 . 2  
B' 4 . 7  4 . 8  4 . 1  ... ... 

The Mechanism of the Oxidation.-It has been shown that hydrazine 
is oxidized by hydrogen peroxide in the presence of ferric sulfate or copper 
sulfate or mixtures of the two, and that all factors tending to affect the rate 
of decomposition of the hydrogen peroxide have a similar influence on the 
rate of oxidation of the hydrazine. This inter-relationship is so complete 
that there is no doubt that the oxidation is facilitated through the formation 
and decomposition of the same intermediates that have previously been 
shown to effect the decomposition of the hydrogen peroxide, namely, ferric 
and cupric acids. The qualitative facts cited above, however, do not give 
definite evidence as to whether the oxidation is due to reaction of the hy- 
drazine directly with these catalytic intermediates or with the oxygen 
released in the reaction of the hydrogen peroxide with the ferric and cupric 
acids. The hydrogen peroxide is in too dilute a solution to effect alone a 
measurable portion of the observed oxidation in the period of time involved. 
It seems probable that the oxidation is effected by both of the suggested 
possible means. Of the two catalytic intermediates, the ferric acid must be 
considered the stronger oxidizing agent because it will react with a cupric 
ion to form cupric acid. This is not conclusive evidence, however, that the 
oxidation velocity would be the greater, although it  is hoped by means of 
the promotion factors to show that this is the case. The phenomenon of 
promotion alone is strong evidence that the oxygen released in the reaction 
of the ferric or cupric acid with hydrogen peroxide plays a very marked role 
in the oxidation of the hydrazine, because a mixture of oxidizing agents 
such as ferric and cupric acids, except as they might react with each other, 
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would not show more than additive effects. The, hydrogen peroxide is 
present in such a relatively high concentration as would make reaction of a 
molecule of ferric acid with a molecule of cupric acid quite infrequent. 
Even if they did react, the oxygen liberated would probably be less potent 
than that liberated by the reaction of either cupric or ferric acid with hy- 
drogen peroxide because, as has been previously cited, hydrogen peroxide 
is capable of forming either cupric or ferric acid from a lower state of oxi- 
dation. The fact that the promotion factors for the decomposition of 
hydrogen peroxide are much larger is some indication that the oxidation is 
not entirely due to the oxygen evolved in the reaction of the hydrogen 
peroxide with the ferric or cupric acids but that these catalytic intermedi- 
ates may act directly as oxidizing agents, an increase in the rate of their 
decomposition rate resulting in a decrease in their oxidizing efficiency. 
It was 6bserved that the ratio of A to A' was much greater than the corre- 
sponding ratio of B to B'. @/A'  = 1.65 and BIB' = 1.22.) This is 
quite definite indication that the oxidizing power of ferric acid is greater 
than that of cupric acid. This relationship may perhaps be clarified by 
saying that the addition of ferric sulfate to a reaction system already con- 
taining a certain mixture of both catalysts produces a certain increase in 
the rate of decomposition of the hydrogen peroxide and also a delinite 
increase in the rate of oxidation of the hydrazine, and that the addition to 
the same original reaction system of enough cupric sulfate to effect the 
same increase in the rate of the decomposition of the hydrogen peroxide will 
result in a smaller increase in the rate of oxidation of the hydrazine than 
did the ferric sulfate. This may seem a t  variance with the fact that when 
the catalysts are used separately, the ratio of Kf, , /K, ,  = 0.73 from Table 
11, and from Table 111 the ratio K1f , /Kf ,  = 0.48. (These are average 
values.) However, this fact does not necessarily condition the behavior of 
these two catalysts when used together because, as has been suggested by 
Robertson, the ferric acid acts on the cupric ion to form cupric acid more 
rapidly than does hydrogen peroxide alone. 

Summary 

1. The oxidation of hydrazine by hydrogen peroxide catalyzed by ferric 
sulfate, cupric sulfate and various mixtures of the two has been studied and 
found to be comparatively free from side reactions. 

2. The effects of the variation of catalyst concentrations were studied 
for the individual catalysts and for various mixtures of the two. Attention 
was given both to the reaction of the decomposition of the hydrogen per- 
oxide and the oxidation of the hydrazine. When the catalysts were used 
separately, copper sulfate was found to be a much more effective catalyst 
than ferric sulfate for both reactions. 

3. The phenomenon of promoter action was found to enter into both 
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the decomposition of the hydrogen peroxide and the oxidation of the hy- 
drazine, and promotion factors were computed. 

4. The effect of acidity was studied and observed to be quite analogous 
to the inhibition noted in studies of the decomposition of hydrogen peroxide 
in the absence of hydrazine. 

5. The mechanism of the oxidation of the hydrazine is probably as 
follows. The hydrazine is oxidized both by the oxygen liberated in the 
reaction of the catalyst intermediate with the hydrogen peroxide and by 
that catalyst intermediate itself. When ferric and cupric sulfates are used 
together, producing both cupric and ferric acids, the ferric acid is more 
effective in the oxidation than is the cupric acid, the observed promotion 
in the oxidation reaction being almost wholly due to oxidation by the 
evolved oxygen which is liberated in an activated state. 

MADISON, WISCONSIN 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF IOWA STATE COLLEGE] 

REACTIONS IN LIQUID HYDROGEN SULFIDE. VIII. SPECIFIC 
CONDUCTANCE OF LIQUID HYDROGEN SULFIDE 

Introduction 
There is but little agreement in the published values for the specific 

conductance of liquid hydrogen sulfide. Steele, McIntosh and Archibald2 

reported it as being an extremely poor conductor and gave the value for 
the specific conductance as about 0.1 X 1!V6 at --81°. Magri3 found it 
"much less than 4 X lo-' at  - 60°." Quam and Wilkinson4 concluded 
from qualitative observations that it was much less than this, being less 
than 1 X 10-l1 reciprocal ohms. Borges~n,~ using a sensitive Wheatstone 
bridge set-up, obtained values varying from lop6 to lop8 a t  - 78.5O. 

In view of these varying results it was the purpose of this work to make a 
quantitative determination of the specific conductance of liquid hydrogen 
sulfide a t  - 77'. 

Experimental 

The liquid hydrogen sulfide was prepared in the apparatus described by 
Q ~ a m . ~  The conductivity cell was made from a wide test-tube with a 
stopper through which passed the glass tubes making mercury connections 

1 Assistant Professor of Physics a t  Iowa State College. 
* Steele, McIntosh and Archibald, Phil. Trans. Roy. Soc., 205A, 99 (1906). 
8 Magri, Atti Accad. Lincei, [5] 16, I ,  510 (1907). 

Quam and Wilkinson, THIS JOURNAL, 47,989 (1925). 
6 Borgeson, unpublished data from this Laboratory. 

Quam, THIS JOURNAL, 47,103 (1925). 
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with the platinum electrodes sealed into them. The electrodes were of 
sheet platinum (3.25 X 2 cm.) and these were held rigidly in place about a 
millimeter apart by fine glass rods set between them and sealed together 
a t  the ends. This arrangement permitted the easy removal of the elec- 
trodes from the cell for cleaning. They were cleaned with mixed acids, 
washed with water, platinized, washed with water, alcohol and ether and 
dried with warm air. A mark was made on the test-tube where the volume 
was 20 cc., about 1 cc. above the tops of the electrodes, and the cell was 
filled to this mark each time. 

The conductivity set-up included several dry cells as a source of elec- 
tromotive force, a DJArsonval galvanometer whose sensibility was 2.1 X 
10-lo amperes per millimeter deflection on the three meters distant galvan- 
ometer scale. The cell was connected in series with the dry cells, a key, 
the galvanometer and a 10,000-ohm resistance to protect the latter. 

The cell constant of the conductivity cell was determined a t  25' with 
a 0.02 N potassium chloride solution. Using Kohlrausch's value of 2.768 X 

for its specific conductance, six determinations gave a cell constant of 
2.19 X * 0.3%. The resistances were all measured a t  -78.5' using 
a bath of ether and solid carbon dioxide in a Dewar flask. 

RESISTANCE OF LIQUID HYDROGEN SULPIDE 
Voltage Deflectlon R X 10 8 Deflection R X 10-8 Deflectlon 

1 5  15 4 76 15 
1 52 16 4 53 
3 00 25 5 71 26 5 49 25 
4 5 36 
5 8 48 5 75 
6 0 49 5 83 47 
9 0 73 5 87 70 

11 8 96 (unsteady) 5 83 
12 0 Unsteady 
19 25 Rose slowly 
Av. value for R 5 33 X 108 5 49 X lo8 
Av. value for sp cond 4 11 X 10-il 3 99 X lo-" 

As would be expected, if polarization takes place, the resistance becomes 
greater a t  the higher voltages and this is shown by the data. Although 
there is a gradual increase as the voltage rises, beyond three volts this 
increase is much less and if an average of the values beyond that point 
is taken the resistance is 5.87 X los and the specific conductance for 
liquid hydrogen sulfide a t  - 78.5' is 3.78 X 10-ll. 

In one of the earliest runs it was observed that the resistances obtained 
were uniformly high and an examination of the cell showed crystals which 
were like those formed when water is present in liquid hydrogen sulfide 
a t  that low temperature. In order to find the effect of water on the re- 
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sistance of liquid hydrogen sulfide, three runs were made, in one of which 
a mere trace of water was added, in the second about 1% and in the third 
5%. Table I1 shows the results. 

TABLE 11 
EFFECT OF WATER ON THE RESISTANCE OF HYDROGEN SULFIDE 

Galvanometer readings 
Voltage Dry Trace Hz0 1% H10 5% Hz0 

1 5  15 12 11 8 
3 0 28 20 19 13 
6.0  49 34 33 25 
9 0 73 52 53 38 

Conclusions 
1. The specific conductance of liquid hydrogen sulfide determined a t  

- 78.5' is 3.7 X 10-l1 reciprocal ohms. 
2. The presence of even small amounts of water increases the resistance 

a great deal. 
AMES, IOWA 

~CONTR~BUTION FROM THE LABORATORY OF PHYSICAL CHEMISTRY OF THE UNIVERSITY 

OF UPSALA] 

THE STATE OF DISPERSION OF CELLULOSE IN 
CUPRAMMONIUM SOLVENT AS DETERMINED BY 

ULTRACENTRIFUGE METHODS 
BY ALPRED J. STAMM~ 

RECSIVED JANUARY 22, 1930 PUBLISHBD AUGUST 5, 1930 

Very little is known about the state of dispersion of cellulose in cellulose 
solvents because hitherto there have been lacking adequate methods for 
determining the particle size or the molecular weight of coarsely dispersed 
materials. The usual osmotic pressure methods for determining the 
molecular weight of solutes of high molecular weight are of little value here, 
because of the high electrolyte content of the solvents. Even in the case of 
cellulose derivatives in organic solvents, this method is questionable, be- 
cause the derivatives themselves cannot be sufficiently purified. 

The diffusion experiments of Herzog and Kriiger2 furnish the only avail- 
able information on the nature of cellulose dispersions in cellulose solvents. 
Applying Einstein's diffusion law these investigators have calculated the 
average particle size. Unfortunately, they did not carry their diffusion 
experiments to low enough concentrations to be sure that they were dealing 
with free diffusion, and their method of taking only a few samples for analy- 

1 Fellow of the Rockefeller Foundation. Chemist on leave from the U. S. Forest 
Products Laboratory, Madison, Wisconsin. 

(a) Herzog, Pulp and Paper Mag. Can., 24, 699 (1926); (b) Herzog and Kriiger, 
Kolloid-Z., 39, 250 (1926); (c) J. Phys. Chem., 33, 179 (1929). 
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sis was not adequate for definitely proving the constancy of their calculated 
diffusion constant, which is a criterion of a monodisperse system. Herzog 
and Kriiger's work, though of considerable interest, comes far from properly 
characterizing the cellulose solutions. 

It appeared to the author that the ultracentrifuge methods developed by 
Professor Svedberg in this Laboratory, and so successfulIy applied in the 
study of protein solutions, would furnish just the tool necessary for quan- 
titatively studying the nature of cellulose dispersions. It was with the 
hope of thus furthering the knowledge of cellulose solutions that this re- 
search was undertaken. 

The Ultracentrifuge 

Sedimentation Velocity Method.-In the study of the sedimentation velocity the 
oil turbine centrifuge capable of developing centrifugal forces from 8000 up t o  110,000 
times the force of gravity was used.3 The solution t o  be studied is placed in a 5" sector 
shaped cell 12 mm. thick with quartz windows on the two opposjte faces. This cell 
with its steel collar and appropriate fittings is clamped into a drilled slot in the disk- 
shaped rotor (15 cm. in diameter and 6 cm. thick) of the centrifuge in such a way that  
the cell windows are parallel t o  the faces of the rotor. The rotor case is provided with 
shutter windows so that the dispersed system in the cell can be illuminated and photo- 
graphed whiIe the centrifuge is in motion. Further details as to  the drive, balance and 
temperature control of the centrifuge, which are of extreme importance, can be found in 
detail in the other p~blications.~ 

The rate of settling of the dispersed material is followed photographically 
during the course of the centrifuging either by the old method of recording 
the changes in light absorption, or the new method, to be described more 
fully later, of following the changes of the index of refraction of the sedi- 
menting system. From the change of the position of the sedimentation 
boundary with time the specific sedimentation velocity of the settling 
material can be calculated according to the equation 

where w is the angular velocity of the centrifuge, x i s  the distance from the 
axis of rotation to the sedimentation boundary, and t is the time. The 
diffusion constant D can also be determined for a monodisperse material 
from the extent of spreading of the sedimentation boundary with time. 
From these two quantities, s and D, together with V, the partial specific 
volume of the sedimenting material, and p, the density of the solvent, the 
molecular weight of the sedimenting material can be calculated independ- 
ently of Stokes' law of settling, thus 

3 (a) Svedberg and Nichols, THIS JOURNAL, 49,2920 (1927) ; (b) Svedberg, Z. physik. 
Chem., 127, 51 (1927); (c) "Colloid Chemistry," The Chemical Catalog Co., Inc., 
New York, 1928, 2d ed., pp. 146-167. 
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where R is the gas constant and T the absolute temperature, by merely 
assuming the equality of the frictional forces that determine both s and D. 

Determination of Concentration Gradients in the Sedimenting Sys- 
tems.-The concentration gradients in the cellulose solutions cannot be 
determined by the ordinary light absorption method, which has been used in 
the study of all of the proteins, because cellulose, like other carbohydrates,4 
shows no light absorption even in the short wave length ultraviolet. 
For this reason a new method, developed by Ole Lamm 

Minutes. in this Laboratory, was used and found to be satisfac- 
130 170 

tory. Lamm's method5 consists in determining the 50- - - - 
changes in the concentration gradient by following the X' 1 - - 
changes in the index of refraction of the dispersed 1 1 - - 
system. This is done by photographing a small uni- 55= 1 - 

- - 
form transparent scale which is mounted in the centri- 1 - - 

- - 
fuge casing behind the cell. The light from the scale z - - - 
in passing through the cell is refracted differently in 1 1 - - 

- - 
passing through the different concentrations along the - - - - - - - - length of the sedimenting system. This differential 65- - - - - - - - 
bending of the light causes a distorted image of the - - - - - 

- - 
scale, as is indicated in Fig. 1. - - - - 

70- - - - 
The mathematics of the method are so completely - - - - - - - - developed by L a m 5  that no attempt will be made to - - - - - - - 

duplicate i t  here. The fundamental equation on which 75- 1 Z - - - - - 
the measurements are based - - - -  

dn dc 
Z = Gab-  = f- dx dx 

gives the relationship between the photographic scale Fig. l.-Diaqam- 
matic representation displacement Z and the rate of change of the index of of the photographs 

refraction n with changes in height, x. G is the photo- of the scale for a 
graphic enlargement, a the thickness of the sedimenting typical sedimenta- 
layer in the cell and b the optical distance between the tion velocity run on 
scale and the center of the cell. The photographic a '.lo% of 

cotton linters a-cellu- scale displacement Z is further proportional to the rate lose. 
of change of the concentration c with changes of the 
height x, when the refractive index is a linear function of the concentration. 

The scale used in this research had one hundred divisions 0.0201 cm. apart; a 
was in all cases 1.2 cm., b was either 10.2 or 12.4 cm. and for one run i t  was 25.2 em., 
G was 0.473 when b was 10.2 cm., 1 the optical distance between scale and the lens was 
302 cm. when b was 10.2 cm. 

The mercury vapor lamp used in the protein researches3 was used for illumination. 
The city current instead of the storage batteries was used as the source of current. as 
great constancy of the light intensityis not needed for this method, as i s  the case with 

Kwiecinski and Marchlewski, Bull. intern. acad. Polonaise, [A] 271 (1928). 
6 Lamm, 2. physik Chew., (a) 138,313 (1928); (b) 143, 177 (1929). 
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the light absorption method. The cuprammonium solution served as its own filter, 
the 435 mp wave length l i e  being the only intense wave length emitted from the lamp 
that was not absorbed by the cellulose solvent. 

The lens used was a Zeiss F112.5 lens with a 100-cm. focal length. Diaphragm 
stops F/44, F/61 and P/88 were used, PI44 when the concentration gradients were 
small, just a t  the start and at  the end of the runs and F/61 and F/88 for moderate and 
steep concentration gradients, respectively. In  many cases pictures were taken with 
all three stops, and only the sharpest were used for the measurements. Imperial Process 
plates, 9 X 12 cm., were used for the exposures; 36 exposures could be taken on each 
plate. The times of exposure used for the stops F/44, F/61 and F/88 were 7.5 sec., 15 
sec. and 30 sec., respectively. The plates were developed for two minutes in hydro- 
quinone-potassium metabisuliite hard developer. 

A micro comparator made in this Laboratory using a Johansson screw (Eskilstuna, 
Sweden) was used for measuring the displacement of the lines on the photographic 
plates. A Leitz No. 3 objective and a No. 2 ocular giving a magnification of 60 times 
were used for reading. The comparator drum could be read to 0.0001 em. and check 
settings could usually be made to 0.0002 cm. A careful examination of the screw 
showed it to be accurate to 0.0001 cm. 

Calculation of the Specific 
Sedimentation Velocity.-In 
Fig. 2 the photographic scale 

100 displacements Z in  thou- 
sandths of a mm. are plotted 
against the scale division num- 

80 bers for the enlarged repre- 
sentation of the photographic 

ci 
G 
o image shown in Pig. 1. That 

60 is, the rate of change of con- 
s A centration with height in the 8 .  sedimenting system is plotted 

40 against the height. The posi- 
tions of the maxima in these 
first derivative of concentra- 

20 tion curves correspond to the 
inflection points in the simple 
concentration curves obtained 

o by  t h e  l ight  absorpt ion 
I I ' I ' I I I I I ' I ' ' ' I I I I method, which, in turn, corre- 

80 76 72 68 64 60 56 52 48 sponds to the photographic 
Scale divisions. position of the sedimenting 

Fig. 2.-Photographic scale displacements for a 
typical sedimentation velocity run on a 0.10% boundary. The Ax values 

solution of cotton linters a-cellulose. from the curves, distances be- 
tween the maxima, or better, 

the vertical bisectors of the areas of the curves for two successive exposures 
taken At time apart, have to be corrected to the basis of actual cell distances 
by multiplying by the actual distance between scale divisions, 0.0201 cm., 
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and by the factor (1 - b)/Z to change from scale distances to distances in 
the cell. There is also a slight shift in x position due to the curvature of a 
light beam in passing through the solution. This curvature varies directly 
with the steepness of the concentration gradient a t  the point under con- 
sideration. The correction for the position of the sedimentation boundary 
is - AZm,,,/2G in the direction of increasing concentration when the sedi- 
mentation is calculated from a point at  half the height of the vertical bi- 
sector. The absolute corrected distance between the maxima on two 
successive exposures, AX,,,, is thus 

where Ax is in scale division units. The sign of the correction is plus as % 
decreases with increasing time. 

As the exact position on the scale corresponding to the position of the 
meniscus of the solution in the cell cannot be directly determined from the 
photographs, the distance from the center of rotation to the sedimenting 
boundary has to be determined in a roundabout way. From the average 
value of AX,,,,/At, and the time elapsed up to the first exposure, the 
position of the sedimenting boundary at zero time, which corresponds to the 
position of the meniscus of the solution, can be calculated. From exposures 
taken with the camera focused on the cell rather than on the scale, the 
exact height of the solution in the cell can be measured with the comparator. 
Knowing the distance from the center of rotation to the bottom of the cell, 
the distance from the center of rotation to the sedimenting boundary can 
be calculated. The specific sedimentation velocity can then be calculated 
using Equation 1. 

Calculation of the Diffusion Constant.-The diffusion constant can be 
calculated for a monodisperse system from the extent of spreading of the 
sedimentation boundary with changes in the time, that is, from the breadth 

. of the curves of Fig. 2. If there were no diffusion taking place a t  the sedi- 
mentation boundary the concentration gradient would be infinite right a t  
the boundary and zero to each side. The sedimentation curve would then 
be represented by a straight vertical line. 

Only the method of determining D from the curves will be given here. 
For the theoretical considerations and the development of the equations 
the reader is referred to Lamm's publication.5b Let 2 Ax1 represent the 
breadth of the curve a t  any height and 2Ax2 the breadth of the curve a t  
such a height that AX: = 2 AX:. Let CY represent the Z distance between 
the xl and the xz lines, and h the Z distance from the xz line to Z,,,. as 
indicated in Fig. 2. Then the diffusion constant 
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where t is the diffusion time. The value of determined from the curves 
must be corrected to absolute units and from the scale to the cell position 
as before by multiplying by 0.0201 and ( I  - b)/l .  

Materials Used.-Cuprammonium solution was chosen for the cellulose solvent as 
chemical studies have shown that it is the nearest approach to a true physical solvent 
of all of the cellulose solvents. Further it is of considerable importance because of the 
cuprammonium artificial silk industry, and because this is the chief solvent used for 
viscosity comparisons of different grades of celIulose. 

The cuprammonium solution was prepared by drawing carbon dioxide-free air 
slowly through a tall cylinder containing concentrated ammonia (sp. gr. 0.91) and strips 
of electrolytic copper foil for from six to eight hours. A large stock solution was pre- 
pared for all of this work, and kept in a tightly stoppered bottle in the dark. The cop- 
per concentration was determined by evaporation of 2-cc. portions, igniting and weighing 
as the oxide. The ammonia concentration was determined by titrating a diluted portion 
against 0.1 N hydrochloric acid using methyl orange as an indicator. The stock solu- 
tion contained 1.28% of copper and 22.0% of ammonia. 

All of the measurements reported in this paper were made on a cotton linters a- 
cellulose. The a-cellulose content was 99.6y0, the copper number 0.17 (Braidy method) 
and the ash 0.031%. 

A heavier lubricating oil, Vacuum Oil Co., Mobile B, was used as a seal over the 
surface of the cuprammonium solution in the centrifuge cell than was used in the pro- 
tein researches, as greater precautions against evaporation are necessary here on account 
of the high vapor pressure of the ammonia. Careful examination showed that no 
ammonia evaporated through the oil layer. 

Experimental 

The new index of refraction method of measuring the concentration 
gradients, and the accompanying method of calculating the specific sedi- 
mentation velocity and diffusion constant have been tested by making 
runs on a number of proteins by this method and by the old light absorption 
method by both I,amrnsb and the a ~ t h o r . ~  The agreement was found to 
be quite satisfactory. 

Specific Volume.-The partial specific volume of the pure cotton 
linters a-cellulose was determined pycnometrically a t  19.8'. Measure- 
ments were made at three different concentrations in two different solvents, 
as shown in Table I. 

PARTIAL SPECIFIC VOLUME OP COTTON LINTERS a-CELLULOSE IN CUPRAMMONIUM 

SOLVENT OF. DIFFERENT CONCENTRATIONS AT 19.8' 
Cellulose Solvent concn. 
concn., % CU, % NH+ % V 

0.568 1.28 22.0 0.645 
.764 0.83 16.2 .637 

1.029 1.28 22.0 .643 

The values for the specific volume are constant within experimental 
accuracy, which unfortunately is not as great as might be desired due to 

Svedberg and Stamm, THIS JOURNAL, 51, 2170 (1929). 
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the high vapor pressure of the solvent The results show, however, that 
the specific volume is not affected to any appreciable extent by the cellulose 
concentration or the concentration of the solvent. 

Preparation of Cellulose Solutions.-The cellulose solutions were made 
up in small glass-stoppered vials of 8-cc. total capacity by pipetting 5 cc. of 
the solvent into the vial, dropping in the weighed cellulose sample, and 
imme

di

ately stoppering, then gently rotating until the cellulose was dis- 
solved. By this method the sample was not prepared entirely free from 
oxygen, so for comparison a few samples were made up by first warming the 
solvent to 60' in the vial, opening for one-half minute for the air to be 
displaced by the ammonia, which has a vapor pressure of 2.5 atrn. a t  this 
temperature, then dropping in the weighed cellulose sample, stoppering 
and holding a t  the elevated temperature for fifteen minutes. After stand- 
ing at  room temperature for the length of time in

di

cated, a sample was 
quickly pipetted into the centrifuge cell and sealed with a layer of lubricat- 
ing oil. 

Colloidal Nature of Solvent.-A run was made on the pure cupram- 
monium solvent to determine if it contained any sedimentable material. 
The results showed the presence of some polydisperse material, which is 
most likely colloidal copper hydroxide.' The sedimentation velocity 
ranged from 5 X 10-l2 cm./sec. per cm./sec.= to 10 to 100 times this value. 
The particles thus range in size from 6.5 rnp in diameter to more than 
20.0 mp, using Stokes' law f?r the calculations and taking the density of 
copper hydroxide as 3.37. Unfortunately the percentage of the total 
copper concentration that is colloidally dispersed cannot be determined 
definitely without knowledge of the relationship existing between the sol 
concentration and the refractive index. I t  is very likely less than 10yo of 
the total copper concentration, however. 

The sedimentation velocity of this colloidal copper hydroxide is fortu- 
nately 10 to 100 times greater than that of the cellulose so its presence does 
not interfere with the work of the present investigation. It is merely 
necessary to avoid making measurements near the bottom of the cell 
where this material becomes concentrated. 

Sedimentation Velocity Results 

Table I1 gives the results of a typical sedimentation velocity run made 
on a O.lOyo cellulose solution. The data for the first three exposures are 
given in Fig. 1, and the diagrammatic representation thereof in Fig. 2. 
The table shows not only a constant value for the sedimentation velocity 
but also for the diffusion constant, indicating that the material under 
investigation is monodisperse. This is further indicated by the general 
symmetry of the curves of Fig. 2. The slight deviation from symmetry 

Bhatnagar, Goyle and Prasad, Kolloid-Z., 44, 79 (1928). 
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a t  the extreme left, which is caused by a slight displacement near the rnenis- 
cus of the solution, indicates the presence of relatively small amounts of a 
material of a much finer state of dispersion. This effect was in all cases 
very small for the runs made on pure cotton linters a-cellulose. 

RESULTS OF A TYPICAL SEDIMENTATION VELOCITY RUN MADE UPON A 0.10% SOLUTION 

OP COTTON LINTGRS (u-CELLULOSE 
Copper concn. of solvent, 0.64%; NH, concn. of solvent, 22.0%; V = 0.642 ; p = 

0.9356; rel. visc. of solvent, 1.365; age of solution a t  time of starting run, 0.5 hr.; 
length of column of solution, 1.16 cm.; thickness of column, 1.20 cm.; average speed, 
44,900 r. p. m.; time interval between exposures, 40 min.; average temperature, 20.7". 

Sedimentation 

A X ,  AZrnslr. -- 
scale 2G ' AXcorr., X mean, szo cm./sec. per 
div. cm. cm. cm. w'J X 10-7 cm./sec. X 10's 

5.7 0.0038 0.1136 4.91 2.22 4.29 
5 .5  ,0029 .I088 5.01 2.21 4.03 
6.0 .0015 .I174 5.12 2.20 4.28 - 

Av. 4.20 

Diffusion 
Time, 

sec. 

5,160 
5,160 
7,560 
7,560 
9,960 
9,960 

12,360 

23x2, scale 
div. 

7.7 
6.4 
8.5 
7.2 

11.2 
9.0 

11.5 

h,  
cm. X 103 

6.35 
5.10 
3.40 
2.65 
2.75 
2.00 
1.40 

a, 
cm. X 103 

2.30 
2.45 
1.60 
1.50 
1.05 
1.05 
0.60 

Dzo, cm. Z/sec. 
x 107 

2.58 
2.48 
2.88 
2.75 
2.98 
2.87 
2.89 

Av. 2.77 

Table I11 gives a summary of all of the sedimentation velocity runs. 
Part A shows the effect of varying the concentration of the solvent. For 
the purpose of comparison both the specific sedimentation velocity and the 
diffusion constant have been corrected to the basis of sedimentation and 
diffusion in the most concentrated solvent. The specific sedimentation 
velocity depends inversely upon the viscosity of the solvent, and directly 
upon the difference in density between that of the particle and of the sol- 
vent, and the diffusion depends inversely upon the viscosity of the solvent. 
The results show that the specific sedimentation velocity is practically 
independent of the copper and of the ammonia concentration over the range 
tested. The diffusion constant is also unaffected by the changes in copper 
concentration, but it is affected by appreciable reductions in the ammonia 
concentration. This latter may be due to an increased gel tendency. 

Part B of Table I11 gives the effect of varying the cellulose concentration 
for solutions one-half and sixteen hours old, respectively. In each case 
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TABLE 111 
SUMMARY OF RUNS MADE ON COTTON LINTERS ~-CELLUI,OSE 

A. Effect of Varying the Solvent Concentration, Cellulose Concn. 0.10%. Age of 
Solutions at Time of Starting Runs, 0.5 hr. 

Density Rel. visc. ~ 2 0 ,  em /sec. 0 2 0  Basis of concn. Solvent 
Solvent Concn. of of Av. per cm /.;ec. cm 2/sec. sm Dzo 

No. Cu, % NHs, % solvent solvent r. p. m. X 10'3 X 10' X 1 0 ' 3  X 1 0 7  

B. Effect of Varying the Cellulose Concentration and the Age of the Solution. Solvent 
Concn., 1.28% Cu, 22.0% NH3 

Cellulose Age of soln , Av. 
No. concn., % hours r. p. m. 

1 0.50 0.5 41,900 
2 .20 0.5 44,800 
3 .10 0.5 43,400 
4 .10 0.5 36,000 
5 .05 0.5 45,000 
6 .025 0.5 42,800 
7 .50 16.0 42,800 
8 .50 16.0 42,900 
9 .20 16.0 43,100 

10 .12 16.0 43,100 
11 .10 16.0 43,200 
12 .07 16.0 43,100 
13 .05 16.0 43,100 
14 ,025 16.0 43,200 
15 .10 7 days 45,100 
16 .10 0.5 45,200 
17 .10 16.0 43,000 
18 .10 0.5 43,000 

" Heated to 60'. Added 0.10% glucose. 

sza, cm./sec. per cm / 
sec.2 X 1 0 ' 8  

2.31 
3.72 
4.18 
4.29 
4 38 
4.32 
2 56 
2.47 
3.41 
3.99 
3.95 
4.18 
3 92 
3.65 
4.28 
4.26 
4.24 
4.43 

the specific sedimentation velocities increase slightly with a decrease in 
concentration in a linear manner as is indicated in Fig. 3. The deviation 
between the two lines is practically within the range of experimental error. 
The diffusion constants, on the other hand, increase a t  a greater rate with a 
decrease in concentration, and the values from the fresh solutions are 
considerably smaller than for the solutions sixteen hours old. 

This slight increase in the sedimentation velocity and a relatively large 
increase in the diffusion constant with a decrease in concentration has also 
been obtained by Svedberg and Chirnoagas for the protein, hemocyanin 
from Helix pomatia. The protein has a molecular weight of 5,000,000. 
The molecules are approximately spherical with a diameter of about 24 mp. 
The diffusion constant for a 3% solution of this protein is approximately 

Svedberg and Chirnoaga, THIS JOURNAL, 50, 1407 (1928). 
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one-third of its value for an infinitesimal concentration. The calculated 
average distance between the surface of adjacent molecules in the 3% solu- 
tion is only about one and a half times the molecular diameter. The prox- 
imity of the molecuIes to each other for this concentration is very likely 
the cause of the low diffusion constant, the intermolecular action appreciably 
hindering free diiusion. 

In the case of the 0.5% cellulose solutions the diffusion constant differs 
from the value for free diffusion by a still greater amount than in the case 
of the 3% solution of the hernocyanin, thus indicating that the inter- 
molecular action must be still greater. The concentration effect in this 
case is very likely due to the rod shape of the molecules rather than their 
mass. From measurements of the width of the x-ray diffraction bands, 

Cellulose concn., yo. 
6, Solutions 0.5 hour old; 0, solutions 16 hours old. 

Fig. 3.-Variation of the specific sedimentation velocity and 
of the diffusion constant with cellulose concentration. 

Mark and Meyer
g 

have estimated the length of the cellulose molecule or 
micelle in the solid crystal lattice to be 50 mp. If the molecules in solution 
are of this same order of length, the marked decrease in the diffusion con- 
stant can well be accounted for on the basis of the intermolecular forces 
which come into play when any part of one molecule comes within the range 
of action of another. Sedimentation, on the other hand, involves directed 
motion and should be affected far less by concentration changes, as is the 
case. 

Degradation of Solutions by the Oxygen of the Air.-The increase of 
the diffusion constant with an increase of the age of the solution (see Table 
IIIB) is worthy of a closer examination. Is the effect due to the in- 
herent aging of the solution or to a chemical change caused by the slight 
amount of oxygen present? The following viscosity measurements (see 
Table IV) give some insight into this matter. A solution was prepared 

Mark and Meyer, 2. physik. Chem., 2B, 115 (1929). 
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containing 0.050 g. of cellulose in 50 cc. of cuprammonium solvent (1.28% 
Cu and 22.0% NHs). Portions of 5 cc. each were quickly pipetted into the 
8-cc. vials. The vials were immediately stoppered and allowed to stand 
for various lengths of time at  room temperature (approximately 18"). 
Sample 6 was opened to the air for two hours the day before the deter- 
minations were made. Sample 7 was kept in the big bottle in contact with 
a large volume of air. Samples 8 and 9 were prepared by the previously 
mentioned technique for exclusion of oxygen of the air. The viscosity 
determinations were made in a 53-second Ostwald viscosimeter at  19.8". 
The table shows that exclusion of the oxygen of the air prevents a change in 
the viscosity of the solution with time. The small amount of air ordinarily 
present in the vials, where no precautions for its exclusion were taken, 
shows a definite effect upon the viscosity. The presence of oxygen causes 
a decrease in the viscosity of the solution with time. Presumably when 
the oxygen is used up the viscosity remains constant. Allowing more 
oxygen to enter the vial, however, causes a further reduction in viscosity. 
Sedimentation velocity measurements (Nos. 16 and 17, Table IIIB) further 
show that exclusion of the oxygen of the air also prevents a change of the 
sedimentation velocity and of the diffusion constant with time. The pre- 
viously observed change, therefore, must be due to the effect of the oxygen 
of the air on the solution and not to any inherent aging of the solution. 

EFFECT OF THE AGE OF O.lOOJo CELLULOSE SOLUTIONS IN CUPRAMMONIUM SOLVENT 

(1.280J0 CU, 22.0% ',I&) ON THE VISCOSITY OP THE SOLUTION 
Age of Viscosity 
soln., relat~ve to Hz0 at 

No. hours 19.8" Remarks 

... 1.39 Of solvent 
1 1 .5  2.12 Access to 0 2  in vial 
2 18.5 1.95 Access to O2 in vial 
3 43.0 1.94 Access to 0 2  in vial 
4 121.0 1.91 Access to O2 in vial 
5 309.0 1.91 Access to 0 2  in vial 
6 309.0 1.66 Opened to air for 2 hrs. 
7 309.0 1.58 Access to large volume of 0 2  

8 0 . 5  2.13 O2 free 
9 16.0 2.14 O2 free 

A run was made on a solution twenty-two days old that had been kept 
in a big bottle with a large volume of air to act on the sample. The solution 
was so completely decomposed that with the highest centrifugal force 
obtainable no maximum in the Z displacement could be obtained though a 
Z displacement near the meniscus was quite evident. This shows that  
the dispersion of the degraded cellulose was so fine that it could not be 
studied with the centrifugal forces available, but part of it a t  least was 
still much coarser than the simple glucose units. 
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From the results of the above run, where the large volume of air present 
caused a breaking down of the cellulose particles, it seems quite probable 
that a similar effect has resulted in the case of the sixteen-hour old solu- 
tions only to a much smaller extent. The degradation has made itself 
noticeable to a very slight extent in the case of the sedimentation velocity, 
but quite appreciably in the case of the diffusion constant. Such a slight 
decrease in the sedimentation velocity and a more appreciable increase in 
the diffusion constant can be caused by the presence of small percentages 
of a material of a somewhat finer state of dispersion. The fact that the 
diffusion constant does not increase from exposure to exposure in a single 
run, however, indicates that the material cannot be appreciably hetero- 
disperse. 

A run was made on a O.lOaJo cellulose solution to which 0.10% glucose 
had been added (see Table IIIB). The sedimentation velocity was normal, 
but the diffusion constant was quite low. The viscosity of the solvent was 
increased by only a fraction of a per cent. by the addition of the glucose, 
so this cannot account for the reduction of the diffusion constant. The 
viscosity of the solution, however, was considerably higher than that of a 
0.10% cellulose solution without the glucose present (2.49 rel. visc. instead 
of 2.12). The decreased diffusion constant must then be due to an in- 
creased gel tendency caused by the presence of the glucose. 

Molecular Weight of the Dispersed Cellulose.-From an extrapola- 
tion of the curves of Fig. 3 for the change of the sedimentation velocity 
and of the diffusion constant with concentration, the ideal sedimentation 
velocity and diffusion constant for an infinitesimal concentration can be 
obtained. For the undegraded solutions szo = 4.6 * 0.2 X 10-l3 and 
Dzo = 5.4 * 0.5 X lo-'. Using the average value of V = 0.642 and p = 

0.947, then according to Squation 2, M = 53,000 * 7000. 
The above value for the molecular weight is, of course, the molecular 

weight of the cellulose cuprammonium complex, whether it is a definite 
stoichiometric combination of 1 Cu: 1C6HloO~ according to Hess1° or whether 
the copper complex is merely absorbed according to Bauer.ll In the case 
of the stoichiometric combination, the copper content would be 28.0%. 
From Bauer's adsorption isotherm X / m  = 0.386 g. of copper per g. of 
cellulose for the solvent containing 1.28y0 copper and X / m  = 0.260 g., 
for the solvent containing 0.32% copper. The ratio of the molecular 
weights in the two solvents would be 1.10, and the ratio of the sedimenta- 
tion velocities 1.065, as sl /a = (M~/M~)"/". The experimental ratio is 
1.04. The deviation is well within the range of experimental error. In 
the case of the solvent containing l.28yO copper, the complex contains 

lo Hess, Ann., 435, 1-144 (1923); Z.  angew Chem., 37, 993 (1924); Kolloid-Z., 
36, 260 (1925). 

Bauer, Kolloid-Z., 36, 257 (1925). 
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27.8y0 copper, which is practically the same as Hess's value for a stoichio- 
metric combination. On either basis, then, the molecular weight of the 
uncombined cellulose would be 38,000 * 5000.12 The dispersed cellulose 
particles must then be made up of from 200 to 260 of the simple CsHloOs 
units. 

It is of interest to compare the molecular weight of the cellulose-copper 
complex with that calculated from Herzog and Kriiger's diffusion results 
for cuprammonium solutions.2b Applying Einstein's diffusion equation 

the average radius of the cellulose particle is found to be 5.0 X cm. 
Using the expression for the molecular weight 

where r is the radius of the particle, p,, the density of the particle, and N, 
Avogadro's number, M is found to be 495,000, which is just about ten 
times the value reported in this paper. The discrepancy seems to be due 
to the fact that Herzog and Kriiger did not extend their diffusion measure- 
ments to sufficiently low concentrations to get entirely free diffusion. 
Their investigation also involves the assumption that the particles are 
spherical, which is most likely far from the truth. 

Sedimentation Equilibrium Method.-Two runs were made on the 
cellulose solutions using the sedimentation equilibrium method so as to 
determine the molecular weight of the dispersed cellulose independently of 
measuring the sedimentation velocity and the diffusion constant. With 
this method a centrifugal force of only sufficient magnitude is applied 
to give a readily measurable constant concentration gradient after a 
reasonable duration of time that represents the attainment of equilibrium 
between the backward diffusion of the dispersed material and the outward 
sedimentation. The molecular weight is given by the relat i~n '~*~'  

where s and c2 are the concentrations at the distances xl and x2 from the 
center of rotation, and the other symbols have the same significance as 
previously. The index of refraction method, however, does not give the 
concentrations directly, but rather a function which is proportional to the 
rate of change of concentration with height. A mathematical analysis 
by Lamm has shown the following relationship to be valid 

12 Mark and Meyer, 2. physik. Chem., [Abt. B] 2, 115-45 (1929). These in- 
vestigators have determined the approximate molecular weight of cellulose in the fiber 
form from the width of the x-ray diffraction lines obtained in their crystallographic 
studies. M = lo5 to 10B. This is in fair agreement with the above results. 

l3 (a) Svedberg and F5hraeus, THIS JOURNAC, 48, 430 (1926); (b) Svedberg and 
Nichols, ibid., 48, 3081 (1926). 
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Applying this relationship in Equation 8 for the concentration ratio, the 
molecular weight can be readily calculated by merely measuring the Z 
displacements for two different heights in the equilibrium system. The x 
values have to be corrected, as previously described, for the slight bending 
of a light beam in passing through the solution AZlG, and for the change 
from scale distances to cell distances (1 - b ) / l .  

The measurements were made in the new low speed centrifuge (2000 to 
12,000 r. p. m.) driven by a Siemens-Schuckert motor generator set. The 
centrifuge is completely described in a recent publication from this Labora- 
tory.14 The scale was mounted in an adjustable tubular holder placed 
between the prism and the shutter. A horizontal reference cross hair was 
mounted across the outside face of one of the cell windows. From the 
shadow cast by this line on the photographic image of the scale, and from 
its actual position with respect to the bottom of the cell, the point in the 
cell corresponding to any of the scale divisions can be definitely determined. 

A preliminary run was first made with only the cuprammonium solvent 
in the solution cell and in the standard cell. The scale divisions became 
quite regular after several hours, except near the bottom of the cell. This 
shows that the colloidal copper hydroxide is completely removed even at  
this lower speed. The exact distance from one of the lines that was super- 
imposed on the standard cell image to each of the scale division lines, that 
were superimposed on the solution cell image, was determined. Runs 
were then made with the cellulose solution in the solution cell. The exact 
distance of each of the lines from the same reference line was again de- 
termined, and the Z values were calculated from the differences. This 
method of determining the Z displacements proved to be far more accurate 
than that used in the first part of this research. 

The results of one of the equilibrium runs made on a 0.50% cellulose solu- 
tion are given in Table V. The molecular weight values obtained a t  the 
different heights are quite uniform, again showing that the cellulose is mono- 
disperse. This run required one hundred and sixty hours for the system 
to come to equilibrium. The time is considerably greater than that re- 
quired in the study of any of the  protein^.^'*^^ This is due to the high 
viscosity or gelation of the solution, which manifested itself in the sedi- 
mentation velocity study by giving abnormally low diffusion constants in 
solutions of this concentration. 

A run made on a 0.20% cellulose solution took less than seventy-two 
hours to come to equilibrium. This run was made a t  a speed of 8350 
r. p, m., and gave an average molecular weight of 54,400. 

These results are in very good agreement with those obtained in the sedi- 

l4 Svedberg and Sjogren. THIS JOURNAL, 51, 3594 (1929). 
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~ S V L T S  02 A TYPICAL EQUILIBRIUM RUN ON COTTON LINTERS ~-CELL~LOSE 
Concentration, 0.50% cellulose; solvent, 1.28% Cu and 22.0% NH,; V = 0.642; 

p = 0.947; length of column of solution, 0.63 cm.; thickness of column, 0.4 cm.; dis- 
tance of outer end of solution from axis of rotation, 5.95 cm.; distance from scale to 
center of cell, 20.0 cm.; distance between scale divisions, 0.0257 cm.; optical distance 
between scale and photographic lens, 227.0 cm.; time of exposure, 1 min.; time of 
centrifuging, 190 hrs. ; average speed, 7750r. p. m. 

Distance from 
center of Photographic scale, Ratio of 

rotatign, cm. displacement in cm. concns., 
xs X1 za 2 1  cz/c1 Mol. wt. 

5.35 5.30 0.00685 0.00573 1.185 58,400 
5.40 5.35 .00820 .00685 1.187 58,200 
5.45 5.40 ,00983 .00820 1.188 58,100 
5.50 5.45 .01185 .00983 1.194 59,600 
5.55 5.50 .01435 .01185 1.199 60,200 
5.60 5.55 .01730 .01435 1.194 58,400 
5.65 5.60 .02080 .01730 1.192 57,200 - 

Mean 58,600 

mentation velocity study, and the two taken together quite definitely 
characterize the nature of the dispersion of pure cellulose in cuprammonium 
solvent. 

Note on Viscose Solutions.-The author was anxious t o  compare 
cellulose dissolved in other solvents with the above results, but time was 
available for only one such run. This was made on a 0.26% viscose solu- 
tion in 2.2% sodium hydroxide. The viscose was prepared from the above 
cotton linters a-cellulose. The relative viscosity of the solution was 2.17. 
The curves were symmetrical with but one maximum, thus indicating that  
the system is monodisperse. The sedimentation velocity, ~ 2 0  = 2.8 X 
10-l3 cm./sec. per cm./~ec.~ and the diffusion constant, D2o = 0.71 X lo-' 
~m.~/sec .  Converted to a basis of sedimentation and diffusion in a solvent 
with the same density and viscosity as the cuprammonium solvent, s20 = 

3.3 X 10-l3 and Dzo = 0.73 X This sedimentation value is very 
similar to that for cellulose in the cuprammonium solvent a t  the same 
concentration. The diffusion is also of the same order of magnitude as 
that for the cuprammonium solvent. The molecular weight of the cellulose 
xanthogenate in the viscose solution must then be very similar to the value 
given above for the cellulose solutions. 

The author wishes to express his sincere thanks to Professor The Sved- 
berg for the use of the ultracentrifuge equipment of this Laboratory, and 
for the help which he always freely gave toward the carrying out of this 
research. The author also wishes to thank Mr. Ole Lamm, of this Labora- 
tory, for allowing him to use the newly developed method for determining 
the concentration gradients, and for the help which he gave in applying 
this method. 
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Summary 
1. The nature of the dispersion of pure cotton linters a-cellulose in 

cuprammonium solvent was studied with the aid of the ultracentrifuge. 
2. The cellulose is monodisperse and has a molecular weight of 55,000 .t: 

7000. On a copper-free basis it is 40,000 .t 5000. The particles must 
be made up of from 200 to 260 of the simple CeHloOs units. 

3. The specific sedimentation velocity of the dispersed cellulose in- 
creases slightly with a decrease in concentration while the diffusion con- 
stant increases quite appreciably. This is explained on the basis of the 
gelation of the system. 

4. Oxygen of the air is shown to cause a degradation of the solution by 
decreasing the particle size. 

5. The cuprammonium solvent is shown to contain some colloidally 
dispersed particles. Their sedimentation velocity ranges from ten to 
several hundred times that of the cellulose particles. Their size ranges 
from 6.5 m p  in diameter to more than 20.0 mp. 

6. A single run made on a viscose solution indicates that cellulose xan- 
thogenate dissolved in a dilute alkali solution has approximately the same 
molecular weight as the above cellulose. 

FOREST PRODUCTS LABORATORY 

MADISON, WISCONSIN 

[CONTRIBUTION PROM THE LABORATORY OR PHYSICAL CHEMISTRY OF THE UNIVERSITY OP 
UPSALA] 

DIFFERENCES BETWEEN THE STATE OF DISPERSION OF 
ISOLATED WOOD CELLULOSE AND COTTON CELLULOSE IN 

CUPRAMMONIUM SOLVENT 

All of the available chemical evidence indicates that there is a definite 
difference between isolated wood cellulose (Cross and Bevan cellulose) 
and cotton cellulose. The presence of mannan and pentosans in the wood 
cellulose has been shown in many cases, but it has never been found possible 
to  remove these impurities completely. Because of this fact, it  has not 
been possible to determine definitely from chemical evidence whether the 
hypothetically pure wood cellulose differs from pure cotton cellulose. X- 
ray studies on the other hand show that wood cellulose and cotton cellulose 
give the same interference bands and the same axial  ratio^,^ thus indicating 
that the fundamental building units are identical. Although this evidence 
indicates that the hypothetically pure wood cellulose and the pure cotton 

Fellow of the Rockefeller Foundation. Chemist on leave from the U. S. Forest 
Products Laboratory, Madison, Wisconsin. 

Herzog and Jancke, 2. Physik, 3, 196 (1920). 



cellulose are identical, it does not exclude either the possibility of difference 
in the degree of association of the fundamental building units or the further 
possibility of difference in the manner in which these units are put together. 
The facts should be made evident from a quantitative study of the degree 
of dispersion of the celluloses dissolved in a cellulose solvent. 

m e  ultracentrifuge technique, developed and applied to the study of 
pure cotton linters a-cellulose in the previous re~earch,~ was also used for the 
study of several different wood celluloses as well as other cotton celluloses. 

Materials Used.-The solvent used for all of the measurements was 
the previous stock cuprammonium solution (1.28% Cu and 22.0% NH3). 
Three dierent  forms of cotton cellulose and four of wood cellulose were 
used. The cotton linters a-cellulose was the same as that studied in the 
previous research. The a-cellulose content was 99.6y0, the copper number 
0.17 (Braidy method) and the ash content 0.031%. The absorbent cotton 
was a long staple, extracted, non-medicated cotton with an a-cellulose 
content of 99.2y0. The filter paper was a high-grade paper made from 
cotton linters stock that had not been subjected to acid treatment. The 
a-cellulose content was 97.2%. The aspen cellulose obtained from the 
wood by the Cross and Bevan method had an a-cellulose content of 71.2y0. 
The white spruce cellulose was obtaiied by the same method. Unfortu- 
nately the sample was not sufficiently large for an a-cellulose determination 
to be made. The a-cellulose from spruce sulfite pulp was prepared by the 
Stora Kopparbergs Bergslags Aktiebolag in Palun, Sweden. The a-  
cellulose content was 96.1y0, copper number 0.98 (Braidy method), and 
ash content 0.08y0. The bleached sulfite pulp was an ordinary spruce 

pulp. The a-cellulose content was 81.4%. 
Cotton Cellulose.-Table I gives a comparison of the specific sedi- 

mentation velocities and the diffusion constants obtained from runs made 

TABLE I 
SUMMARY OF RESULTS ON O.lOyo SOLUTIONS OP DIFFERENT CELLULOSES DISSOLVED 

IN CUPRAMMONIUM SOLVENT (1.28% Cu AND 22.0% NH,) SOLUTIONS ONE-HALF 
HOUR OLD 

Rel. Constit- Constit- Approx. Constituents 
a-Cellu- vtsc. uent A uent B propor- of still 

lose, Cu of szo 0 2 0  s20 0 2 0  tion of finer 
Material % no. soln. X 10'3 X 107 X 1013 X 107 A and B dispersion 

Cotton linters a-cellulose 99 6 0 17 2 .12 4 18 2 .68 . . . . . . . . Very sl. 
4 29 2 79 . . . . . . . . 

Absorbent cotton 99 2 . . 2 09 4.28 2 64 . . . . . . . . Somewhat more 
Cotton linters filter paper 97 2 . . 1.83 3 94 2 .83 small amount . . Still more 
Cross and Bevan aspen 71.2 . . 1.98 4 28 2 70 2 .73 3 .53 2A: 1B Considerable of 

wood cellulose about '/s normal 
mol. wt. and finer 

Cross and Bevan white 
spruce cellulose . .  . .  .. 4.05 2 8 0  2.79 3 8 7  2B:lA Same 

Snlfite pulp a-cellulose 96 1 0 .98  1 97 4 10 2 84 2 74 3 38 2A:lB Same 
Bleached sulfite pulp 81.4 . . 1.80 4.28 2 .72  2.73 3.67 3B:lA Same - 

a Stamm, THIS JOURNAL, 52, 3047 (1930). 
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a t  a concentration of 0-100& on the three different cotton celluloses, The 
results show that practically the same conditions of dispersion must exist 
for each of the three celluloses. The Z displacement curves for the ab- 
sorbent cotton are almost identical with those for the cotton linters or- 

cellulose given in Fig. 2 of the previous paper, except that the deviation 
from symmetry at  the extreme left is somewhat greater. This indicates 
the presence of a little more material of a much finer state of dispersion. 
The curves for the cotton linters filter paper show the presence of still 
more of this material of relatively fine dispersion, together with a small 
amount of materials of perhaps only half of the molecular weight of the 
major part. Though the amount of this latter material present is not 
enough to cause a definite break in the curves, as will be shown to be the 

r- 

84 80 76 72 68 64 60 56 52 48 
Scale divisions. 

Fig. 1.-Photographic scale displacements for a run on Cross 
and Bevan aspen cellulose. 

case with the wood celluloses, still it  is present in sufficient quantities to 
give a slight decrease in the average sedimentation velocity and a corre- 
sponding increase in the calculated diffusion constant. This increase in 
the calculated diffusion constant is caused by a slight spreading of the sedi- 
mentation boundaries of the two constituents.* The results indicate that 
the three cotton celluloses are practically monodisperse with only relatively 
small amounts of material of finer dispersion present. The amount of this 
material of relatively fine dispersion present seems to decrease with an 
increase in the a-cellulose content. 

Wood Cellulose.-Figure 1 gives the results for the Cross and Bevan 
aspen cellulose. The curves are quite different from those for cotton cellu- 
lose (Fig. 2 of previous paper). Instead of being symmetrical with but one 
maximum, the curves are decidedly unsymmetrical and show at  least three 
maxima. The right-hand maxima correspond very closely to the positions 

Svedberg and Stamm, 'J?HIS JOURNAL, 51, 2170 (1929). 
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of the sedimenting boundaries of the niolecular species found to be present 
in the cotton celluloses, as is shown by the sedimentation velocity values 
calculated from these maxima (see constituent A, Table 11). Further, 
if the diffusion is calculated from the sections of the curves to the right of 
these maxima, values comparable with the diffusion values for cotton 
cellulose are obtained (see constituent A, Table TI). If then the curves 
representing the molecular species present in cotton cellulose are completed 
by making the left-hand section 
symmetrical with the right-hand 50 

section (represented in the figure G 4c 
by the dotted lines), it is then 8 

8 3c 
possible to obtain the curve { 
which, combined with the one 3 2 0  
just constructed, will give the ex- 3 

N 10 perimental curve. In this way 
the curve for the second consti- 0 

tuent (B in Tables I and 11) is 76 72 68 64 60 56 52 
Scale divisions. 

constructed' The sediments- Fig, 2.-Photographic scale displacements for a 
tion velocity calculated for con- run on bleached sulfite pulp. 
stituent B is practically equal to 
the two-thirds power of the sedimentation velocity of constituent A, which 
indicates that it has a molecular weight of just half that of constituent A. 

MA = MB ( s A / s ~ ) ~ / ~  

This is further confirmed from the values of the diffusion constant calcu- 
lated from the corresponding curves, as 

S A / ~ A  = ~ ~ A / D B  
I t  is difficult to apply this analysis further to get the molecular weight of 

the materials of still finer dispersion. There are indications of a material 
of one-eighth of the normal molecular weight being present, together with 
still finer dispersed material. A material of one-fourth of the normal 
molecular weight may also be present. The overlapping of the individual 
curves, which become closer and closer together as the size of the particles 
decreases, makes it impossible to determine just what constituent curves 
really make up the experimental composite curve in this zone. 

Figure 2 gives the results for the bleached sulfite pulp. An analysis of 
the data indicates that both constituents A and B are present, together 
with still more finely dispersed material. The proportions of constituent A 
and constituent B are, however, quite different from the proportions pres- 
ent in the aspen Cross and Bevan cellulose. Unfortunately, the base line 
of the curves cannot be determined with sufficient accuracy so as to obtain 
the exact proportions of the various constituents from the relative areas 
under each of the curves. The approximate proportions are given, how- 
ever, in Table I. 
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RESULTS OF A SEDIWENTATION VELOCITY RUN MADE WON A 0.10% SOLUTION OF 

ASPGN CELLULOSE PREPARED BY THE CROSS AND BEVAN METHOD 

Copper concn. of solvent, 1.2870; NHa concn. of solvent, 22.0%; V = 0.642; p = 
0.9474; rel. visc. of solvent, 1.390; age of solution a t  time of starting run, 0.5 hr.; 
length of column of solution, 1.26 cm.; thickness of column, 1.20 cm.; aIerage speed, 
42,900 r. p. m.; time interval between exposures, 40 rnin.; av. temp., 20.7 . 

Sedimentation. Constituent A 
AX AZ max.. Sm 

in scale 2G AX corr., x mean, 02 cm./sec. per 
div. cm. cm. cm. X 10-7 c m . / s e ~ . ~  X 10'3 

Av. 
Constituent B 

3 . 2  0.0024 0.0641 4.82 2.20 
3 . 3  .0019 .0655 4.88 2.00 

Av . 
Diffusion. Constituent A 

Constituent B 
0.00335 3.6 

.00180 2.1 

.00430 2.7 

.00233 1.7 

.00625 1.5 

Av. 

Av. 

Time permitted making comparative measurements on the different 
celluloses only at  one cellulose concentration, namely, 0.10%. It seems 
highly probable, however, that the increase of the diffusion constant with 
decreasing concentration of cellulose will be similar to that reported in the 
previous paper for the cotton linters a-cellulose even in the case of the 
wood celluloses. No great error can be introduced by making this as- 
sumption, as calculations made from the specific sedimentation velocity 
alone, using Stokes' law, give the same order of molecular weight. As the 
molecular weight of constituent A from the previous paper is 40,000 * 
5000 on a copper-free basis, then the molecular weight of constituent B 
should be 20,000 and the number of simple glucose units in a particle should 
be 100 to 130. 
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The present data indicate that the difference between isolated wood 
cellulose and cotton cellulose is largely a difference in the degree of associa- 
tion of the structural building units and perhaps also in the manner in 
which the fundamental building units are put together. Unfortunately, 
the author did not have time to carry this work further so as to determine 
whether these differences between cotton and isolated wood celluloses are 
inherent differences in the celluloses as they exist in nature, or if the 
chemical treatment used in isolation has caused a partial dissociation of 
the wood cellulose. This question and many others of interest might be 
answered by a continuation of this work. The author hopes to be able to 
build a centrifuge to continue the work in the United States, but a t  present 
he is uncertain whether this will be possible. 

The author again wishes to express his sincere thanks to Professor The 
Svedberg for the use of the ultracentrifuge equipment of this Laboratory, 
and for the help which he always freely gave toward the carrying out of 
this research. 

Summary 

1. The nature of the dispersion in cuprammonium solvent of several 
different isolated wood celluloses was compared with that of cotton cellulose 
with the aid of the ultracentrifuge. 

2. The cotton celluloses are monodisperse with but a very small amount 
of a considerably finer material present. 

3. The amount of this more finely dispersed material present seems to 
decrease with an increase in the a-cellulose content. 

4. The isolated wood celluloses show the presence of a material of the 
same molecular dispersion as that of cotton cellulose together with a 
material of one-half of this molecular weight, and molecular species of still 
finer dispersion. 

5. The data thus indicate that the difference between isolated wood 
cellulose and cotton cellulose dissolved in cuprammonium solvent is a t  
least partially a matter of difference in the degree of association of similar 
structural building units. 
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Introduction 
The method employed for separating and identifying sodium, potassium, 

magnesium, calcium, barium and strontium in the usual scheme of qualita- 
tive analysis for those ions is to precipitate the calcium, barium and 
strontium as carbonates from ammoniacal solution using a highly concen- 
trated solution of ammonium carbonate as reagent, and leave sodium, 
potassium and magnesium in solution,l or to use ethyl alcohol along with 
the ammonium carbonate and thereby cause magnesium to  precipitate 
along with the alkaline earth carbonates2 These separations, in general, 
are satisfactory, but require considerable time to execute. 

The basis of the method of analysis here proposed is +&at the bromides 
of sodium, potassium and barium are insoluble in isoamyl alcohol (com- 
monly called amylic or simply amyl alcohol) and that calcium, strontium 
and magnesium bromides are soluble in that alcohol. An advantage of 
this separation, from the qualitative point of view, is that traces of sodium, 
such as are usually introduced during the course of analysis from the glass- 
ware and reagents remain in solution along with the soluble bromides; 
therefore, if further analysis of the insoluble portion reveals the presence of 
sodium, i t  may be assumed with assurance that the sodium so found is not 
foreign to  the sample being analyzed. Also, as barium is a metal of rela- ' 
tively rare occurrence, the presence of a portion of salt insoluble in the iso- 
amyl alcohol may usually be taken as an indication of the presence of alkali 
salts in the sample. 

Apparatus 

The apparatus required for this separation of the metals into two groups 
and for the subsequent analysis of each group consists of: (I) a 30-cc. 
pyrex glass beaker and an iron or nickel crucible 1.5" in diameter. The 
metal crucible both serves as an air-bath for the beaker, preventing spat- 
tering of the liquid being heated, and also keeps the bottom of the beaker 
free from films of dirt which make difficult the detection of small residues 
left by the evaporation of liquids (see Fig. 1) ; (2) the filtering apparatus- 

1 Treadwell and Hall, "Analytical Chemistry," John Wiley and Sons, Inc., 1929, 
Vol. I, 5th ed., pp. 118-120. 

Bray, THIS JOURNAL, 31, 611 (1909); Noyes, "Qualitative Chemical Analysis"; 
Noyes and Bray, "A System of Qualitative Chemical Analysis for the Rare Elements," 
p. 236. 
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a side-necked test-tube, or small suction flask, in which a small test-tube is 
placed to catch the filtrate and (3) a 1-cc. and a 3-cc. pipet. 

The use of this small apparatus keeps the substance being analyzed in a 
concentrated form with the result that small samples may be taken for 
investigation and the time of analysis greatly shortened thereby. 

Procedure for the Separation and Identification of the Alkali and 
Alkaline Earth Metals.-The solution, which has been freed from mem- 
bers of the first, second and third groups in ac- 
cordance with the customary procedure, is boiled 
until all hydrogen sulfide gas is expelled, and 
(then until) its volume is about 5 cc. (a). At 
this point the liquid is filtered into the small 
30-cc. beaker, 1 cc. of 16 N nitric acid is added, 
and the solution is evaporated to dryness. The 
heating is then continued until all ammonium P 

compounds are volatilized (b) . 
The residue in the beaker is treated with 1 cc. 

of concentrated hydrobromic acid (48.5% HBr, 
approximately 8 N) and evaporated to dryness, 
avoiding strong overheating (c). When cool, Fig. 1.-Apparatus for di- 
the residue is pulverized with the stirring rod, gestion and evaporationproc- 

esses. G, 30-cc. glass beaker; 3 cc. of isoamyl alcohol is added, the mixture R, glass rod; P, asbestos 
is heated to ebullition and maintained at  boiling paper; M, metal crucible. 

for about half a minute. The mixture is cooled 
to room temperature and filtered. The Filtrate contains magnesium, stron- 
tium and calcium bromides; the Residue consists of sodium, potassium and 
barium bromides. 

The Residue is washed with a few drops of isoamyl alcohol and then 
subjected to a preliminary flame test examination (d). The appearance of 
the characteristically colored flame given by any one of the metals may be 
taken as a test for the presence of that element and its relative quantity 
may be judged from the size of the residue left by the isoamyl alcohol. 
Where the residue consists of a mixture of the two alkali metals and barium, 
a simple qualitative separation may be made as follows. The residue is 
dried, the bromides removed from the filter paper into a small test-tube, 
1-2 cc. of 95% ethyl alcohol and two drops of concentrated hydrobromic 
acid are added to the tube, the mixture brought to a boil, cooled and then 
filtered (e). The residue consists chiefly of potassium bromide, which 
may be dissolved in 1 cc. of water and the solution further tested for po- 
tassium with the aid of sodium cobaltinitrite reagent. The alcoholic filtrate 
contains sodium and barium bromides. Add 0.5-1 cc. of 12 N hydrochloric 
acid to the solution; a crystalline precipitate of sodium and barium 
chlorides forms immediately in the presence of appreciable quantities of 
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either of the salts. Cool under running tap water, filter off the crystalline 
precipitate, saving the filtrate (f), and test the salts in the Bunsen flame. 
If the color of the flame indicates the presence of barium, as well as that of 
sodium, the presence of the barium may be further confirmed by dissolving 
the chlorides in 2 cc. of water and adding a few drops of dilute sulfuric acid; 
in the presence of barium, a white precipitate of barium sulfate will form. 

The Filtrate of magnesium, strontium and calcium bromides dissolved in 
the isoamyl alcohol is evaporated to dryness, 0.5 cc. of 16 N nitric acid is 
added and the solution is again evaporated to dryness (g). The dry salts 
are heated strongly (h) until reddish brown fumes of nitrogen peroxide are 
no longer evolved (i), then cooled, pulverized with the stirring rod, leached 
with 3 cc. of water, boiled and filtered. The residue is a mixture of oxide 
and hydroxide of magnesium, which may be confirmed further by dissolving 
i t  in a few drops of hydrochloric acid (j) and then testing the solution with 
ammonium phosphate in the usual manner (k).3 The aqueous filtrate is 
evaporated to dryness, a residue indicating the presence of either strontium 
or calcium. Cool, and when cold add 1 cc. of 16 N nitric acid, stir for a few 
minutes and then filter through a paper previously moistened with nitric 
acid. The crystalline residue is strontium nitrate; this is washed with 0.5 
cc. of 16 N nitric acid and further confirmed by any of the usual methods4 
Hillebrand and Lundell suggest this method for the quantitative separation 
of strontium from ca l~ ium.~  The presence of calcium in the filtrate may be 
determined by making the solution ammoniacal, and adding several drops 
of a saturated solution of ammonium oxalate to the hot alkaline liquor; 
a white precipitate of calcium oxalate indicates the presence of calcium. 

Notes on the Procedure 
(a) The only acid radicals present in the solution should be either nitrates or 

chlorides. Sulfates, if present, are easily removed by treatment with lead nitrate solu- 
tion, filtering off the lead sulfate and removing the excess lead ion with hydrogen sulfide. 
As nitrates are converted more readily to bromides than chlorides, it is best first to 
evaporate the residue with 1 cc. of 16 N nitric acid, when preliminary tests indicate the 
presence of considerable sodium chloride. 

(b) Only a small quantity of ammonium salts will be present at  this stage of the 
analysis as most of them are usually introduced in the precipitation of the fourth group 
by a concentrated solution of ammonium carbonate. Absence of any appreciable 
white residue may be taken as proof of the absence of Na+, K+, Ba++, Mgf+, Sr++ 
and Ca++. 

(c) Overheating will decompose magnesium bromide. If this has occurred, the 
insoluble magnesium compound may be brought back to solution by adding a drop of 
concentrated hydrobromic acid to the isoamyl alcohol used in the separation. 

(d) The bromides of sodium, potassium and barium yield the characteristically 
colored flames more readily than the chlorides. 

Cf. Carl Otto, THIS JOURNAL, 48, 3016 (1926). 
S. G. Rawson, J. Soc. Chem. I d . ,  16, 113 (1897). 

6 "Applied Inorganic Analysis," John Wiley and Sons, New York, 1929, p. 491. 
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(e) If the residue left by the isoamyl alcohol is small, only 1 cc. of ethyl alcohol 
should be used in making the separation. Very small residues are best handled a t  this 
point by placing the small filter paper in the tube and digesting it with the alcohol 
along with the bromide salts. By properly folding the paper the potassium may be 
kept on it, and then removed for further examination by leaching the paper with water. 

(f) Where the presence of potassium in quantities less than 1 mg. is sought and 
more than 2 cc. of ethyl alcohol was used in the separation, this filtrate should be evapo- 
rated to dryness and the residue subjected to a flame test. 

(g) The nitric acid removes traces of organic matter left by the decomposition of 
the isoamyl alcohol. Negligibly small residues will usually appear a t  this point even 
in the absence of Mg++, Ca++ and Sr++ owing to the solution by the isoamyl alcohol 
of Naf, K+ and Ba++ to the extent of less than one milligram of total metal. 

(h) A gas flame about one inch high and whose tip just covers the base of the cru- 
cible will be found convenient for most of the heating processes in this procedure. 
For the decomposition of the magnesium nitrate, however, the flame should be about 
three inches high and of sufficient intensity to maintain the portion of the crucible 
below the beaker a t  a red heat. The decomposition process may be followed by noting 
the evolution of nitrogen dioxide vapors, whose color is made very pronounced by the 
white background of magnesia. 

(i) Magnesium nitrate decomposes at a temperature much below the melting point 
of either strontium or calcium nitrate, neither of the latter showing any tendency t o  de- 
compose a t  their respective melting points. 

(j) Where such magnesium is present, the magnesium oxide cakes and a portion of 
it adheres to the scratches in the bottom of the beaker. In such cases, after the leaching 
and filtration, the hydrochloric acid should be added first to the beaker so as to  dissolve 
the remaining magnesia, and then that liquor is poured through the magnesia on the 
filter paper. 

(k) Owing to the absence of ammonium salts the magnesium ammonium phos- 
phate precipitates without any difficulty. 

(1) Strontium nitrate not being very volatile does not give a good flame test. The 
residue should therefore be moistened with hydrochloric or hydrobromic acid before 
applying the flame test. The formation of a persistent turbid liquid is in itself a delicate 
test for strontium, as the nitrate residue dissolves very readily in cold nitric acid when 
only calcium is present, forming a clear solution. 

Experimental Basis of the Procedure 
All the salts used in this study were prepared and purified by well-known 

methods. The isoamyl alcohol employed for the solubility measurements 
boiled between 129-130'; a c. P. product was used without further purifi- 
cation in studying the separations qualitatively. The 95% ethyl alcohol 
used in this work had a specific gravity of 0.7999. 

The solubility data assembled in Tables I to V were obtained by evapo- 
rating approximately 5-cc. portions of saturated solution of known weight in 
small quartz dishes and determining the weight of the solid residue left in 
the dish by difference. The solvent was prepared by diluting approximate 
quantities of concentrated hydrobromic acid with the alcohol in question 
and then measuring its acidity by titration with standard alkali. The 
solutions were prepared by digesting portions of the solvent with an excess 
of solute, raising the mixture to a boil, immediately emling for a mament 
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under tap water and then allo~ing the system to reach eqrrilibrium at  a 
slower rate in a thermostat at  25'. This method of preparing the solution, 
though giving a slightly supersaturated one, was thought advisable in so 
far as it duplicated conditions as directed in the procedure. 

SOLUBILITY OF THE DIFFERENT BROMIDES IN ISOAMYL ALCOHOL AT 25' (SP. GR. OF 

SOLVENT, 0.805) 

Salt 

NaBr 
KBr 
BaBrz 
SrBrz 
MgBr, 
CaBrz 

G .  of salt per Mg. of metal per 
cc. of solvent 3 cc. of solvent 

0.00085 0.67 
.000014 .014 
.00013 .017 
.305 324.0 

Very soluble 
Very soluble 

The solubility data show that a satisfactory separation of the above salts 
into two groups can be effected by isoamyl alcohol. 

SOLUBILITY OP SODIUM BKOMIDB IN I S O A ~ L  ALCOHOL CONTAINING HYDROBROMIC 

ACID, AT 25 O 

Normality Sp. gr. of G. of NaBr per Mg. of metal 
of solvent solvent cc. of solvent per 3 cc. 

0 0.805 0.00085 0.67 
0.066 .8166 .00124 0.84 

.I81 .8262 .00174 1.17 

.463 .850 .00274 1.83 

.764 .8754 .0039 2.61 

The data in Table I1 show that the solubility of sodium bromide in iso- 
amyl alcohol cannot be diminished by the addition of hydrobromic acid 
to the solvent. 

The solubility data in Tables 111 and IV show that the addition of hydro- 
bromic acid to ethyl alcohol causes the solubility of sodium bromide to 
increase steadily, whereas, in the case of potassium bromide, the solubility 
first diminishes, and then upon further addition of acid increases. The 

TABLE I11 
SOLUBILIW OF SODIUM BROIWDE IN 95% ETHYL ALCOHOL AT 25' 

G. of NaBr per Mg of Na per 
Normality Sp. gr. g. of solvent cc. of solvent 

0 0.7997 0.0397 7 . 1  
0.100 .810 .0404 7 . 4  

.I62 .815 .0425 7 .8 -  

.204 .820 .0425 7 . 8  

.337 .833 .0448 8 . 3  
,629 .862 .0457 8 . 8  
,800 ,878 .0435 8 5+ 
,954 ,893 .0455 9 . 1  
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TABLB I V  
~OLUBILITY OP POTASSIUM BROMIDE IN 95% ETHYL ALCOHOL AT 25' 

G. of KBr per Mg. of K per 
Normality SP. gr. g. of solvent cc. of solvent 

0 0.7997 0.00289 0.76- 
0.050 .805 .00191 .50+ 

.lo0 .810 .00165 .44 

.204 .820 .00162 .43+ 

.400 .839 .00176 .48+ 

.537 .853 .00186 .52 

.800 .878 .00190 .60 

.954 .893 .00242 .71 

solubility of potassium bromide is a minimum when the acidity of the alco- 
hol is 0.2 N in hydrobromic acid; under these conditions the solvent will 
dissolve 43 mg. of sodium bromide and 1.6 mg. of potassium bromide per cc. 

TABLE V 
SOLUBILITY OP SALTS IN 95y0 ETHYL ALCOHOL 0.2 N IN HYDROBROMIC ACID AT 25O 

G. of salt per Mg. of metal per 
Salt cc. of solvent cc. of solvent 

KBr 0.0016 0.44 
NaBr .043 7 .8  
BaBrz .022 10.0 
KC1 .0042 2 . 2  
NaCIO .00094 0.37 
BaC1za .00026 .17 

" Figures refer to the solubility in a solution obtained by adding 1 cc. of 11.2 N 
hydrochloric acid to 2 cc. of saturated solution of sodium bromide or barium bromide in 
the above ethyl alcohol. 

The data of Table V show that a qualitative separation of potassium 
from sodium and barium may be effected by solution of the last two in 
ethyl alcohol 0.2 N in hydrobromic acid; that sodium chloride and barium 
chloride precipitate almost quantitatively upon addition of concentrated 
hydrochloric acid to the alcoholic solution of the bromides; also, that  the 
solvent can dissolve more potassium chloride than is formed by the reaction 
of the hydrochloric acid upon the small quantity of potassium bromide that  
enters into solution along with the sodium and barium bromides. 

Qualitative Study of Procedure 

Solutions of the chlorides of sodium, potassium, barium, magnesium, 
strontium and calcium were prepared of such strength that 1 cc. of the 
solution contained 10 mg. of the metal. Definite volumes of these solutions 
were mixed together and then analyzed in accordance with the proposed 
procedure. The samples so analyzed are tabulated in Table VI, the num- 
bers representing the milligrams of the metal present in the sample. 

Conversion of Salts to Bromides with Concentrated Hydrobromic 
Acid.-The utility of the procedure depends upon the ease with which the 
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acid radicals, commonly associated with the metals, can be converted to 
bromides with concd. hydrobromic acid. Definite weights of different salts 
were taken such that 50 mg. of metal was present in each case and evapo- 
rated to dryness with 1 cc. of hydrobromic acid in the apparatus of Fig. 1. 
The residue was then tested qualitatively for the replaced acid constituent. 
The results are shown in Table VII. 

EXPERIMENTAX, RESULTS 
Number of Quantity of Number of Quantity of 

Salt treatments replaced radical Salt treatments replaced radical 

SrCl2.4H,O 1 None NaNO, 1 Trace 
KC1 1 Trace BaC12.2H20 1 Trace 
NaCl 1 Fairly large CaC12.6H20 1 Trace 
NaCl 2 Small MgC12.6Hz0 1 None 

The presence of sulfates interferes with this separation of the alkali and 
alkaline earth metals. If present, the sulfates are best removed by treating 
the filtrate from the third analytical group with a lead nitrate solution, 
filtering off the lead sulfate and then removing the excess lead ion by satu- 
rating the solution with hydrogen sulfide gas6 The alkaline earth sulfates, 
being insoluble in water, will precipitate a t  an early stage of the analysis of 
the sample. These sulfates are first converted to carbonates by boiling 
with a concentrated sodium carbonate s ~ l u t i o n ; ~  the carbonates are then 
dissolved in dilute hydrobromic acid and the solution is joined with the 
alkali bromides. 

The treatment of the bromides of barium, potassium and sodium with 
ethyl alcohol is not made with the view of quantitatively separating the 
sodium and barium from potassium, but to get a solution (most frequently 
containing sodium only) from which sodium and barium can be precipitated 
with as simple a reagent as concentrated hydrochloric acid. 

Summary 
A method for separating and identifying a mixture containing sodium, 

potassium, barium, magnesium, strontium and calcium has been proposed 
whose essential features are as follows. 

Noyes and Bray, "Qualitative Analysis for the Rare Elements," p. 254. 
Noyes and Bmy, ibid.,  p. 51. 



SCHEME OF ANALYSIS OF THE ALKALI AND ALKALINE EARTH METALS 

Solution of nitrates or chlorides of Na, K, Ba, Mg, Sr and Ca; evaporate to dryness, add 1 cc. of 8 N HBr, toil off acid, cool, pulverize 
residue, digest with 3 cc. of isoamyl alcohol and filter. 

RESIDUE.--N~B~, KBr and RaBrz: Make flame test. Boil resi- 
due with 1-2 cc. of ethyl alcohol, add 1-2 drops of 8 N HBr, cool and 
filter. 

PRECIPITATE.- / So~uT~~~.-Conta ins  NaBr and BaBrt. 
Chiefly KBr. Dis- I Add 0.5-1 cc. of 12 N HCl, cool and filter. I 
solve in 1 cc. of 
water and add 2 cc. 
of Na$Co(NO2)6 rc- 
agent. A yellow 
ppt. confirms the 

PRECIPITATE.-M~~~U~~ of NaCl and / 
Make flame test. Dissolve 

salts in I cc. of water, add a few drops 
of 6 N H2SO4. Roil and filter. 

I- 

sium. I 1 TATS.-BaS04: 1 Na2SO4: Evapo- 1 4 1 
/ Confirms presence rate, moisten resi- 8 1 of barium. due with l2 N 1 1 
1 HC1 and test in 1 1 gas flame. 
1 I i  

of 1 N (NH4)zHPOd 
soln. and 2 cc. of 16 
N NHaOH. A 
white precipitate of 
(MgNH4P04) con- 
firms the presence 
of magnesium. 

FILTRATE.--M~B~,, CaBrz and SrBr2. Boil off the isoamyl alco- 
hol, add 0.5 cc. of 16 N HN03 and evaporate to dryness. Residue: 
Mg(NO&, Ca(N03)2 and Sr(NO&. Heat strongly, cool, add 3 cc. 

1 of water, boil and filter. 

PRECIPITATE.-  
Sr(NO&: Moisten 
with 12 N HC1 and 
test in flame. 

RESIDUE.-M~O 
and Mg(OH)2. Re- 
dissolve in 1 cc. of 
6 N HCI, add l cc. 

F I L T R A T E . -  
Ca(N03)2: Make al- 
kaline with 16 N 
NHdOH, add 1 cc, of 
saturated (NH~)ZC~O( 
soln. White precipi- 
tate confirms cal- 

F1~TR~~~.--Contains Ca(N03)Z and Sr- 
(No&. Evaporate to dryness, cool, add 1 cc. 
of 16 N HNOs, stir and filter, moistening pa- 
per with nitric acid. 
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1. The conversion of the chlorides or nitrates to bromides with 8 N 
hydrobromic acid. 

2.  Separation of sodium, potassium and barium bromides from mag- 
nesium, strontium and calcium bromides using isoamyl alcohol. 

3. Separation of sodium and barium bromides from potassium bromide 
using ethyl alcohol. 

4. Precipitation of sodium and barium chlorides with 12 N hydrochloric 
acid froni tlie ethyl alcohol solution. 

5. Separation of magnesium from calcium and strontium by ignition of 
the nitrates. 

6. Separation of strontium from calcium by dissolving calcium nitrate 
in 16 N nitric acid. 

NEW YORK CITY, N. Y. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE JOHNS HOPKINS UNIVERSITY ] 

STUDIES ON THE PERIODIC SYSTEM. 111. THE RELATION 
BETWEEN IONIZING POTENTIALS AND IONIC POTENTIALS 

In  the preceding papers of this series1 the author has developed a quanti- 
tative periodic function, the ionic potential 4, which is defined as the ratio 
of the charge of an atomic ion to its crystal radius, that is 

In  the previous papers the numerical values of the ionic potentials were 
calculated in arbitrary units, taking z as the valence and r as the ionic 
radius in Angstrom units. It has been shown that the values of the ionic 
potential may be used to trace the order of variation in numerous properties 
of ions and compounds, such as the development of acidic properties of 
hydroxides, the electrical conductance and volatility of chlorides, and 
others. It is the purpose of the present paper to show the relationship 
between the ionic potential and the ionizing potential; from this relation- 
ship it is found that information regarding the polarizability of the ions 
may be obtained. 

In  order to make the desired comparisons it will be convenient to express 
the ionic potential in volts. The potential of a positive ion of valence z 
and charge ze e. s. u, is zelr, in electrostatic units, if r, is the ionic radius in 
cm. As the volt is one three-hundredth of the electrostatic unit of 
potential, we have for +v, the ionic potential in volts 

Cart ledge ,  THIS JOURNAL, 50,2855, 2863 (1928). 
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but 4 was previously defined arbitrarily as the ratio of the valence to the 
radius in Angstrom units, so we have 

In Table I the values of 4, as well as the ionization potentials2 are given 
for reference. In the case of the ionization potentials the data refer to the 
removal of the last electron in producing the ion represented by the symbol. 
The ionizing potential is denoted by V. 

TABLE I 

87+ R a f +  
4- . . .  
V . . .  10.23 

The Theoretical Relation between Ionic and Ionizing Potentials.- 
The theoretical relationship between the ionic and ionizing potentials may 
be qualitatively derived by using the Bohr model of the atom, augmented 
by considerations growing out of the more recent picture given by the 
wave mechanics. According to the considerations of Bohr, the valence 
electron rotating in its orbit has both kinetic and potential energy. If r 
is the radius of the orbit, the kinetic energy is e2/2r and the potential energy 
is -e2/r. The total work done in bringing up the electron from an in- 
finite distance is the sum of these energies, -e2/2r, and is measured by the 
ionization potential. In comparing the ionic potential with the ionizing 
potential, the potential energy of the electron is the important quantity, 

Foote and Mohler, Bull. Nat. Res. Council, 9, No. 48 (1924). 
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and this is numerically twice the ionization work. The ionic potential, 
therefore, will be compared with double the ionization potential. 

It is not possible to make a theoretical estimate of the relation between 
these quantities, however, since the Bohr model gives no information as to 
the relation of the crystal radius of the ion to the electronic orbit of the 
neutral atom. A closer approach to this information may be obtained from 
the wave mechanics conception of the atom3 

In  Fig. 1, the solid curves of which are taken from Pauling's paper, the 
electron distribution in the sodium and chloride ions is given as a function 

r in Angstrom units. 
Fig. 1. 

of the distance from the nucleus. The distance to which these ions ap- 
proach each other in the sodium chloride crystal is such that a slight pene- 
tration of their electronic fields takes place; that is, the crystal radius r, 
corresponds to the distance at  which the electron distribution becomes 
approximately equal to zero, as indicated in the figure. If we assume for 
the moment that the valence electron of the sodium atom may be added 
without disturbing the spherical distribution of the K and L electrons in the 
ion, according to the dotted, qualitative extension of Pauling's curve, re 
in the figure will represent the electron radius which determines the ioniza- 
tion work. With the situation as represented in the diagram, the doubled 
ionizing potential should be less than the ionic potential by an amount 
equivalent to the work done in moving the static electron from r, to re. 

That this difference should be definitely related to the ionic potential may 
be indicated as follows. The work done, w, is given by 

Pauling, THIS JOURNAL, 49, 765 (1927). 
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'e zezdr 
w = - Jc 7 = ze2 (i - i) ergs 

w = (1 - E) joules 

but 4, is the potential a t  r, and 2 V is the potential a t  re, so if & is the 
difference 4, - 2 V we have, with e still in e. s. u. 

(6) 

or, from (2) 

A = ," (1 - :) volts 

Although it is not possible to predict from either atomic model just what 
value the fraction r,/re will have in general, further consideration of Fig. 1 
will furnish an estimate for the limiting case of a rigid ion of lithium-like 
structure. The minimum in the electron-distribution curve between the 
peaks associated with the K and L shells corresponds to the crystal radius r, 
in an ion having only the K shell, whereas the L peak corresponds to the 
radius re of the valence electron. The difference between these distances 
divided by the distance of the L maximum should therefore be approxi- 
mately equal to the factor 1 - (r,/re) in Equation 7 .  When these dis- 
tances are measured as closely as the original figure permits, both the Na+ 
and C1- curves give a value of 0.52. In the sodium and chloride ions the K 
and L shells are quite rigid, and for such a case Equation 7 accordingly 
becomes 

A, = 0.524, (8 

Of the univalent positive ions, the lithium ion is assuredly the most rigid, 
and it is observed that the equation above corresponds closely to the facts: 

+, = 23.9 2V = 10.74 A, = 13.2 = 0.55q% 

That the relationship cannot be of general applicability, however, is 
indicated by the consideration that the ions are not rigid. The valence 
electron has about it an electric field of enormous magnitude, and by its 
proximity to the ion produces a deformation or polarization which is far 
greater than the effects produced by light waves or by the proximity of 
oppositely charged ions. The effect of polarization by electrons has been 
investigated by S~hrijdinger.~ The result of such polarization, in the 
present case, will be to decrease re with respect to r,; that is, the term 
1 - (r,/re) (which is equal to A,/#v) will become smaller as the polariza- 
bility of the ion increases. That this actually occurs is shown in Table 11, 
which gives the values of &/I&. 

It is clear that as far as the fifth series the proportionality factor increases 
in passing from Group I to the higher groups. The increasing charge and 
decreasing size of the ions makes the polarizability of these ions steadily 

Schrodinger, Ann. Physik, 141 77,43 (1925). 
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TABLB 11 

RATIO Au:+a 

Group . . . . . . . . . . . . I I1 I11 I V  V 
--+Decreasing polarizabiiity-------- -+ 

Series I1 Li+ Be++ B3+ C4 
+ 

0.55 0.61 0.65 
.d 

0.66 

111 I) Na+ ~ g + +  ~ 1 ~ '  Si4+ P6+ 
8 0.32 ." 0.33 0.34 0.36 0 39 

IV - 2 K + Ca+ + 

0.173 0.183 

v M 
.- Rb + Sr++ 
" 0.138 0.134 8 

VI $ Csi  Ba++ 
0.082 0.061 

t 
less. There is no a priori basis for estimating the extent of the change in 
going down a group, but the deformability of the alkali ions, for example, 
increases rapidly in passing from lithium to cesium,= which corresponds to 
the great decrease in the ratio observed in the table. From the empirical 
relation between the ionic and the ionizing potentials we may, therefore, 
reason backward to obtain further information as to the ionic deforma- 
bilities. 

Empirical Relation of the Potentials.-When, for the ions of a given 
periodic series, the differences between the ionic potential and the doubled 
ionizing potential are plotted against the ionic potential, a smooth curve is 
obtained suggesting a relation of the type 

A, a+$ (9) 

Accordingly, if log A, is plotted against log I$,, as in Fig. 2, it is found that 
the data for the lithium and sodium series give straight lines. The curves 
are essentially parallel for the periodic Series 11, I11 and IV. The slope 
becomes about unity for Series V (rubidium and strontium), whereas with 
cesium and barium the slope is less than unity. Corresponding to the 
greater polarizability of the ions in going down a group, the curves lie 
progressively below each other. The curves for the ions of Series I1 and I11 
are best represented by the equations 

Series I1 A" = 0.461+u1.061 
Series I11 A, = 0.274+,1.055 

The data for potassium and calcium undoubtedly establish a similar curve 
for series IV, which could be extrapolated to estimate the ionizing potential 
that scandium would have if the third valence electron were in the k0 shell, 
and similarly for the remaining ions in the series. 

6 Compare the molecular refractions of the ions, for example, Fajans and Joos, 
2. Physik, 23, 1 (1924). 
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When we plot & against @?, for the ions of a particular group, as shown 
in the upper left portion of Fig. 2, an almost linear curve is obtained. 
This curve may be extrapolated to b, = 0, at which condition the ionic 
potential and doubled ionizing potentials are equal; that is, the valence 
electron exerts so great a polarizing eflect upon the ion that the electron comes as 
close to the nucleus as the "surface" of a negatively charged ion docs. At still 

0.5 1 .O 1.5 2.0 2.5 
Log (6". 

Fig. 2. 

smaller values of 4, the electron comes inside the crystal radius. From 
the values of 4, at which A, = 0, it may be calculated that this occurs, 
for univalent ions, when the crystal radius is 1.99 K., and, for bivalent 
ions, when the crystal radius is 1.54 A. These radii are only 0.3 A. and 
0.2 A, larger than the radii of the cesium and barium ions, respectively. 

The fact that in barium ions the crystal radius is even closer t o  the critical 
size (for & = 0) than it is in cesium may readily account for the fact that, 
in Fig. 2, the cesium-barium curve has a slope so much less than the curves 
above it. In spite of the increase in charge, which generally decreases 
polarizability, the nearer approach of the barium valence electron to the ion 
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"surface" gives a greater polarization in barium than in cesium (A,j'd, = 
0.082 for Csf and 0.061 for Ba++). 

The Ionic Polarizabi1ity.-On account of the close relationship ob- 
viously existing between the polarizability of the ions and the difference in 
the potentials under consideration, it will be interesting to compare the 
ionic polarizabilities as measured by other types of phenomena. Reference 
has already been made4 to the work of SchrBdinger, in which the polariza- 
tion of the ion by the valence electron is calculated from spectral data. 
Another related type of phenomenon is the ionic refraction, data for which 
are given by Fajans and JOOS.~ The required data are assembled in Table 
111, in which p represents the index of refraction as calculated by Schrod- 
inger,6 p' the ionic refraction5 and Ag/& has its previous significance. 

IONIC POLARIZABILITIES 
A", - A, - 
9s P P' +v P P' 

C4+ 0.664 1.4 . . M g + +  0.326 30 . . 
B3+ .647 2.6 . . Na+ .32 26(?) 0.50 
Bef+ .608 4.2 . . Kf  .17 326 2.23 
Lif .553 15 0.20 Rb+ -138 711 3.58 
Si4+ .358 14 . . Cs + ,082 1160 6.24 
A13+ .342 19 . . 

The data of Schrodinger are plotted against &/+, in Fig. 3, from which 
i t  is obvious that a smooth curve fits nicely, although the table includes the 
entire alkali family, together with ions up to Group IV in Series I1 and 111. 

p' (Fajans and Joos) against (A,/+,) + 0.1, Curve B. 
0 1 .O 2.0 3.0 4.0 5.0 6.0 6.5 

1 I I I I I 1 

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 
p = (n-1) X l@(Schrodinger), Curve A. 

Fig. 3. 

6 Schrodinger, Ref. 4, p. 66. The data for (n- 1) X 106 are used. 
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The ionic refraction of the alkali ions is also plotted against &/c$~ in Fig. 3, 
the 4/4,, values being increased 0.1 to  prevent overlapping. It is obvious 
that the same sort of systematic relationship exists. The function A,,/& 
is, therefore, a useful index to the polarizability of the ions. 

Summary 
1. The ionic potentials of the inert-gas type ions have been recalculated 

to volts and compared with ionizing potentials. 
2. It is indicated that the valence electron of alkali and alkaline earth 

ions comes within the crystal radius with ions 0.3 A. and 0.2 A. larger than 
cesium and barium ions, respectively. 

3. The ionic polarizability by light or by electrons varies systematically 
with the fractional difference between the ionic and ionizing potentials, 
which therefore may be used to estimate the polarizability. 

BALTIMORE, MARYLAND 

[CONTRIBUTION FROM THE FRENCH BATTERY COMPANY, MADISON, WISCONSIN] 

THE REACTIONS OF AMMONIA ON THE SYSTEM 
ZnC1,-NH4Cl-H20 

The literature contains much information relating to the composition 
and preparation of the zinc-ammonium chloride double salts and the oxy 
and hydroxy forms as well, but little or no attention seems to have been 
given to the mechanism of the reactions, especially in relation to  hydrogen- 
ion concentration. 

It is the object of this investigation to study the formation of insoluble 
salts in aqueous solution where the ammonium chloride, zinc chloride, 
ammonia or ammonium hydroxide concentrations are varied. The actual 
experimental work covered the following ground: (1) determination of the 
PH of aqueous zinc chloride-ammonium chloride solutions in the range of 
solubility a t  20'; (2) determination of the approximate quantity of 
ammonia which the solutions absorb to the point of formation of a perma- 
nent precipitate; (3) determination of PH of the supernatant liquors in 
equilibrium with these precipitates; (4) analysis of the precipitates ob- 
tained. 

Experimental Procedure 
The range of possible concentrations of zinc chloride-ammonium chloride in water 

at 20" (without supersaturation) was first shown graphically by plotting the aqueous 
solubilities of zinc chloride-ammonium chloride mixtures on triangular coordinate paper 
(Fig. 1). The solubility values were as determined by Meerburg.1 Concentrations 
were selected to cover the entire range of possible solutions. 

Meerburg, Z. anorg. Chem., 37,206 (1903). 
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The stock zinc chloride and ammonium chloride for these solutions were prepared 
as follows. (1) A stock solution of zinc chloride was prepared from the technical fused 
salt and the solution allowed to stand for several days, after which i t  was filtered through 
asbestos fiber. It analyzed 67.88% ZnClp and 0.077% Fe. (2) The ammonium 
chloride was obtained by recrystallizing the white commercial 99% grade and drying 
for twenty-four hours at  105'. The recrystallized salt showed no trace of iron with 
ammonium sulfocyanate reagent. 

The solutions (160 g. of each) were carefully made up from the stock zinc chloride 
solution, recrystallized ammonium chloride and distilled water. They were not sub- 
sequently analyzed. 

The Pa measurements were made with the hydrogen electrode and a Type K 
Leeds-and ~orthruppotentiometer. 

o - o ~ ~ < ~ ~ ~ ~ ~ o  *- a 

Z I N G  CHLORIDE 
V, ZnC12.2NH3; S, basic salt. 

Fig. l.+howing solubility range of ZnCIrNH4Cl mix- 
tures in water at 20°, and areas in which ammonia 
precipitates ZnC12.2NHs and the basic salt. 

It was first attempted to pass measured quantities of pure gaseous ammonia into the 
solutions, but this was found impracticable due to the rapid clogging of the end of the 
delivery tube with insoluble salts. The introduction of ammonia was finally effected 
by bubbling definite volumes of carbon dioxide-free air through a large volume of am- 
monia water maintained at  20°, thence through glass wool vapor traps and finally 
into the solutions. The apparatus was calibrated, i. e., the ammonia content of a definite 
volume of the air passed through this train was determined after each three or four runs. 
This method was quite crude but was found to be within lQ% accuracy. 

The various solutions tried absorbed all ammonia passed into them; i. e., no appreci- 
able quantity of ammonia escaped as determined by leading the air through a known 
quantity of standard acid solution after passing through the solutions studied. 

The introduction of ammonia was stopped when the first trace of a permanent pre- 
cipitate occurred. The solutions, which were in Erlenmeyer flasks, were stoppered and 
allowed to remain for at  least twenty-four hours before PH measurements were made 
Q T ~  the supernatant liquor by the method mentioned heretofore, 
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The solutions were separated from the precipitates by filtering through an asbestos 
fiber layer in a Gooch crucible. Each precipitate was washed with from 15 to 25 cc. of 
95% alcohol, followed by 10 cc. of ether. They were then dried a t  100' for two to iour 
hours. The precipitates obtained from the more concentrated solutions were removed 
from the crucible, suspended in about 20 cc. of 95% alcohol and again filtered. There 
was no trouble in separating the precipitates irom the asbestos fiber as the washed and 
dried precipitates "poured" out quite readily after gently tapping them loose with a 
glass rod. The weight of the precipitate obtained was 2 to 3% of the total weight of 
solution taken. No analysis was made of the supernatant liquors after the addition of 
ammonia. 

Results 

Table I shows the composition of the solutions before adding ammonia, 
the PH before and after the addition of ammonia, grams of ammonia ab- 
sorbed up to  the point of the first permanent precipitate, analysis of precip- 
itate and nature of precipitate. 

TABLE I 

COMPOSITION AND PH OF SOLUTIONS, AMMONIA ABSORBED AND ANALYSIS OP 

PRECIPITATES 
G .  of NHa 

P r r  after added -Analysis of ppts.- 
ZnCla, NHdCI, HzO, adding per 100 g. Zn, C1, NHs, 

No. % % % PH NIIs of soln % % % Precipitate 

. . .  1 0 26.9 73.1 4.66 . . 0 . . .  . . .  None 
2 5.0 15.0 80.0 4.60 6.19 .9 38 22 41.87 19.86 ZnCly2NHs 
3 5.0 5 0  90.0 4.93 5.41 .3 58.10 15.45 . . .  Basic 
4 15.0 27.6 57.4 4.43 5.52 .7 38.37 41.63 20.00 ZnC12-2NH8 
5 15.0 20.0 65.0 4.34 5.54 1 0 38.19 41.89 19.80 ZnC1,-2NH, 
6 15.0 10 0 75.0 4.48 5.56 1.3 51.72 24.01 7.10 Basic 

. . .  . . .  7 15.0 0 85.0 4.97 4.82 0" 54.70 Basic 
8 25.0 15.0 60.0 4.09 5.07 1.2 38.09 41.91 . . .  ZnCla.2NHa 
9 26.0 29.0 45.0 4.29 5.02 0.6 38.21 41.79 19.53 ZnC4.2NH8 

10 30.0 20.0 50.0 3.86 5.04 -1 .2  38.58 41.54 19.79 ZnC12-2NH3 
11 30.0 5.0 65.0 4.03 4.64 0.6 61.14 13.37 .09 Basic 
12 40.0 20.0 40.0 3.22 4.66 1 .6  38.65 41.61 19.68 ZnCh2NHt 
13 40.0 10.0 50.0 3.22 4.33 1.2 56.65 17.43 3.02 Basic 
14 43.2 26.0 30.8 3.08 4.59 2.1 38.26 41.86 19.88 ZnCla.2NHt 
15 50.0 10.0 40.0 2.39 3.67 1.4 54.65 19.46 2.93 Basic 
16 53.2 14.5 32.3 1.89 3.43 1.8 55.74 18.32 3.13 Basic 
17 60.0 5.0 35.0 1.27 2.67 1.3 57.85 15.99 0.39 Basic 
18 60.0 0 40.0 1.44 2.46 0.2 57.55 15.13 0.20 Basic 

. . . . . .  . . . . . .  . . .  19 66.6 7.9 25.5 . . . . 
20 62.0 9.0 29.0 1.05 2.47 1.1 48.44 32.26 6.60 Basic 

. . . .  ... 21 33.3 0 66.7 4.05 . . ... 

. . . . . .  22 50.0 0 50.0 2.71 . . . .  . . . . . .  
" Precipitate formed on standing without addition of ammonia. 

Table I1 shows the composition of the basic precipitates recalculated on 
the basis of zinc, chlorine and oxygen only. It was assumed that the 
ammonium ion was present as ammonium chloride uncombined with the 
other constituents. There is also a possibility of free zinc chloride being 
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present. The basicity was determined by dissolving a 0.2-g. sample in an 
excess of normal sulfuric acid and titrating back with half normal sodium 
hydroxide. The basicity was computed as "0." 

COMPOSITION OF BASIC PRECIPITATES RECALCULATED ON BASIS OP Zn, C1 AND 0 ONLY 

Precipitate -Moles per 100 grams-- 
no. zn, % Cl, % 0, % Zn C1 0 

6 72.30 12.90 14.80 1.10 0.36 0.93 
11 70.90 15.27 13.83 1.08 .43 .86 
13 71.51 14.05 14.44 1.09 .40 .90 
15 69.68 17.02 13.30 1.05 .48 .83 
16 71.22 15.07 13.72 1.09 .43 .86 
17 69.12 18.14 12.74 1.06 .51 .80 
18 69.47 17.77 12.76 1.06 .50 .80 
20 65.03 24.85 10.12 0.99 .70 .63 

Average" 1.08 .44 .85 
" Values for precipitate No. 20 are omitted from the average due to their con- 

siderable deviation from the other values. 

Figure 1 shows the range of possible concentrations of zinc chloride and 
ammonium chloride in water a t  20' (without supersaturation) and also the 
areas in which ZnC12-2NH3 and the basic precipitate are obtained when 
ammonia is added. 

Discussion 
The data show that two kinds of precipitates were formed, viz., ZnC12.- 

2NH3 and basic zinc chloride. 
The identity of the ZnC12.2NH3 compound is unmistakably shown by 

(1) the analysis, which checks closely with the theoretical 38.37% Zn, 
41.63% C1 and 20.00% NH3, (2) definite crystal form, (3)  milky appear- 
ance when treated with water and (4) the evolution of ammonia with no 
ammonium chloride fumes when gently heated, leaving fused zinc chloride. 

All basic precipitates when heated gave off water vapor and some 
ammonium chloride fumes, after which the mass became sticky, congealing 
t o  a hard vitreous mass otl cooling. A mixture of zinc oxide and zinc 
chloride in about equal proportions acted in the same way. This combina- 
tion is sometimes used as a cement. 

A study of the results of analysis of the basic precipitates and the condi- 
tions of their formation indicates that they consist of a basic zinc chloride 
with the admixture of free zinc chloride and ammonium chloride. The 
data in Table I1 were obtained by deducting the percentage of ammonium 
and the theoretical percentage of chlorine combined with i t  to form am- 
monium chloride, then computing the percentage composition with the ba- 
sicity figured as oxygen. It was not possible to determine the admixed 
zinc chloride. The results, however, show closer agreement than the origi- 
nal analysis but there is still considerable variation. However, the average 
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moles of zinc, chlorine and oxygen per 100 g. of basic precipitate (Table 11) 
point to  the formula ZnC12-4ZnO. 

The experimental data show that if the ammonium chloride content is 
15% or above, regardless of the zinc chloride content (above a t  least 50/0), 
the compound ZnC12.2NkI3 is precipitated by adding ammonia. Below 
15% ammonium chloride the basic compound is thrown down. 

Obviously a preponderance of dissolved gaseous ammonia would favor 
the formation of ZnC12-2NH3, while excessive hydroxyl ions would throw 
the reaction in favor of ZnC12.4Zn0, or some other similar basic compound. 

The reactions can be represented by the chemical equations 
NH4+ + OH- $Zn++ + C1- + 

Zn C12 
J. 

ZnC12.2NH3 Basic ppt. 
(ZnC1~4Zn0) 

The addition of ammonium chloride drives equilibrium to the left since 
ammonium ions from ammonium chloride repress the ionization of am- 
monium hydroxide. When the ammonium chloride content is less than 
15%, the hydroxyl ions can be made sufficiently concentrated (by addition 
of ammonia, forming ammonium hydroxide) to exceed the solubility prod- 
uct for the basic zinc salt (ZnClz.4ZnO). 

C 

Conclusions 

When ammonia is added to zinc chloride-ammonium chloride solutions 
a t  20°, ZnC12.2NH3 is precipitated when the ammonium chloride content 
is about 15% or above, and a basic precipitate, probably ZnC12.4Zn0, 
is precipitated when the ammonium chloride content falls below 15%. 

The mechanism of the reaction in the system NHrZnClrNH4Cl-H20 
is explained by the concentrations of the various constituents and the 
effect which ammonium chloride has upon the extent of ionization of these 
constituents. 

MADISON, WISCONSIN 



3088 H. J. KRASE AND V. I,. GADDY Vol. 52 

EQUILIBRIA IN THE AMMONIUM CARBAMATE-UREA-WATER- 
AMMONIA SYSTEM 

The present expansion of synthetic ammonia production in this country 
has stimulated interest in the production of new nitrogen carriers that can 
be used for agricultural purposes. In this regard, urea is a most promising 
compound. It has a high nitrogen content, it  is readily hydrolyzed in the 
soil, and it is easily assimilated by plants. Then too, it is important as a 
starting point for organic syntheses, and for the production of condensation 
products of urea and formaldehyde. Undoubtedly as the cost of produc- 
tion of urea is reduced, other uses will be developed. 

Historical.-The first synthesis of urea from carbamate was probably 
accomplished by Bassarow2 in 1870, by heating ammonium carbarnate in 
sealed glass tubes between 130 and 140'. He pointed out that an equi- 
librium is established between the carbamate dehydration reaction and 
the hydrolysis of urea with the water liberated according to the equation2 

Bourgeois3 later investigated the same reaction using, in addition to 
ammonium carbamate, the carbonate, the sesquicarbonate and the bi- 
carbonate, heating in each case to 130'. The yields of urea varied from 
1.5 to 9.52%. 

Fichter and Becker4 have studied this reaction from the standpoint of 
the effect of temperature, loading density and added water on the equi- 
librium. They found that the maximum conversion was reached a t  a 
temperature of 135' and also that the conversion increased with the loading 
density or ratio of the weights of the materials to the total volume of the 
reaction vessel. Added water caused the conversion to fall off, so that the 
best conversion was obtained with pure ammonium carbamate. 

Further work on the conversion of carbamate was carried out by N. W. 
Krase and V. I,. G a d d ~ . ~  They concluded that because of the endo- 
thermicity of the urea formation reaction, the use of a higher temperature 
would result in a higher yield; that is, they were unable to find an optimum 
temperature such as reported by Fichter and Becker. The other findings 

Present address: Swann Research, Inc., Anniston, Ala. 
Bassarow, J ,  pakt. Chem., [2] 1,283 (1870). 
Bourgeois, Bull. soc. chim., [3] 7, 48 (1892); 17, 474 (1897). 

* Fichter and Becker, Ber., 44,3473 (1911). 
N. W. Krase and V. I,. Gaddy, J. Ind. Eng. Chem., 14,611 (1922). 
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of Fichter and Becker with regard to the effects of loading density and 
added water on the equilibrium were, however, in general, substantiated 
by the later work. N. W. Krase and V. 1;. Gaddy in reporting the effect 
of water on the urea conversion gave data which by extrapolation to dry 
carbamate indicated a conversion to urea at 150' of about 44%. Matignon 
and Fr6jacques6 in a study of the same problem, found a maximum con- 
version of 43.3% at 145O. In general, it may be said that the equilibrium in 
the carbamate dehydration reaction at 150° is of the order of 44% of the 
ammonia converted to urea. No one, to our knowledge, has been able to " 

show a higher conversion starting with ammonium carbamate alone. 
In 1917 Fichter, Steiger and Stanisch7 reported some work in which they 

heated ammonium carbamate with ammonia. They concluded that in the 
absence of water, ammonia exerts a beneficial influence only when moderate 
amounts are used. With larger amounts of ammonia the conversion to 
urea was found to be adversely affected. They explained the beneficial 
effect of a moderate amount of ammonia as being due to the prevention of 
vaporization of carbamate, which increased the amount of salt in the liquid 
phase. Obviously, an increase in the loading density would have a similar 
effect. They concluded that a secondary reaction takes place in the pres- 
ence of large excess of ammonia resulting in the formation of guanidine. 
In the following work we have tested some of our urea formed in the pres- 
ence of as much as 300% excess ammonia and have discovered no guani- 
dine. 

The possibility of using dehydrating agents to remove the water formed 
in the reaction has been considered by Matignon and Frgjacques. They 
performed experiments using dehydrated magnesium sulfate in the liquid 
and in the gas phase and using calcium chloride in the gas phase. In all 
cases a conversion lower than that obtained by heating carbamate alone 
was obtained, probably because of the reaction with the dehydrating agent. 
To date no satisfactory dehydrating agent for this reaction has been re- 
ported. 

Preliminary Experiments 
The extent to which water enters into the reverse reaction is illustrated in 

the following three experiments. They were performed in a lead-lined 
steel bomb, of approximately 100 cc. capacity, heated in an oil-bath a t  
150" for three and one-half hours. The customary 40 odd per cent. yield 
was obtained in Expt. 1, in which carbamate alone was heated. Experi- 
ments 2 and 3 were designed to show the effect on the equilibrium if the 
water formed under normal conditions had been removed from the reaction 
zone. This was accomplished in Expt. 2 by loading the bomb with 
carbamate and urea only, and in Expt. 3 by loading with urea and a small 

Matignon and Freacques, Bull. soc. chim., 31,807 (1922). 
Fichter, Steiger and Stanisch, Verhnd. der NaDur. Gesell. BaseE, 28, 68 (1917). 
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quantity of water. The quantities used were such that in each case the 
deficiency of water in the system equaled the amount of water that would 
have been produced in the normal equilibrium. The results of these ex- 
periments are recorded in Table I, the last column of which indicates the 
percentage of carbamate converted to urea or the percentage of urea left 
undecomposed. Comparison of Expts. 2 and 3 shows that the ordinary 
test for an equilibrium condition was fulfilled since the conversion ap- 
proached from the carbamate side of the reaction was also reached from 
the urea-water side. 

TABLE Ia 
RESULTS OP EXPERIMENTS 

Charge before Calcd. charge Conversion 
Experiment heating after heating to  urea, % 

44.6 g. carbarnate 
1 78 g. carbarnate 25.8 g. urea 43.0 

7 .7  g. Hz0 

78.1 g. total 

2 44.5 g. carbarnate 27.9 g. carbarnate 
25.8 g. urea 

70.3 g. total 

38.6 g. urea 
3.80 g. Hz0 - 

70.3 g. total 

27.00 g. carbarnate 
3 60 g. urea 39.40 g. urea 65.3 

10.3 g. Hz0 3.90 g. Hz0 - - 
70.3 g. total 70.30 g. total 

" These experiments were performed by the late C. D. Garby. 

The above experiments prove what might be deduced a priori from a 
consideration of the mass law. In order to obtain such increased yields of 
urea with carbamate as the starting point, it  is necessary to find an efficient 
dehydrating agent which otherwise does not react with the melt and which 
can be removed readily after the reaction is complete. Ammonia and 
carbon dioxide appeared most promising for this purpose, since they could 
not further react with the carbamate or the urea and could be readily 
recovered and utilized again. 

Apparatus and Method 
Two duplicate reaction bombs were made of Rezistal 4, a high chrome- 

iron alloy which had been found to be fairly resistant to the action of the 
melt. They were approximately 9 cm. in outside diameter and 17 cm. high, 
having a cavity approximating 100 cc. in volume. Each was provided with 
a Geophysical type valve, screwed into the plug which was forced onto a 
gasketed seat by a heavy annular nut. Loading was accomplished by 
weighing out the pure dry carbamate or urea, introducing it into the bomb, 
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adding the equivalent amount of water and then screwing down the closing 
plug carrying the valve. The anhydrous ammonia or the carbon dioxide 
was then weighed in a steel weighing pipet, the large bomb cooled in an 
ice-bath and the pipet connected to the valve on the bomb. In a short time 
all of the liquid ammonia or carbon diox- 
ide had run into the bomb. The two 
bombs, one loaded with carbamate + 
ammonia, the other with urea + water + 
ammonia, were heated to 100' in boiling 
water, and then placed side by side in the 
bromobenzene vapor-bath shown in Fig. 1. 
Heating was continued for twenty-four 
hours, the bombs were removed and 
placed in a water-bath maintained a t  60°. 
The valves were then cracked and the 
ammonia distilled into water, where i t  
was determined by titrating an aliquot 
part. Following distillation of the excess 
ammonia the bombs were cooled to 15O, 
the tops removed and the charges washed 
out and made up to volume. These solu- b 

Fig. 1. 
tions were then analyzed by determining 
the total nitrogen by the Kjeldahl method, the urea by the urease method 
and the ammonia by the direct titration of an aliquot part. 

Results 

The total nitrogen loaded either as carbamate and ammonia or as urea 
and ammonia varied between 11 and 30 g. in each bomb. The difference 
between the nitrogen loaded into the bombs a t  the beginning of an experi- 
ment and the nitrogen later found by analysis, was taken as lost and, of 
course, included errors in weighing and leaks during the run. Probably 
most of this nitrogen was lost as ammonia from the vapor phase through 
leaks in the valve and gasket. The actual loss in all of the successful ex- 
periments was in the neighborhood of 1 to 7% of the nitrogen loaded. 
For this reason the calculation of the excess ammonia in each bomb was 
made on the basis of the total nitrogen as found on analysis and is expressed 
as percentage of the ammonia loaded as carbamate or as urea, taking into 
consideration the purity of the salt, which in all cases was in the neighbor- 
hood of 99.9% for the urea and 99.4% for the carbamate. 

The percentage conversion of the carbamate to urea and the percentage 
of urea undecomposed by the reverse reaction are expressed as percentage 
conversion of carbamate ammonia (in Table 11) and in the graph of results. 
These quantities are calculated on the basis of the weights of,carbamate or 
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Starting materials 

Carbamate + ammonia 
Urea + water + ammonia 
Urea + water + ammonia 
Urea + water + ammonia 
Carbamate + ammonia 
Urea + water + ammonia 
Carbamate + ammonia 
Carbamate + ammonia 
Carbamate + ammonia 
Urea + water + ammonia 
Urea + water + ammonia 
Carbamate + ammonia 
Carbamate + ammonia 
Urea + water + ammonia 
Urea + water + ammonia 
Carbamate + ammonia 
Urea + water +- anmooia 
Urea + water + ammonia 
Carbamate + ammonia 
Urea + water + ammonia 
Carbamate + ammonia 

154-155.6 O )  

Ammonia in 
excess of 

carbamate 
ammonia, % 

0 
0 

19.5 
23.0 
23.0 
23.0 
23.0 
26.3 
45.2 
45.2 
53.2 
63.0 
76.5 
82.5 
89.5 
96.0 

173.3 
210.0 
222.0 
279.0 
280.5 

Conversion 
of carbamate 

ammonia 
to  urea, % 

43.5 
44.0 
49.7 
47.7 
49.5 
50.2 
51.5 
53.0 
58.2 
58.7 
63.5 
63.5 
67.0 
67.0 
64.0 
70.5 
80.2 
82.5 
81.5 
85.2 
81.0 

urea initially loaded into the bomb. The percentage of excess ammonia, 
based on the ratio of the nitrogen present as ammonia nitrogen to the 

$100 

90 
B 
B 

80 
c, 

70 e 
& 0 

3 60 
F1 .- 8 50 

8 
0 40 

0 30 60 90 120 150 180 210 240 270 300 
Excess ammonia, yo. 

Fig. 2. 

nitrogen in combination as carbamate and urea is represented by 
abscissa in Fig. 2. 

the 
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Each point on the graph is marked.by means of an arrow to indicate 
whether the equilibrium is approached from the increasing or decreasing 
urea side of the reaction. The temperature in the experiments varied 
between 154 and 155 .6O.  

Excess Carbon Dioxide.-The conversion obtained with no excess 
ammonia is very close to 44y0. This is in agreement with the finding of 
other investigators as already noted. Several experiments with an excess 
amount of carbon dioxide were also made. Since they are not shown on 
the graph they are given in Table 111. 

TABLE 111 
Exass CARBON DIOXIDE (TEMP., 155.6') 

Carbon dioxide 
Starting O/o of combined dol Converdon to 

Expt. materials in starting material urea 

1C Carbamate + carbon dioxide 97.0 44.35 
2C Urea + water 100.0 44.0 
3C Carbarnate + carbon dioxide 61.2 44.3 
4C Urea + water + carbon dioxide 61.2 45.7 

Conclusion 
The experimental results show that an excess amount of ammonia over 

that combined as carbamate acts as a dehydrating agent, removing the 
water from the active mass, thus preventing its reaction with urea and 
thereby shifting the equilibrium toward the urea side. Carbon dioxide 
does not show this effect. The slope of the conversion curve a t  300yo 
excess ammonia is such that a complete dehydration is not to be expected 
with more ammonia, under the conditions here considered. 

WASHINGTON, D. C. 

A CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OP NEBRASKA] 

THE IODIMETRIC DETERMINATION OF SMALL AMOUNTS OF 
ZINC 

BY H. ARMIN PAGEL AND OLIVER C. ABIES 
RECEIVED APRIL 29, 1930 PUBLISHED Auousr 5, 1930 

It has been shown by S p a c ~ l , ~  and his co-workers, that zinc can be very 
accurately determined by precipitating the zinc as zinc pyridine thio- 
cyanate, which may be weighed as such or ignited and weighed as zinc 
oxide. By employing special apparatus Spacu and Ripan3 extended their 
method to the gravimetric determination of as low as 12 mg. of zinc. 
Unlike most very insoluble zinc compounds, zinc pyridine thiocyanate 
precipitates in a distinctly crystalline form which transfers and filters per- 
fectly. The precipitate is definite in composition and has the formula, 

G.  Spacu, Z. anal. Chem., 64,338 (1924). 
G. Spacu and J. Dick, ibid., 73, 356 (1928). 

a G. Spacu and R. Ripan, ibid., 64,338 (1924). 
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ZnPyz(SCNjz. Apparently no one has attempted the iodimetric determi- 
nation of the thiocyanate in this precipitate as the basis of the volumetric 
determination of small amounts of zinc. 

In slightly alkaline solution iodine reacts with thiocyanate according to 
the reaction 

NCS- + 412 + 80H--+ SOa" + 71- + 4H20 + ICN (A) 
Upon acidification the iodocyanogen again reacts instantly and quanti- 
tatively with iodide to form iodine and cyanide, giving the final quan- 
titative relation 

NCS- f 312 + 4Hz0 --+ SO4- + 8H+ + 61- + CN- (B) 
On the basis of the above reactions, i t  was found in this Laboratory that 

alkali thiocyanate can be very accurately determined iodimetrically by 
adding a moderate excess of standard iodine solution to a thiocyanate 
solution made alkaline with the proper amount of borax, and then acidify- 
ing the reaction mixture and titrating the excess iodine with standard thio- 
sulfate, using starch as indicator. A. S~hwicker,~ who also recently worked 
on the iodimetric determination of alkali thiocyanates, states that borax is 
unsatisfactory as a buffer for the oxidation reaction. His failure to obtain 
satisfactory results was undoubtedly due to the use of an insufficient 
amount of borax.6 

Since alkali thiocyanate can be accurately determined by the method 
referred to above, the same method was applied directly to the zinc pyridine 
thiocyanate precipitate. In order to establish this, about a gram of the 
precipitate was specially prepared by adding the calculated amounts of the 
precipitating agents to a very dilute boiling hot solution of zinc sulfate and 
allowing the solution to cool slowly without disturbance. In this way large 
needle-like crystals (about 2 cm. in length) were obtained. These were 
filtered and washed several times with anhydrous methyl alcohol and then 
dried a t  room temperature in vacuo. Weighed portions of this material 
were dissolved in hot water, and borax was then added and the mixture 
boiled to expel the pyridine. After cooling, the determination was carried 
out according to the principle stated above, for the determination of alkali 
thiocyanate. The removal of the pyridine by boiling in the presence of 
borax insured a very sharp end-point in the residual titration with thio- 
sulfate. In the presence of borax the zinc is precipitated as a flocculent 
basic zinc borate. I t  might seem that this precipitate would occlude con- 
siderable thiocyanate. This, however, is not the case, for the results given 
in Table I show excellent agreement with the theoretical. 

Apparatus and Reagents 
Bureau of Standards certified burets, pipets and volumetric flasks were 

used in all precision measurements. A 25-cc. buret was used for the 
* A. Schwicker, Z. anal. Chew., 77,278 (1929). 

Pagel and Ames, THIS JOURNAL, 52,2698 (1930). 
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residual titration with thiosulfate. Conductivity water prepared with a 
large specially constructed all-pyrex still was used throughout. Highest 
purity chemicals were used with the exception of borax (NazB407-10H20) 
which was Mallinckrodt c. P. grade. Samples of the recrystallized ma- 
terial, however, gave identical results. Standard zinc solutions wFre pre- 
pared from U. S. Bureau of Standards stick zinc (Sample No. 43a) con- 
taining less than 0.01% total of detected impurities. Accurately weighed 
portions of this zinc were placed in a 2-liter volumetric flask with a slight 
calculated excess of dilute sulfuric acid. While the zinc was dissolving the 
flask was kept in cold water to insure very slow reaction in order to elimi- 
nate any losses due to spray. Pipetted portions of the standard zinc solu- 
tion were used in the determinations. Where very small amounts of zinc 
were desired, aliquot parts of the standard solution were again accurately 
diluted, and pipetted portions of the latter again taken. Standard 0.1 N 
potassium iodate solution (used as a source of free iodine) was prepared 
directly by dissolving and diluting the calculated weight of the pure dried 
salt. The ratio of the 0.1 N thiosulfate to the iodine liberated from the 
iodate was determined under the same conditions that were present in the 
actual determinations. Temperature corrections for the standard solutions 
were taken into account. 

Experimental 
Weighed portions of the pure zinc pyridine thiocyanate were transferred 

into a 500-cc. wide-mouthed conical flask. About 125 cc. of water was 
added and the contents of the flask heated nearly to boiling, until the 
precipitate dissolved. Six grams of borax was then added and the mixture 
gently boiled for about ten minutes. After allowing to cool somewhat, 
the flask was stoppered with a clean rubber stopper (previously cleaned 
thoroughly by boiling in dilute alkali) and thoroughly cooled with tap water. 
In a second 500-cc. flask, a 50-cc. pipetted portion of the iodate solution 
was treated with 2 g. of potassium iodide and 10 cc. of 1 N hydrochloric 
acid. The cold borax reaction mixture was then immediately transferred, 
and thoroughly rinsed with water, into the flask containing the liberated 
iodine. After rinsing down any drops on the sides, the flask was stoppered 
and allowed to stand for ten or fifteen minutes to insure complete oxidation. 
The total volume a t  this stage was about 150 cc, Ten cc. of 6 N hydro- 
chloric acid was then added and the excess iodine immediately slowly 

TABLE I 
RESULTS WITH PURE ZnPya(SCN)n 

Iodine, 0.1000 N 
ZnPyz(SCN)z, g. Calcd., cc. Reduced, cc. Error, % 

0.0849 30.00 30.02 +O. 1 
.0849 30.00 30.04 + . 1  
.0900 31.80 31.83 + . 1  
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titrated to almost colorless with standard thiosulfate before adding starch 
indicator. 

The following procedure and technique was found to give very satis- 
factory results for the determination of various small quantities of zinc, 
ranging from 3 to 33 mg. in a volume of 100 cc. The technique is not diffi- 
cult; nevertheless, every detail given is essential for accurate results. 

One gram of solid potassium thiocyanate is dissolved in the zinc solution, 
followed by 1 cc. of pyridine, which is added drop by drop while stirring. 
This is then allowed to stand for one hour, with occasional stirring to insure 
complete precipitation of the zinc in the supernatant liquid. During this 
time the temperature of the precipitation mixture should not be allowed to 
rise above 20'. Filtration is then effected by using a snugly fitting disk of 
filter paper in a clean 25-cc. capacity Gooch crucible. This disk of paper, 
of such size that the edges will be slightly turned up against the inside walls 
of the crucible, is best prepared by tracing the circumference with a knife and 
tearing along the mark to produce a smoothly frayed edge. The crucible 
is forced into a rubber ring (Bailey crucible holder) until the bottom pro- 
trudes a t  least 1 cm. through the ring. The ring is then placed in a clean 
funnel fitted into a suction flask. A transfer solution is prepared by dis- 
solving 10 g. of potassium thiocyanate and 10 cc. of pyridine in a liter of 
water. After wetting the filter with this solution and sucking down firmly, 
the precipitate is filtered with gentle suction and quantitatively transferred 
with the transfer solution. The precipitate is then washed with not more 
than 10 cc. of a solution of anhydrous ether containing 1% of pyridine by 
volume, cooled to 20° or lower. The greater part df the ether wash solution 
should be directed down the sides of the crucible in a very fine stream. 
The crucible is then removed and the outside wiped clean with a damp 
towel. The crucible is then inverted over a 500-cc. wide-mouthed conical 
flask, and the filter paper together with nearly all of the precipitate is 
dislodged by thrusting a fine wire through the bottom of the crucible. The 
crucible is washed thoroughly with boiling water and the volume of solu- 
tion increased to approximately 150 cc. This is heated until the precipi- 
tate is completely dissolved, ignoring the slight amount of flocculent zinc 
hydroxide which may form. After adding G g. of borax, the determination 
is completed according to the procedure given above, in the analysis of the 
weighed portions of the pure precipitate. A minimum excess of 5 cc. of 
0.1 N iodine, over that required for reaction (A), is essential for the com- 
plete oxidation of the thiocyanate in ten minutes, in a volume of 150 cc. 
This excess is estimated with sufficient accuracy by comparing the color of 
the oxidation mixture (after standing for two minutes) with the color pro- 
duced by the iodine, liberated under the same conditions, from 5 cc. of 0.1 N 
iodate in 150 cc. of water. If the excess iodine found is less than that 
specified, a second pipetted portion of iodate is treated as before and the 
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reaction mixture is quantitatively added to the iodine solution. An addi- 
tional gram or two of powdered borax is then added to compensate for the 
increased volume. Obviously, standard iodine solution may be used 
throughout in the procedure. A blank of the thiocyanate adsorbed on the 
filter paper and crucible must be determined. This is done by preparing a 
crucible as previously described and washing with the transfer solution, 
followed with the ether wash, as in the actual determination. The thio- 
cyanate on the iilter paper is determined exactly as in the regular deter- 
mination, except that a 10-cc. portion of iodate is sufficient. Table I1 
shows the results obtained with pure zinc sulfate solution. 

TABLE I1 
ANALYTICAL RESULTS 

Iodine, reduced, Zinc Errorj 
cc of 0 1000 N found, mg. mg. 

32.91 17.93 -0.05 
32.93 17.94 - .04 
33.01 17.98 . 00 
33.09 18.03 + .05 
15.10 8.23 + .02 
15.00 8.17 - .04 
5.95 3.241 - .045 
5.97 3.252 - .034 
5.96 3.247 - .039 

Error, 
% 

-0.3 
- .2 

.o + .3  + .2 
- .5 
-1.4 
-1.0 
-1.2 

Table I11 shows the effect of salts which are usually present a t  this stage 
of an analytical determination. 

Zinc 
taken, mg. 

32.86 
17.98 
17.98 
16.43 
16.43 
8.99 
8.99 

16.43 
16.43 
16.43 
16.43 
8.21 

Salts added, 
grams 

2, NazS04 
2, NaaSO4 
2, Na2S04 
4, NaZso4 
4, N%SOa 
2. NazSO4 
2, Na~S04 
1, NaN03 
2, NaN03 
1, NaCl 
4, NaCl 
4, NaCl 

( 1, NaCl 
\ 1, N%SOd 

TABLE I11 
EPFECT OF SALTS 

Iodine reduced, Zinc 
cr. of 0.1000 N found, mg. 

60.09 32.73 
32.98 17.97 
32.91 17.93 
30.15 16.42 
30.23 16.47 
16.46 8.97 
16.56 9.02 
30.19 16.45 
30.10 16.40 
29.92 16.30 
29.58 16.11 
14.90 8.12 

Error, 
mg. 

-0.13 
- .01 
- .05 
- .01 
+ .04 
- .02 
+ .03 
+o .02 
- .03 
- .13 
- .32 
- .09 

Error, 
% 

-0.4 
.o 

- .3 
.o + .2 

- .2 + .3 + -1 
- .2 
- . 8  
-1.9 
-1.1 

It is apparent that chloride interferes seriously, while sulfate or nitrate 
does not. Spacu and Dick2 have shown that ammonium salts give low 
results, and that magnesium and the alkaline earths do not interfere. 
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Copper, cadmium, cobalt, nickel and manganese interfere, since these form 
corresponding insoluble pyridine thiocyanate precipitates. 

The amount of thiocyanate remaining adsorbed on the crucible and filter 
paper after the final ether wash was found to be practically independent 
of a preliminary wetting with sodium sulfate solution, and the amount of 
ether wash. A series of blanks using Whatman No. 40 ashless filter paper 
showed consistent values of 0.40 cc. (+0.01) of 0.1 N iodine. 

Summary 
The iodimetric determination of small amounts of zinc, precipitated as 

zinc pyridine thiocyanate, has been developed. Data and the details of 
the procedure and technique have been included. 

LINCOLN, NEBRASKA 

[CONTRIBUTION NO. 631 FROM THE DEPARTMENT O F  CHEMISTRY, COLUMBIA UNIVERSITY ] 

RAPID REACTIONS. 
THE VELOCITY AND HEAT EFFECTS INVOLVED IN THE 

NEUTRALIZATION OF SODIUM DICHROMATE BY SODIUM 
HYDROXIDE1 

BY VICTOR K. LA MER AND CHESTER I,. READ 

RECEIVED MAY 1, 1930 PUBLISHED AUGUST 5 ,  1930 

1. Introduction 
Various investigators have endeavored to study some of the more rapid 

reactions but little has been accomplished in this field until comparatively 
recently. Abegg and Neustadtl" tried to follow the reaction between H+  
and OH- in alcoholic solutions a t  low temperatures. It is quite probable 
that  the reported time of the reaction, one-half to two minutes, was the 
time required for the solutions to mix a t  that temperature. Benedicks2 

used similar solutions a t  room temperature and attempted to follow the 
rate of reaction by conductivity methods. Round holes were cut in two 
glass plates and each hole was fitted with an electrode. One of the reacting 
solutions was placed in each of the cavities and the plates were moved so 
that  the holes were rapidly brought opposite each other. The conductivity 
of the resulting solution was recorded continuously by mechanical methods. 
It was found that two-tenths of a second was required for complete mixing 
of the solutions, while the reaction reached completion in a much shorter 
time. 

The first comprehensive study of a rapid reaction was made by Hartridge 
1 This paperis constructed from a Thesis submitted by Chester I, Read in partial 

fulfilment of the requirements for the degree of Doctor of Philosophy in Columbia 
University. 

la Abegg and Neustadt, 2. Elektrochem., 14, 2 (1908). 
Benedicks, 2. physik. Chem., 70, 12 (1910). 
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and Roughton3 when they applied their flowing stream method to  a reaction 
involving hemoglobin. The principle of the method consisted in causing 
the solutions whose reaction is to be studied to come together a t  high veloc- 
ity in a mixing chamber where they are rapidly and completely mixed. 
The resulting solution then passes through a reaction tube where the 
progress of the reaction is observed. With constant velocity maintained 
through the tube, the time required for the mixed solution to reach a given 
point is constant and consequently the reaction is always in the same state 
when the solution reaches this point. Various methods may be used t o  
follow the progress of the reaction; in most of the work reported by Hart- 
ridge and Roughton the spectroscope was used. In their most highly de- 
veloped apparatus, the first reading could be taken '/eooo second after 
mixing. Although most of their work was along biological lines, the reac- 
tion between 0.1 normal solutions of hydrochloric acid and sodium hydrox- 
ide was studied and found to be complete in less than 0.001 ~ e c o n d . ~  

Saa15 used an apparatus of this type applying conductivity and e. m. f. 
methods to follow the reactions. He attempted a survey of the different 
types of reactions taking place between electrolytes and concluded that 
"ionic reactions in which there is no change of charge and in which no 
secondary reactions having a fundamental influence on the ion or molecule 
occur, are complete to 1% within 0.004 second" and that "oxidation and 
reduction reactions are usually slow." 

In this research, the apparatus used was similar to that of Hartridge and 
Roughton except that the reactions were followed by means of thermo- 
couples which measured the temperature change due to the heat of re- 
action evolved. 

2. Apparatus 
A schematic diagram of the apparatus is given in Fig. 1. Air, a t  constant pressure, 

is applied to the two sets of bottles C and D through the regulating valve A. The ap- 
plied pressure is given by the manometer B. The two solutions are forced through 
glass tubes to the mixing apparatus E. Detailed views of the mixing apparatus are 
given in Fig. 2. X t  consists of two square gold-plated brass plates which are bolted to- 
gether. Each plate contains a circular header, I and J, of square cross section, the outer 
diameter being 85 mm., the inner 45 mm. and the depth 15 mm. Each header is fed by 
two tubes; solution from bottles C and C' enters header I by the tubes G and G' while 

Hartridge and Roughtou, (a) Proc. Roy.  Soc., (London) A104,376 (1923) ; (b) Proc. 
Camb. Ph i l .  Soc., 22,426 (1925); (c) ibid., 23, 450 (1926). 

The continuous flow principle of calorimetry has been employed previously by 
Pratt, J. Frankl in Inst. ,  185, 663 (1918), for the determination of heats of dilution of 
aqueous solutions and by Keyes and Dickinson [Thesis, Massachusetts Institute of 
Technology, 1917, referred to  by Keyes, Gillespie and Mitsukuri, THIS JOURNAL, 

44, 707 (1922)l for the determination of heats of neutralization. Bray and Livingston, 
ibid.,  50,1654 (1928)' have also employed a flowing stream method but for the very much 
slower reaction between hydrogen peroxide and bromine. 

Saal Rec. trav. chim., 47,73,264, 385 (1928). 
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F + i  

the solution from D and D' enters header J by means of the tubes H and H'. The 
solutions pass from the headers to the jets by means of sixteen holes, eight being drilled 
symmetrically through each plate. In the cross section view, two of the holes are indi- 

Fig. 1.-Schematic diagram of apparatus. 

cated as K. All of the holes in the back plate are designated in a similar manner in the 
view of the face of the rear plate. The solution from C and C' passes through the header 
I and the holes K into eight alternate jets. These jets are 1 mm. deep and at  the en- 

u 
View of face-rear plate. Cross section of mixing device and 

reaction tube. 
Fig. 2. 

trance to the mixing chamber they are approximately 1 mm. wide. The mixing chamber 
I, is 12 mm. in diameter and 1 mm. deep and approximately of 0.1 cc. volume. The 
solutions enter it a t  high velocity and in a direction tangent to the outer edge. The 
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swirling motion produced results in rapid mixing. The mixed solutions pass into the 
reaction tube M which is a hard rubber tube of 6.35 mm. bore. Thermocouple junctions, 
mounted on hard rubber pegs as N, are placed at  intervals along the reaction tube. The 
first junction, which is not shown in the sketch, is 1 mm. from the mixing chamber. The 
cold or reference junction 0 is mounted on a hard rubber screw, the junction being in the 
center of the mixing chamber. 

Flow of Solutions.-It is essential that the rate of flow of the mixed solution through 
the reaction tube be as nearly constant as possible while a set of readings is being taken 
and also that this solution be composed of equal volumes of the reacting solutions. 
The rate of flow through the apparatus is approximately proportional to the square root 
of the pressure applied, so small changes in pressure do not greatly influence the rate of 
flow. This is especially true when high pressures are applied. The pressure could be 
easily regulated and the fluctuations during an entire run were less than 1 mm. of mer- 
cury. Bottles of large cross section containing 36 liters of each solution were used in 
order that there might be little change in the level of the solutions during a run and con- 
sequently little change in the effective pressure applied to them. The variations in flow 
were less than 1 % during a half hour period. 

In each system the solution containers and the connections to the mixing apparatus 
were as nearly identical as possible in order that the liquid levels might remain the same 
in all four bottles and that each system might offer the same resistance to the flow of the 
liquid. Several methods were used to determine the ratios of rates of flow in the two 
systems under various conditions. The stopcock on one side was closed and the rate 
of flow through the other system was determined for various pressures. This side was 
then closed off and the rate of flow through the other system was determined. The rates 
of flow for each side for a given pressure checked within the limit of accuracy for this 
measurement, *0.50/0. 

One set of bottles was filled with 0.05 N hydrochloric acid and the other set with 
sodium hydroxide of equal strength. Various pressures were applied to the bottles 
and the stopcocks were adjusted for each pressure so that the greatest possible tempera- 
ture rise between the mixing chamber and a given junction was obtained. This would 
occur when the reacting solutions were present in equal concentration. This condition 
always existed when the stopcocks were wide open. Under these conditions the solution 
leaving the reaction tube was neutral to litmus paper. 

For any set of readings the variation in rate of flow was not greater than 1% and 
the variation in concentration of the reacting solution was less than 0.570. 

Thermocouples.-Copper-constantan thermocouples of No. 30 wire were used. 
A Leeds and Northrup type HS galvanometer could be connected between the cold or 
reference junction and any of the hot junctions by means of a series of switches. The 
galvanometer was connected in the copper side of the thermocouple circuit and all 
contacts were of copper in order to eliminate thermal effects. The galvanometer setting, 
the switchboard and the reaction apparatus were shielded to provide protection from 
stray currents. 

The galvanometer was mounted on the wall above the apparatus and 1.5 meters 
from the lamp and scale used with it. The temperature difference between two junc- 
tions was obtained directly from the deflection. The period of the galvanometer was 7.5 
seconds and by having the external resistance in the circuit approximately that of the 
critical damping resistance of the instrument, a reading could be taken in ten to fifteen 
seconds. 

Each thermocouple junction of the set used gave the same deflection within 0.1% 
for a given temperature gradient between it and the cold junction. Before installing 
the junctions in the apparatus they were connected to the switchboard and the gal- 
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vanometer was calibrated over the desired temperature range. This was accomplished 
by attaching the cold or reference junction to the bulb of one Beckmarin thermometer 
and the remaining junctions to the bulb of a second Beckmann. The thermometers 
were then placed in Dewar flasks filled with water a t  room temperature. The water 
in the first flask was gradually cooled so that after several hours it was 0.5" colder than 
the water in the other flask. Readings were taken at  short intervals of the temperature 
difference between the contents of the two flasks and the corresponding deflection given 
by the galvanometer. The temperature-deflection relationship was linear, a tempera- 
ture differential of 0.1 " giving a deflection of 7.225 cm. 

The thermocouple junctions were coated with bakelite varnish and mounted on 
conical pegs, the wires being fitted into small grooves on opposite sides of the pegs. The 
remaining space in the grooves was filled with varnish. The peg was fitted into a hole 
in the reaction tube at  a measured distance from the mixing chamber. I t  was found 
that when there was an appreciable temperature differential between the reaction solution 
in the reaction tube and the thermocouple wires going from the tube, heat was conducted 
to or from the junction and the true temperature differential between this point and 
the mixing chamber was not recorded. Much of this error was eliminated by winding 
20 to 25 cm. of the copper and constantan wires, adjacent to the junction, around the 
reaction tube and then giving the whole apparatus a heavy coating of paraffin. 

The first three junctions (not shown in Fig. 2) were placed so close together and so 
close to the end of the tube that it was not possible to mount them on pegs. Two narrow 
slits were cut in the tube and the wires were run through these slits. The junctions were 
held in place by means of bakelite varnish. 

Nine junctions were placed in the reaction tube, the distances from the front end 
of the tube being 1, 4, 10,20, 50, 100, 250, 500 and 1000 mm. When the rate of flow 
of the reacting solutions through the tube was 50 cm. per second, the first reading was 
taken 0.004 second after mixing and the last reading, 2.00 seconds after mixing. When 
the rate of flow was 100 cm. per second, the corresponding times were just half these 
values. 

The reference junction 0 was mounted on a hard rubber peg which screwed into the 
back plate of the mixing apparatus in such a manner that the junction was in the middle 
of the mixing chamber. Junctions were also placed in the tubes leading to the mixing 
apparatus in order to determine the temperature difference between the solutions en- 
tering the apparatus. 

Temperature Control.-The four 18-liter bottles containing the solutions were kept 
in a large water thermostat regulated to 25 + 0.005 ". The solutions were placed in the 
thermostat at  least twenty-four hours prior to a run to allow ample time for them to 
reach the temperature of the bath. The reaction apparatus was mounted in a wooden 
tank and water from the thermostat was circulated through it. The rate of circulation 
was rapid and the tank capacity small in comparison with that of the thermostat. The 
temperature of the tank was maintained within 0.005" of that in the thermostat. Pre- 
cise temperature control was found to be essential in securing concordant data. 

3. Procedure 

Air was applied to the solution bottles and regulated to the desired pres- 
sure. The stopcocks were then opened and the solutions allowed to flow 
through the apparatus. The rate of flow was measured by determining 
the time required for a given volume of solution to flow from-the end of the 
reaction tube. If the rate of flow was not that desired, the pressure was 
regulated to give the desired flow. Thermal equilibrium was not reached 
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immediately, so the first temperature readings were taken several minutes 
after the flow had been regulated. The data recorded for each set of read- 
ings consisted of the temperature difference between the two solutions as 
they entered the mixing apparatus, the temperature differences between the 
mixing chamber and each of the nine junctions, the air pressure and the 
rate of flow before and after taking the temperature readings. The first 
set of temperature readings was usually quite close to equilibrium and this 
condition was attained within ten minutes. Four or five sets of readings 
were taken a t  three- to five-minute intervals after the system had reached 
equilibrium. 

4. Reagents 
Analyzed chemicals obtained from J. T. Baker Chemical Co. and from 

Eimer and Amend were used without further purification. The solutions 
were made up and standardized against standard solutions. If the con- 
centrations were not within 0.3% of that desired, they were adjusted within 
that limit. The sodium hydroxide contained approximately 0.170 of 
sodium carbonate and the solutions were standardized against hydrochloric 
acid solution. The sodium dichromate solutions were standardized 
against sodium thiosulfate solution. 

5. Acid-Base Reactions-Proof of Mixing 
The reaction between sodium hydroxide and hydrochloric acid, which 

was studied by Hartridge and Roughton, was used to check the effective- 
ness of mixing with this apparatus. The first temperature reading was 
taken 0.002 second after mixing, and since this reaction is complete in less 
than 0.001 second, the temperature rise equivalent to the heat of reaction 
for the complete reaction should be obtained at  the first junction, if the 
mixing is complete a t  that point. Solutions of hydrochloric acid and 
sodium hydroxide of 0.05 normal concentration were run through the 
apparatus, the rate of flow through the reaction tube being 100 cm. per 
second. The corrected temperature differences between the mixing 
chamber and each of the junctions in the reaction tube were within 0.004' 
of 0.340". Calorimetric data require that this value should be 0.342'. 

These results prove that mixing is complete before the first junction in 
the reaction tube is reached and also that the entire reaction takes place 
between the cold junction and the first hot junction. It is evident that 
mixing does not take place until the reacting solutions reach the center of 
the mixing chamber. 

Saal has studied various acid-base reactions, apparently using a strong 
acid with a weak base or a strong base with a weak acid. He concluded 
that these reactions are all complete to within lYo in less than 0.004 second. 
The reaction between a weak acid and a weak base has not been reported, 
so the reaction between acetic acid and ammonium hydroxide was ob- 
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served. Using 0.05 normal solutions, it was found that the reaction was 
95y0 complete in 0.002 second and equilibrium was reached in less than 
0.01 second. The temperature rise for this reaction was 0.192'. These 
results indicate that the strength of the acid and base do have an effect on 
the velocity of neutralization. We intend to study this question in more 
detail in a later publication using an improved instrument. 

An attempt was made to use still weaker acids and bases but the results 
were not satisfactory. The heat of neutralization is to a large extent offset 
by the increased heats of ionization, so that unless solutions of high con- 
centration are used, the temperature rise due to the heat of reaction is not 
much greater than the experimental errors. 

6. Neutralization of Sodium Dichromate by Sodium Hydroxide 
This reaction is usually written as follows 

Na2CrzO7 + 2NaOH -+ 2NazC1-O4 + Hz0 

It was found to be well suited for study with this apparatus as it reaches 
equilibrium in one to two seconds and the heat evolved was comparable to 
that  evolved on the neutralization of a moderately strong acid. Sodium 
dichromate solutions of 0.02, 0.04 and 0.06 molar concentration were 
neutralized by sodium hydroxide solutions of equivalent concentrations. 
The results obtained are given in Table I and are represented graphically 
in Fig. 3, in which the temperature rise between the mixing chamber and a 
given junction is plotted against the time required for the mixed solution to 

TABLE I 
ORIGINAL DATA CORRECTED POR WATER EFFECT 

Time, T e p p ,  Time, Temp, Time. Temp., Time, Temp., 
Junction sec C sec "C. Junction sec. "C sec. OC. 

no Curve Ia Curve Ib no. Curve IIIa Curve IIIb 

1 0 004 0 072 0.002 0.071 1 0.004 0.202 0.002 0.212 
2 ,010 ,077 ,005 ,072 2 .010 .218 .005 .218 
3 .022 ,084 ,011 .082 3 .022 .255 .011 .232 
2 .042 .098 .021 .093 4 ,042 .305 .021 .264 
5 ,100 .I24 .050 ,111 5 .I00 .406 .050 .331 
6 .200 ,138 .I00 ,130 6 .200 .472 .I00 .417 
7 .500 .I49 .250 .I51 7 ,500 .529 .250 .479 
8 1.000 .. ,500 ,152 8 1.000 .540 .500 .529 
9 2.000 .I66 1.000 ,169 9 2.000 .554 1.000 .564 

Curve IIa Curve IIb Curve IV Curve V 

1 0.004 0.150 0.002 0.144 1 0.002 0.148 0.002 0.184 
2 ,010 ,156 ,005 .I48 2 ,005 .I52 .005 .I86 
3 .022 ,176 ,011 .I58 3 .011 .I61 .011 .I99 
4 ,042 .206 .021 ,170 4 .021 .I74 .021 .230 
5 .lo0 ,269 .050 .220 5 .050 .209 .050 .306 
6 .200 .311 ,100 .257 6 ,100 ,266 .I00 ,355 
7 ,500 .315 .250 .291 7 .250 ,291 .250 ,357 
8 1.000 ,334 ,500 ,317 8 .500 .332 .500 .360 
9 2.000 .355 1.000 .343 9 1.000 .355 1.000 .360 
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reach the junction. Curves I, I1 and I11 represent the above-mentioned 
reactions. Each curve represents two sets of data, the velocity of flow 
through the reaction tube being 50 cm. per second in one and 100 cm. per 
second in the other. The "a" curves represent the lower velocity and 
the "b" curves the higher. These curves do not start from the origin 
and when extrapolated to zero time have finite intercepts. 

Curve IV represents the neutralization of 0.04 molar sodium dichromate 
by 0.16 molar sodium hydroxide, twice the OH- concentration required. 
This curve is so similar to I1 that to add the additional data to the graph 
would only make it more difficult to identify the points for curves Ia and Ib. 
These data prove that the velocity of the reaction is not affected by the 
OH- concentration. 

0 0.1 0.2 0.3 0.4 0.5 
Time, sec. 

Fig. 3.-Graph of original data. 

Curve V represents the partial neutralization of 0.08 molar sodium di- 
chromate by 0.08 molar sodium hydroxide, half the OH- concentration 
required for the neutralization. This curve is quite different from curve I1 
as it rises much more rapidly until the OH- is used up. These data show 
that the velocity of the reaction is a function of the concentration of the 
dichromate ion. 

The data for the equilibrium between dichromate and chromate yield an 
explanation for these curves. Sherri116 has investigated the equilibrium 
between dichromate and hydrochromate by a freezing point method. 

CrzOr' + HzO 2HCr04- KI = (HCr04-)2/(Crz07s) 

Sherrill, THIS JOURNAL, 29, 1641 (1907). 
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The values of K1 vary from 0.0145 to 0.0196 over a concentration range of 
0.01 to 0.05 molar potassium dichromate. The dissociation of the hydro- 
chromate ion was determined from the hydrolysis of ammonium chromate 
and also from distribution data. 

HCr04- = H + + CrOd' Kz = (H +) (CrOh)/(HCrOa-) 

The values for Kz are given as 5.2 to 5.9 X at 18' and 7.4 X 
a t  25O. 

Saal has redetermined the value for K1 by measuring the amount of OH- 
required to  neutralize rapidly the HCr04- in equilibrium with the Cr207=. 
He found the value of K 1  to be 0.019 =t 0.001 for concentrations up to 0.125 
molar in potassium dichromate. On the basis of this value of K1, the 
concentrations of Cr2O7- and HCr04- present in equilibrium in the sodium 
dichromate solutions used have been calculated and are given in Cols. 5 
and 6 of Table 11. For the concentration range used in these experiments, 
approximately one-third of the chromium is present as the hydrochromate. 
The sudden rise in the temperature-time curves can be explained on the 
basis of the very rapid reaction between the Hero4- present and the OH-. 
This is in agreement with the evidence previously offered that acid-base 

TABLE 11 
ANALYSIS OR EXPERIMENTAL DATA 

1 2 3 4 5 6 7 8 9 
Velocity A T  A T  A T  
of mixed between due to  heat due t o  

Concn. of solns. M. C. and of diln. heat of 
NazCrzOl Concn. through Concn. of Concn. of last of neutn , 

Run taken, of NaOH, R. T. CrzO7-, HCrO4, junction, Nazp-207, 7 +,8, 
no. mole/l. mole/l. cm./sei. rnole/l. mole/l. OC. C. 

Ia 
Ib 
IIa 
IIb 
IIIa 
IIIb 
IV 
v 

Run 
no. 

Ia 
'Ib 

IIa 
IIb 
IIIa 
IIIb 
IV 
v 

AT. 
between 
junctions 
1 and 9, 

"C. 

11 12 13 14 15 
AT Theoret. AT Diff. be- 
10 for the reaction tween 
ex- had there been actual Heat of reaction Heat of 

trapolated no initial AT and NazCrz07 + 2NaOH hydration of 
to  zero hydration of theoret., - 2NaCrO4 + Hz0 Cr207- in 
time, the $Or", 9-12, steps "a" + "b" + "c," forming HCr04- 

O C .  C. OC. cal /mole of CrzO?' Cal./mole of CrzO7 

0.097 0.156 0.020 f 15,600 ( - 5270) 
.lo0 .I61 ,018 +16,100 ( - 4740) 
.210 ,296 .078 +14,800 - 13,500 
.201 .283 ,079 +14,150 - 13,600 
,363 .489 ,095 +16,000 - 12,900 
.362 .479 .lo6 +16,000 - 14,400 
.209 .294 .080 f 14,700 - 13,800 
,196 .345 . . . . . . . .  . . . . . .  

Av., +15,320 Av., -13,640 
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reactions reach equilibrium in a very few thousandths of a second, even 
when one of the components has a small dissociation constant. 

The mechanism of the reaction between sodium dichromate and sodium 
hydroxide is postulated to take place in three steps, as follows 

CrzOr' f Hz0 ~2 2HCrOa- (a) 
HCrOl- ;t H' + CrOd (b) 
H + 4- OH- - Hz0 (4 

The steps "b" and "c" take place in the interval of time between the mixing 
of the solutions and their reaching the first junction in the reaction tube. 
From analogy with other hydration reactions step "a" must be slow and 
this reaction is the one whose velocity is measured. The concentration of 
the water is large in comparison with that of the CrzOf so i t  would be 
expected that the rate of hydration would be pseudo-monomolecular and 
of the first order in respect to Cr207=. This is in agreement with the data 
already presented. 

1 

- -  
- I%- ,-  - T i m e ,  5 e c .  

Fig. 4.-Diagrammatic representation of temperatures. 

The heat effects of the various steps may be obtained from an analysis of 
the experimental data give in Table I1 and a graphic representation of the 
various items given in Fig. 4. Col. 1 in Table I1 gives the number of the 
run, Cols. 2 and 3 the conceiltrations of the reacting solutions, and Col. 4 
the velocity of the mixed solutions through the reaction tube. It will be 
noted that the "b" curves are duplicates of the "a" curves except that the 
velocity through the reaction tube is 100 cm. per second instead of 50 cm. 
per second. Cols. 5 and 6 represent the concentrations of Cr207- and 
HCr04- present in the sodium dichromate solutions. Column 7 gives the 
temperature rise between the mixing chamber and the last junction in the 
reaction tube. This item and the succeeding ones are represented in Fig. 4. 
A small correction has been applied to these values to correct for the 
temperature change due to the friction of water passing through the 
apparatus. To obtain the temperature rise due to the three steps "a," 
"b" and "c," the heats of dilution of the reacting solutions must be taken 
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into account. The heat of dilution of sodium hydroxide is quite small and 
may be neglected. This is not the case with sodium dichromate. The 
temperature change due to the dilution of the various concentrations of 
sodium dichromate with equal volumes of water has been determined ex- 
perimentally by means of the reaction velocity apparatus and these values 
are given in Col. 8. This correction must be applied to the values given in 
Col. 7 in order to obtain the true temperature rise due to the steps "a," 
I I b W  and Uc.W This latter value is given in Col. 9. 

The temperature rise between junctions one and nine is given in Col. 10. 
The curves given in Fig. 3 may be extrapolated to zero time. The tempera- 
ture difference between this intersection with the zero ordinate and the 
ninth junction is given in Col. 11. This temperature rise is due to the 
hydration of that concentration of Crz07= initially present in the aqueous 
solution (Col. 5) and the subsequent neutralization of the HCrOs- formed. 
Prom this temperature rise and the initial concentration of Cr207-, the 
theoretical temperature rise obtainable if there were no initial hydration 
can be computed. This value is given in Col. 12. It is the temperature 
rise due to the reactions "a" + "b" + "c," and the heat effect per mole of 
Crz07- can be obtained from this value and the concentration of the sodium 
dichromate solution. The values for the sum of the heat effects of these 
three steps are given in Col. 14, the average value being +15,320 .t 675 
calories per mole of Crz07=. In making the calculations for the heat 
effects no allowance has been made for the reduced specific heat or the 
increased specific gravity of the solutions due to the presence of the salt. 
These effects tend to offset each other so that the results given are probably 
about 1% high for the most concentrated solutions. Sufficient data are 
not available for the calculation of such a correction and it is of the same 
order of magnitude as the experimental error. 

The theoretical value of the temperature rise for these three steps (Col. 
12) is considerably less than the gross temperature rise experimentally de- 
termined (Col. 9). The difference, Col. 13, is a measure of the heat of 
hydration of the Crz07= or step "a." The heat of hydration is then cal- 
culated from the concentration of Crz07- initially hydrated and the tem- 
perature difference given in Col. 13. The calculated values for this heat of 
hydration are given in Col. 15. The values for runs Ia and Ib are not in 
agreement with the remaining values and they have been omitted in de- 
termining the average value of - 13,640 calories per mole of CrZO7-. The 
calculations of the heat of hydration are dependent upon a very small 
temperature increment, 0.020 and 0.018' for runs Ia and Ib, so a large 
experimental error is not required to alter these values greatly. 

The heat effects for steps "a" + "b" + "c" and for step "a" have been 
computed from the experimental data. The value for step "c" has been 
well established as +13,700 calories per mole. The value for "b," the heat 



Aug., 1930 A STUDY OF RAPID REACTION 3109 

of dissociation of the HCrOd- into H+ and CrOd-, then becomes +780 
calories per mole. . 

The neutralization of sodium dichromate has been assumed to  be a 
pseudo-monomolecular reaction. If this assumption is correct, a straight 
line should be obtained when log a/(a  - x) is plotted against time where a 
is the concentration of dichromate originally present and x is the concentra- 
tion which has been neutralized a t  the time t. In this case the temperature 
change was used as a measure of a and x, the value of a being given in Col. 
12. The data are represented in Fig. 5. The dichromate initially hy- 

-0.06 -0.04 -0.02 0 0.02 0.04 0.06 008  0.10 
Time, see. 

Fig. 5. 

drated varied from 24.5 to 38% so the points do not give a single line but 
three lines. The intersection of these lines with the abscissa gives the cor- 
rection to be applied for the construction of theoretical curves based on an 

TABLE I11 
MONOMOLECUI,AR CONSTANTS FOR THE NEUTRALIZATION OF Cr207- BY OH- IN MIN.-' 

k = l / t  In a/(a-x) 
Junction Curve no 

no. Ia Ib  IIa I lb  IIIa IIIb I V  

1 524 534 549 553 529 562 556 
2 495 516 517 546 522 542 543 
3 507 567 520 541 535 520 532 
4 518 602 528 518 539 539 436 
5 498 576 545 582 538 535 490 
6 553 486 526 459 542 527 

Average 508 558 524 544 518 540 514 
Average of all values, 529.4. 



3110 VICTOR K. LA MER AND CHESTER L,. READ Vol. 52 

initial condition of no hydration of the dichromate ion. The constants for 
the reaction can be calculated from the corrected times and they are given 
in Table 111. Values corresponding to the first six junctions are given, the 
sixth junction representing the reaction about 75% complete. Beyond 
this point, a small error in the value of x has a very pronounced effect on the 
values In (a/a - x )  and the results are not reliable. The average value for 
the constants for the seven experiments is 529.4 min.-l. 

0 0.1 0.2 0.3 0.4 0.5 0.6 1.0 2.0 
Time, sec. 

Fig. 6.-Theoretical curves. , 

Theoretical curves for the neutralization of CrzO7- by OH- can be 
plotted by applying the time corrections obtained in Fig. 5 and the values 
for the neutralization had there been no initial hydration given in Col. 12. 
These curves are given in Fig. 6. The half time of 0.0785 second is obtained 
from the velocity constant. 

7. Discussion of Results 
Saal has studied the neutralization of potassium dichromate by sodium 

hydroxide by conductivity methods and on the basis of a very limited 
amount of data has concluded that the reaction is bimolecular. He con- 
siders the mechanism to be as follows 

HCr04- + OH- - Cr04- + Hz0 
CrzOr- + OH- - Cr04- + HCr04- 

If this mechanism were correct, the reaction would probably be bimolecular 
but the rate of reaction would depend on the concentration of OH- present. 
It has been shown that the concentration of OH- has no effect on the rate 
of reaction. Saal's data are difficult to interpret and it is not possible to 
recalculate them on the basis of the reaction being monomolecular. 
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Note of May 30, 1930.-Since this paper was submitted for publication, 
two recent papers by Roughton [Proc. Roy. Soc. (London), A126, 439, 
470 (1930) 1 have come to our attention, in which the author has published 
the debils of his thermocouple method of following chemical reactions to  
which he referred briefly in Ref. 3c. He gives an exhaustive analysis of the 
sources of error involved. Although Roughton's procedure for thermal 
control differs considerably from ours, he achieves a precision of O.OO1° 
in the heats of neutralization. In the second paper he has studied some 
reactions of acids, bases and proteins in which the heats of reaction rather 
than the evaluation of the rate constants were of primary interest. 

Acknowledgment.-We wish to express our indebtedness to  Dr. J. W. 
Roughton for advice in the early stages of the investigation and to Mr. L. 
J. Dornhofer, Chief Mechanician of the Laboratories, for the care which 
he exercised in constructing the Mixing Chamber. 

Summary 

1. An apparatus has been described for the study of rapid reactions, 
the progress of the reaction being followed by means of the temperature 
rise due to the heat of reaction evolved. The flowing stream method of 
Hartridge and Roughton has been employed, the reacting solutions being 
rapidly and completely mixed in a small mixing chamber and the resulting 
solution passed through a reaction tube at  uniform velocity where the 
progress of the reaction is observed. The temperature rise between the 
point of mixing and any given point in the reaction tube was measured 
by thermocouples placed a t  measured intervals along the reaction tube, 
corresponding to time intervals which may be computed from the rate of 
flow. 

2. The neutralization of NazCrzO7 by sodium hydroxide has been 
studied a t  25' with this apparatus. It has been shown that the following 
mechanism 

(a) Cr207- + H10 ~ 2HCr04- (slow) 
(b) HCr04- = H+ + Cr04- (fast) 
(c) H +  + OH- - Hz0 (fast) 

will account for the peculiarities of the reaction. Reaction "a" is pseudo- 
monomolecular with a half time of 0.0785 second and k = 529 reciprocal 
minutes. The heat of the gross reaction is +15,320 calories per mole of 
dichromate ion. The streaming method permits the determination of the 
heats of reaction involved in steps "a" and "b" which are not accessible by 
the usual methods. qa = - 13,640 calories per mole of Cr207= and qb = 

+780 calories per mole of HCr04-. 
NEW YORK, N. Y .  
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[CONTRIBUTION PROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

DEFORMATION OF ELECTRON SHELLS. I. 
ABSORPTION SPECTRUM, MOLECULAR VOLUME AND 

REFRACTION OF NEODYMIUM PERCHLORATE 

The object of this work was to investigate the relations existing between 
the absorption spectrum and other properties of certain rare earth salts. 
As pointed out by Foexl in a recent article on the "Different Magnetic 
States of an Ion:" "If each magnetic state corresponds to a special struc- 
ture of the outer electron layer, it  may be expected that all of the properties 
of the ion which depend on that outer layer will change with the changes 
that occur in this layer. Por example, the refraction of the ion, the ab- 
sorption bands, the magnetic rotation, polarization, etc., would change 
when the magnetic state changes. These changes and co-relations have 
not as yet been investigated." 

During the course of work on the absorption spectra of the rare earths by 
Quill, Selwood and hop kin^,^ it was observed that the spectrum of neo- 
dymium and other rare earth salts in solution could be altered by the addi- 
tion of excess of a common ion or merely by changing the concentration. 
I n  general, the absorption bands of neodymium salts and, to some extent, 
those of other rare earths investigated were shifted toward the red end 
of the spectrum by increased concentration. 

Regarding the possible mechanism of these absorption band shifts, the 
authors have this to say, "It is known that even in the case of strong elec- 
trolytes the oppositely charged ions in solution may approach close enough 
to  one another to cause distortion of the outer electron shells. It is prob- 
able that the distortion may be communicated in part, as small energy 
changes, to the electrons composing the inner sub-group which is thought 
to be the seat of the spectrum bands in the visible region. Recent observa- 
tions by Ephraim and Bloch on the ammonia complexes of praseodymium 
chloride have been successfully explained by them on the basis of their 
theory of the deformation of the inner electron shell." 

The relation between molecular volume and absorption spectrum has 
received considerable attention from Ephraim and co- worker^.^ Briefly, 
the object of their investigations has been to determine whether the de- 
formation of the outer electron shell resulting from chemical union is trans- 
mitted to the inner shells. The rare earths are ideal for such an investiga- 
tion. Ephraim maintains that a chemical union which is attended by a 

F o e x ,  Trans. Am. Electrochem. Soc., 55, 97 (1929). 
Quill, Selwood and Hopkins, THIS JOURNAL, 50,2929 (1928). 
Ephraim and Bloch, Ber., 59B, 2629 (1926); ibid., 61B, 65, 72, 80 (1928); Bph- 

raim and Ray, ibkd., 62B, 1509, 1520, 1639 (1929). 
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diminution of molecular volume results in compression of the electron shells, 
bringing about a shorter period of vibration and a corresponding shift to 
the violet in the absorption bands. No matter what the theoretical inter- 
pretation of Bphraim's results, there can be no question that the extension 
of his observations to solutions of rare earth salts should provide valuable 
confirmatory evidence for the deductions which may be drawn from ab- 
sorption and refraction. 

A basis for the work on molecular refraction has been established by 
Fajans and co- worker^.^ Taking as his primary postulate that the fa- 

n 2- 1  M 
miliar Lorentz-Lorenz expression R = --- X - is strictly additive 

n 2 + 2  d 
unless changes occur in the electron shell, he considers deviations of R 
as being measures of such changes. Fajans maintains that the close prox- 
imity of an anion to a cation will result in an increase in the refraction of the 
latter proportional to the charge on the anion and to the polarizability of 
the cation. Conversely, the refraction of an anion is diminished by the 
approach of a cation. 

From the standpoint of the classical Clausius-Mosotti theory of di- 
electrics, a shift of the absorption bands toward the red should be attended 
with an increase of molecular refraction. To be sure, absorption bands 
have to do with only a few electrons in the cation, while refraction has to 
do with all the electrons in cation, anion and solvent molecule as well; 
but as pointed out by Fajans, some means are available for the estimation 
of these various effects. 

Experimental 

Preparation of Solutions.-The measurements described here were 
carried out on solutions of neodymium perchlorate. When the work was 
started neodymia was the only rare earth available in sufficient quantity 
(about 1000 g.) for the purpose. The neodymium had been prepared by 
fractional crystallization of the double magnesium nitrate by the writer and 
others during the past two years. The rich blue color of the oxide and the 
absence of absorption spectrum bands of other rare earths were taken as 
evidences of purity. 

Perchlorate was chosen because, as has been pointed out by several 
workers, the refraction of the perchlorate ion is only slightly influenced by 
concentration or other external influence. 

More than sufficient neodymium oxide to prepare 100 cc. each of seven 
Fajans, Naturlsrissenschaften, 11, 165 (1923); Trans. Faraday Soc., 23, 357 

(1927); Fajans and Joos, Z. Physik, 23, 1 (1924); Fajans, 2. physik. Chem., 130, 724 
(1927); Fajans, Kohner and Geffcken, 2. Elektrochem., 34, 1 (1928); Fajans, ibid., 
34, 1 (1929); Z. Physik,  50, 531 (1928); Z. physik. Chem., A137,361 (1928); Z.  Krist., 
66, 321 (1928). 

Mazzucchelli and Vercillo, Gazz. chim ital , 55, 498 (1925). 
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solutions from about 2 to 7 N in neodymium perchlorate was treated with 
insufficient perchloric acid to effect complete solution. The mixture was 
subjected to prolonged boiling and was then filtered. The clear filtrate 
was analyzed for ileodymium content and appropriate quantities were 
removed and evaporated down to the desired concentration. The solutions 
finally obtained were clear and neutral to litmus. 

Analytical Procedure.-Preliminary tests indicated two methods which 
nright bt: used for the analysis of the solutions. These were, first, pre- 
cipitation of the neodymium as oxalate with standard oxalic acid, filtering, 
and back-titration of the excess oxalic acid in the filtrate with standard 
permanganate; and, second, ignition of the oxalate to oxide which may be 
weighed directly. Neither of these methods was very satisfactory, and 
they do not compare in accuracy with the other measurements necessary in 
the determination of molecular refraction. Both methods were conven- 
iently run on the same weighed sample of solution. The possible oxidation 
of oxalic acid by the liberated perchloric acid was investigated by standard- 
izing the former against permanganate first in sulfuric acid solution and 
then in perchloric acid. No difference could be detected, so i t  was assumed 
that dilute perchloric acid had no effect on oxalic acid. 

The weighed samples of the neodymium perchlorate solutions were acidified with a 
few drops of dilute sulfuric acid, diluted with water and heated just to boiling. Stand- 
ard oxalic acid solution to the extent of about one and one-quarter times the amount 
required t o  precipitate all the neodymium was added and the mixture was allowed to 
cool, and if convenient to stand overnight. The mixture was then filtered, the pre- 
cipitate thoroughly washed, the filtrate was heated to  boiling and quickly titrated with 
standard potassium permanganate solution after the addition of 5 cc. of 6 N sulfuric 
acid. The neodymium oxalate was dried and ignited in porcelain to  constant weight 
over the full heat of a Mkker burner. This required several hours. The oxide was 
allowed to cool in a carbon dioxide-free desiccator and was weighed. No tendency to 
increase in weight was observed. 

The results obtained by the oxide method were, in general, 1 % higher than those by 
the perrnanganate method. Good checks were secured by both methods although the 
oxide checks were better. When the oxide results were plotted against refractive index, 
the curve obtained was much smoother than when the pennanganate results were used. 
The neodymium oxide when dissolved in nitric acid gave no test for chloride, thus 
eliminating the possibility of oxalo-perchlorate formation. I n  view of these facts, and 
the more direct procedure involved in the oxide method, the results obtained by that 
method were used exclusively in the calculation of refractions and volumes. The 
compositions of the solutions given are believed to be accurate to  0.2%. The irregular- 
ities in the refraction and volume curves are believed by the writer to  be attributable to  
the unavoidably high probable error in the analytical work. A single determination by 
weighing the oxalate in a sintered glass crucible after drying a t  125' gave an excellent 
check with the oxide determination on the assumption that the oxalate was associated 
with one molecule of water. The reliability of this method is, however, said to  be open 
t o  serious q ~ e s t i o n . ~  

Densimetry.-The densities of the solutions were determined pycnometrically and 

Little (Friend), "Textbook of Inorganic Chemistry," Vol. IV, 1921. 
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by Archimedes' principle. The temperatures were read to 0.1' on a mercury ther- 
mometer calibrated against a Bureau of Standards thermometer. In the case of the 
most concentrated solution which had the largest temperature coefficient, 0.1" was 
approximately equivalent to 0.1 mg. on the balance pan, so that nothing could have 
been gained by more sensitive temperature control. The density of each solution was 
determined at at least four different temperatures. The densities were plotted against 
temperature, and the value a t  the temperature a t  which the refractive indices were de- 
termined was found by interpolation. The maximum probable error is believed to be 
about 0.02%. The values obtained by the two methods agree within this amount. 

Refractometry.-The refractive indices of the solutions were measured on an Eyk- 
mann refractometer. The large number of intense absorption bands in the spectrum of 
neodymium salts rendered it possible that anomalous dispersion would completeiy mask 
the small deviations it was hoped to detect. I t  became necessary, therefore, to plot the 
refractive index of a concentrated salution over a range of wave lengths in the neighbor- 
hood of the yellow and red portions of the spectrum. Figure 1 shows the refractive in- 

6800 6400 6000 5600 5200 4800 4400 

Wave length in Angstrom units. 

Fig. 1.-Dispersion of saturated Nd(NO& solution. 

dex of a nearly saturated (about 10 N) solution of neodymium nitrate from 4554 to 
6708 A. Most of the wave lengths wrre obtained from salts of barium placed in the 
positive crater of a carbon arc. The very slight deviation of the hydrogen C line is 
attributed to a small change in the position of the source when the change was made from 
an arc to a Geissler tube. Otherwise the refractive indices lie on a smooth curve, and 
any anomalous dispersion, if present, must be within the observational error. These 
results are in accord with those of Elias,7 who found very slight anomalous dispersion 
in the region of the intense neodymium band in the yellow. 

The refractive indices used in estimating molecular refraction were all found for the 
hydrogen C line (6563 A.) which is in a region comparatively free from absorption. 
The measurements were made a t  room temperature, which was read to 0.1" on a cali- 
brated thermometer suspended directly in the solution. The refractive indices were 
corrected to vacuum and are believed to be accurate to 0.003%. 

Absorption Spectrum.-Although some investigators have stated that solutions of 
neodymium salts obey Beer's laws throughout considerable ranges of concentration, 
it has been shown elsewhere that this is not true. The present paper indicates that  

Elias, Ber. Physik. Ges., 955 (1910). 
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absorption band shifts may be found in even the moderate concentrations (about 7 N) 
obtainable with neodymium perchlorate. 

For the purpose of this work the absorption spectrum of the highest concentration 
of neodymium perchlorate prepared (6.63 N) through a 3-mm. layer was compared 
with that of a 0.1989 N solution through the equivalent thickness of 100 mm. In the 
case of the more dilute solution it was believed that the rare earth ions were completely 
surrounded by water molecules, or their electron shells, a t  any rate, were shielded from 
the influence which produces absorption band shifts. Unpublished work by the writer 
indicates that Beer's law is rigorously obeyed by solutions of rare earth salts from about 
0.2 N down. The spectra were registered photographically on a Hilger E 1 quartz 
prism spectrograph, using a quartz system throughout. The light source was a tungsten 
ribbon incandescent lamp which gave a steady light and a fairly uniform continuous 
spectrum in the region involved. The curves shown in Fig. 4 are tracings of the 
curves obtained from the photographic plate on a recording microphotometer. 

The longer absorption cell was a glass tube fitted with quartz windows. In order 
to reduce the relatively large error possible in measurements of 10 rnm. or less, the shorter 
cell was made of brass, gold-plated and ground to the proper dimensions. I t  was also 
fitted with quartz windows. 

The most serious difficulties in connection with the spectrographic work were the 
location of satisfactory reference points from which to compare the two microphoto- 
metric curves, and the establishment of the highest possible degree of uniformity in 
exposure and development of the plate. 

The f i s t  difficulty was readily solved by placing a solution of europium nitrate in 
the optical train before the slit of the spe~trograph. The sharp, intense absorption 
lines of this element at about 4650 and 5250 A. are indicated in Fig. 4. 

The method used by Joness for procuring uniformity of exposure through long and 
short absorption cells was one of trial and error where the time of exposure was varied 
until approximately equivalent blackening of the photographic plate was obtained. In 
view of the very slight deviations expected in this work, such a method did not seem 
satisfactory to the writer. Resort was, therefore, made to the following arrangement. 
Both the long and short cells were left in place throughout both exposures. In the 
first case the longer cell was filled with the more dilute solution and the shorter cell with 
water and the plate was then exposed for five minutes. In the second case the longer 
cell was filled with water and the shorter one with the more concentrated solution. 
The exposure was again for five minutes. In this way the only possibility of error was 
in variations in intensity of the light source. The intensity was controlled as closely 
as possible, and plates wherein it had appeared to vary were rejected. In order further 
to insure uniformity, the two spectra were taken as near together as possible on the same 
plate, and the usual precautions were taken in developing and fixing. 

Results 
The apparent molecular volume of neodymium perchlorate in solution 

calculated from the simple mixture law is shown in Pig. 2. The values 
given are the averages of several determinations a t  29.5O, and they show 
about a 14% increase with increasing concentration. Owing, however, 
to  the fact that no account has been taken of the possibility of change in 
the specific volume of the solvent, the writer does not care to attach much 
importance to these results other than in a qualitative sense. As such 

Jones, "Absorption Spectra of Solutions," Carnegie Institute of Washington 
publications, No. 130, No. 160, 
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O/ ,  Nd(ClO4)a by weight. 
Fig. 2.-Apparent molecular volume of neodymium perchlorate 

in aqueous solution. 

The values for the molecular refraction of neodymium perchlorate are 
indicated in Fig. 3. These were calculated from the refractive indices 

% Nd(C104)3 by weight. 
Fig. 3.-Molecular refraction of neodymium perchlorate in  

aqueous solution. 

corrected to vacuum, the absolute densities and the percentage composi- 
tion by weight, by means of the simple mixture law 

100 M n2 - 1 1 n: - 1 1 100 - P 
= - P [ j n 2 . a [  - j n 2 . z l ( ~ ) 1  

where R is molecular refraction, M is molecular weight of Nd(C104)3, 
P is O/o of Nd(ClO4)a by weight, n is refractive index of the solution, d is 
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density of the solution, and no and do are the corresponding quantities for 
water. The molecular refraction shows about a 2% increase from the 
extrapolated value at  infinite dilution to about 7 N. The experimental 
values given are believed to be accurate to 0.3010, which is about the maxi- 
mum deviation of any single value from a smooth curve drawn through the 
points. Each value is the mean of several found for slightly different tem- 
peratures between 25 and 30'. Part of the increase in refraction may be 
ascribed to  polarization of the solvent molecule. As such polarization is 
roughly proportional to charge on the polarizing ion and inversely to 
its radius, the effect in this case may be expected to be somewhat less than 
that estimated by Fajans for the case of aluminum sulfate. In any event, 
i t  can scarcely be more than a small part of the observed deviation. 

Increasing concentration brings about quite noticeable changes in the 
relative intensities of the different absorption bands of neodymium per- 
chlorate. Such changes are apparent from Fig. 4 but the shifts in position 
a t  the highest concentration reached are scarcely to be distinguished except 
under a microscope. There is no question, however, that a shift of most of 
the bands toward the red has occurred. Figure 5 is an enlarged reproduction 
of the sharp band at  4272 A. I t  will be seen that increased concentration 
has brought about a shift of approximately 1 A. toward the red. The 
shifts of other bands whose positions are less readily measured are of about 
the same magnitude and in the same direction. 

The classical dispersion formula
g 

gives for the square of the refractive 
index 

-; n 

! 

Haas, "Atomic Theory," D. Van Nostrand Co., New York, p. 199. 
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Upper curve, 6.63 N Nd(C104)3 through 3 mm. layer; lower CUNe, 
0.1989 N Nd(C1O4)8 through 100 mm. layer. 

Fig. 4 -Microphotometric curves of the absorption spectrum of 
neodymium perchlorate. 
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"In this equation different kinds of electrical charges are assumed t o  
exist and they are distinguished by the subscript i; Zie is the quantity of 
electricity in such a charge, mi its mass, v, the frequency of its character- 
istic oscillation and Ni the number of these charges in unit volume." 
This equation shows that a decrease in characteristic frequency will be 
attended with an increase in refractive index for a given wave length = 

X = I/>. Such is precisely what has been observed in the experiments 
described here. It must not be taken for granted, however, that this re- 
lation always holds, because further work by the writer on the absorption 
spectrum of other rare earth salts indicates that it is by no means a general 
law that all bands shift toward the red with increasing concentration. 

6 63 N Nd(C1O4)$ thro gh 
3 mm layer. 

Iron arc. 

0.1989 N Nd(C10& through 
100 mm. layer. 

Fig. 5.-The 4272 A. absorption band of Nd(C104)3. 

In terms of the contributions to the subject of Pajans and of Ephraim, 
it appears that we have here to do with a deformation of the outer electron 
shells of the rare earth ion. Such deformation seems to be brought about 
by the approach of the negatively charged perchlorate ion and this de- 
formation appears to be communicated in part at  least to the inner electron 
shell believed to be the source of the characteristic absorption bands. 

The writer wishes to thank Professor B. Smith Hopkins, in whose 
laboratory this work was carried on, for the invaluable advice and encour- 
agement which he has from time to time supplied. 

Summary 
Deformation of the electron shells of the neodymium ion has been in- 

vestigated from the standpoints of absorption, volume and refraction 
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changes. Experimental details are given for the analytical work, for the 
determination of molecular refraction and for the measurement of absorp- 
tion bands. In the case of neodymium perchlorate, increasing concentra- 
tion has been found to be associated with an increase in volume and re- 
fraction, and a slight shift toward the red of the absoxption bands. Such 
results agree with deductions from the Clausius-Mosotti theory of dielec- 
trics and are in accordance with recent observations of Fajans and of 
Ephraim. 

[CONTRIBUTION FROM THE PITTSBURGH EXPERIMENT STATION OF THE U. S. BUREAU OF 

MINES] 

A CHAIN REACTION THEORY OF THE RATE OF EXPLOSION 
IN DETONATING GAS MIXTURES1 

It is well known that when an explosive gas mixture is ignited a t  one 
end of a tube, the initial flame speed, after undergoing a rapid acceleration, 
acquires a maximum and constant value which does not alter, regardless 
of the length of the column of gas. Given certain conditions as to tem- 
perature, pressure and composition, each gas is characterized by a definite 
speed of propagation ranging between 1000 and 4000 meters per second. 
The term detonation wave is usually given to the flame propagated at  these 
velocities. 

Theories for the High Rates of Explosions.-Several attempts have 
been made to account for these high rates of explosions. Berthelot and 
Vieille3 compared the speed of a detonation wave to the mean kinetic speed 
of the molecules in the burned gases. This speed can be readily computed 
from the temperature attained in the combustion. In many instances the 
speeds thus calculated differ widely from the experimentally determined 
velocities of the detonation wave. Dixon4 likened the speed of the deto- 
nation wave in gas mixtures to the velocity of propagation of sound in the 
same gas at  the high temperatures created by the combustion. Although 
in some cases the velocities calculated agree with those actually found, in 
others they differ quite widely. It was soon recognized that the "sound- 
wave theory" was defective and inadeq~ate .~ 

A more satisfactory and hydrodynamical theory was developed independ- 

Published by permission of the Director, U. S. Bureau of Mines. (Not subject 
to copyright.) Read before the American Chemical Society at Atlanta, Georgia, 
April, 1930. 

Physical Chemist, Pittsburgh Experiment Station, U. S. Bureau of Mines. 
Berthelot and Vieille, Compt. rend., 93, 18, 1881; 94, 149 (1882). 
Dixon, Trans. Roy. SOC. (London), 184,97 (1893); J. Chem. Soc., 97,665 (1910). 
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ently by D. I,. Chapman6 and E. Jo~guet .~  Their theory utilizes Rie- 
mann's and Hugoniot's equations for the propagation of shock waves in 
fluids where no chemical change occurs. The excellent agreement which 
Chapman finds seems to be due, at  least in part, to the use of specific heats 
which were derived from the velocity of the detonation wave itself. The 
early calculations of Jouguet, using old specific heat data, show much 
better agreement with experiment than when the latest values of specific 
heats are employed; in fact, the divergences are marked until allowances 
are made for dissociation of the gases at the high temperatures de~eloped.~ 

Because of the degree of success which the Chapman-Jouguet theory 
enjoys, it deserves more detailed consideration and exposition. Space will 
be devoted to this subject el~ewhere.~ 

While the following treatment does not possess the distinct advantage 
of the mathematical theory of Chapman and Jouguet, and for this 
reason may be said to be more limited in the scope of its application, it 
does attempt to present pictures of the microscopic molecular mechanisms 
of propagation from one layer of gas to the next. Por instance, the reaction 

involving as it does a quintuple collision, cannot be considered to occur to 
any appreciable extent in a detonation wave which is traveling some 2500 
meters per second. Any picture which is capable of visualizing the indi- 
vidual interactions, and at the same time accounts for the velocity of propa- 
gation, is a distinct step in advance. 

Obviously, the molecular mechanism should involve some connecting 
link between the layers of gas through which the explosion front is moving. 
Furthermore, there is evidence in some cases that the reaction in the latter 
is incomplete. Accordingly, adopting a kinetic analysis, the writer has 
sought to account for the high velocities of explosions by making use of the 
conception of chain reactions which is now generally believed to constitute 
the means by which explosions occur.8 This concept permits one to under- 
stand how certain interactions may proceed sometimes with velocities 
enormously greater than can be deduced from a consideration of the initially 
impressed force. Thus, a single interaction between two molecules may 
generate a product which reacts with the next suitable molecule it en- 
counters, the process continuing in like manner from layer to layer by 
reason of regenerated active products through a large number of steps or a 
chain of reactions. 

D. L. Chapman, Phil. Mag., 47,90 (1899). 
E. Jouguet, J. de Mathbmatipue, 347 (1905); 6 (1906); "Mecanique des Ex- 

plosifs" Paris, 1917. 
7 To be published. 

N. Semenoff, 2. Physik, 46, 109 (1927); 48, 571 (1928); C. N. Hinshelwood and 
co-workers, Proc. Roy. Soc. (London), (1928 and 1929). 
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Calculation of Rates of Explosions.-The chain theory is adopted in 
the following attempt to calculate the rates of explosions. The separate 
links in the chain are usually exothermic in character and of types which oc- 
cur with reasonable probability. The energy evolved in each step is divided 
equally among the several degrees of freedom of the p r o d ~ c t s . ~  Some of 
the  products are shot out in the direction of propagation with a velocity 
corresponding to the energy in their three degrees of translation. The 
active atom or niolecule (hereafter called the "carrier") carries its energy 
over to  the next reaction, accumulating more energy with each succeeding 
step in the chain. Finally, the energy on the carrier reaches a maximum 
limit which remains constant, regardless of the number of subsequent steps 
in the chain. As the time for each single chemical change to occur can be 
neglected, that part of the maximum energy which is energy of translation 
determines the velocity of the explosion. It is understood that it is not the 
same carrier which operates throughout the chain as it proceeds down the 
length of the tube, but a new and similar one which is regenerated in each 
successive reaction. 

Three typical cases will now be illustrated showing the type of mecha- 
nism involved. After an examination of the best available specific heat 
data a t  high temperatures and the total number of degrees of freedom pos- 
sible, the actual average number of degrees of freedom selected for the 
products in all reactions is as follows: monatomic, 3;  diatomic, 8; tri- 
atomic, l l .  

1. The Explosion of Hydrogen and Chlorine.-It is known that in the 
presence of atoms the reaction proceeds by a long series of stepslo of the type 

H + Clz = HC1+ C1 (1) 
CI + H2 = HC1 + H (2) 
etc. (1) 

Each reaction generates a product which serves as a reactant in the next 
step in the chain. 

The following thermochemical data are adopted 

As the products consist of mono-, di- and tri-atomic systems and the last two 
are capable of absorbing energy of vibration and rotation, it was decided, as a first ap- 
proximation, not to divide the energy according to the mass, that is, in equal momenta 
The only justification, for the present, for the use of the above method is that when used 
consistently for many reactions, correct values for rates of propagation can be calcu- 
lated. At the high temperatures developed where many active degrees of freedom come 
into play, the energy should be divided amongst aU and this seems to offer the simplest 
method of doing so. 

lo In  the photochemical formation of hydrogen chloride the chain lengths have been 
measured a t  about a half million [Porter, Bardwell and Lind, THIS JOURNAL, 48, 2603 
(1926)l. The chain is terminated by the removal of the atoms by combination with 
themselves. In the case of an explosion traveling down a tube, the chains must be in- 
definitely long, because the atoms which are shot out in the direction of propagation 
continue to meet molecules of chlorine and hydrogen. 
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HZ + Clz = 2HC1 + 44 Kcal. 
Hz = 2H - 103.5 Kcal. 
Clz = 2C1 - 57 Kcal. 

Ignition by the spark causes the formation of a certain number of H 
atoms. Then there follows 

H + Cla = HC1 + C1 + 45.25 Kcal. 
(3/11 of 45.25 Kcal. or 12.34 Kcal. is taken up by the C1 atom) 
C112.34 + H2 = HCl + H - 1.25 + 12.34 = 11.09 
H3.OZ4 + Cl2 = HC1 + C1 + 45.25 + 3.024 = 48.274 
Clf3.16 + Hz = HCI + H + 11.91 
H'.25 + C12 = HC1 + C1 + 48.50 
C113.23 + H2 = HCI + H f 11.98 
H3.27 + C12 = HCI + C1 + 48.52 
C113.2" 4- Hz = HCI + H + 11.985 
H3.271 + C12 = HC1 + C1 + 48.521 
C113.235 

We shall represent the final carrier of the chain as a chlorine atom possessing 
13.235 Kcal. of translational energy. The velocity is given by 

v = /2 13235 4.18 = 1763 meters per second 
35.5 

The average experimental value for a mixture Hz + Clz is 1765 meters 
per second. 

2. The Explosion of Hydrogen and Oxygen.-The thermochemical 
data adopted are: heat of formation of OH = f7.5 Kcal. ;I1 Hz = + 103.5 
Kcal.; H20 = t57.8 Kcal. 

We shall assume that the spark causes the formation of OH molecules 

HZ + 0 2  = 20H + 15 Kcal. 
OHIJ + Hz = Hz0 + H - 1.25 + 7.5 = 6.25 Kcal. 

+ O2 + HZ = Hz0 + OH + 117.25 + 1.34 = 118.59 Kcal. 
OH6' + Hz = Hz0 + H + 48.75 

+ 0 2  + H2 = Hz0 + OH + 127.70 
OH53.8 + H2 = Hz0 + H' + 52.55 
H11.26 + 0 2  + H2 = Hz0 + OH + 128.51 

+ Hp = Hz0 + H + 52.85 
H11.3a + H2 + 0 2  = Hz0 + OH + 128.58 
OHS4.15 etc. 

3 of the 8 degrees of freedom of OH are translational. 

The final carrier is an OH molecule possessing 3/8 of 54.15 or 20.3 Kcal. 
of translational energy. 

l1 D. S. Villars, Proc. Nat. Acad. Sci., 15, 709 (1929). 
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The experimental speed for a mixture of 2Hz + 1 0 2  is 2819 meters per 
second. Addition of excess oxygen decreases the velocity. This can be 
explained by the following deactivating reaction 

Hn.a3 + 0 2  = OH + 0 - 6.25 Kcal. 

The effect of Nz in lowering the velocity is probably due to inelastic colli- 
sions. Addition of excess Hz, on the other hand, increases the speed which 
may be due to the increased probability of occurrence of 

OH + Hz = He0 + H 

The maximum speed attained is 3532 meters per second for a 8Hz + 102 
mixture. 

If  a value of -3.5 Kcal, is usedfor the heat of formation of OH"" the 
velocity is 3080 meters per see. 

3. The Explosion of Carbon Monoxide and Oxygen.-The thermo- 
chemical data adopted are: heat of formation of CO = +26.5 Kcal.; 
COZ = +94.5 Kcal.; Oa = -34 Kcal.; 0% = +I31 Kcal.12 

We shall assume that the spark causes the reaction 
2CO + 0 2  = 2C02 + 136 Kcal. 

and that one carbon dioxide molecule collides with a carbon monoxide 
molecule, the latter emerging with 29 Kcal. 

COOS + O2 = C02 + 0 + 2.5 + 29 = 31.5 Kcal. 
CO or 0 2  

0 6 . 7 6  + 0, ____) Oa + 0 2  + 31.5 + 6.75 = 38.25 Kcal. 
(This reaction takes place in triple collision) 

0322.13 + CO + CO = 2C02 + 0 + 104.5 + 22.13 = 126.63 Kcal. 
CO or 0 2  

0'5.2 + 0 2  - 0 s  + 0 2  + 46.7 
0337.03 + CO + CO = 2C02 + 0 2  + 131.53 
0'6.78 + 0 2  + 0 3  + 0 2  + 47.28 
Oa27.38 + CO + CO = 2C02 + 0 + 131.88 
O16.S3 + 0 2  + 0.3 + 0 2  + 47.33 
0327.40 + CO + CO = 2'202 + 0 + 131.90 
0'6.83 + 0 2  -f 0 3  + 0 2  f 47.33 
0327 .40  

Three of the eleven degrees of freedom of O3 are translational. The trans- 
lational kinetic energy is 7.47 Kcal. and the corresponding velocity is 

u = /- = 1140 meters per second 

The experimental average of Berthelot's and Dixon's results is 1135 
meters per second. Should the foregoing mechanism be modified so that 
the fourth reaction is split up into two steps, namely 

0 3  + co = coz + 0 2  

lla R. Mecke, 2. physik. Chem., 7B,  (1930). 
l2 G. Herzberg, ibid., 4B, 223 (1929); J. Kaplan, Phys.  Rev., 35, 436 (1930); 

R. 'I?. Birge, Trans. Faraday SOC., 25, 707 (1929); R. Mecke, Naturwiss., 17, 996 
11929). 
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and 

the final velocity turns out to be 1100 meters per second, which is in good 
agreement with Berthelot's average of 1103 meters per second. All other 
possible mechanisms give final velocities which deviate by over 150% from 
the observed values. 

It can be shown that whatever the initial reaction caused by the ignition, 
ar the initial amount of energy therefore on the carbon monoxide molecule, 
the final results are identical provided that the same subsequent mechanism 
is adhered to. For instance, if the ignition brings about the reaction 

CO + O = COZ + 133 5 

followed by 

C02133.6 + CO = C 0 6 6 . f  + C0277.3 
~ 0 6 6 . ~  oZ = Coz + 0 + 2.5 + 56.2 = 58.7 Kcal. 

CO or OZ 
01"58 + O2 - 0 3  + 0 2  + 31.5 + 12.58 = 44.08 
0325.5 + CO + CO = etc. 

the final O3 carrier will still possess 27.40 Kcal. of energy. Furthermore, 
should the ignition process impart a large amount of energy to  the initial 
carriers, causing them to travel with a velocity greater than the final con- 
stant value, the chain mechanism indicates how these highly energized 
carriers are deprived of some of their energy. The final carriers will possess 
energy corresponding exactly to the velocity characteristic of the mixture. 
This deceleration of the detonation wave has been shown by C. Campbell 
and D. W. Woodhead13 in the case of the ignition of a hydrogen-oxygen mix- 
ture by another hydrogen-oxygen mixture possessing a greater character- 
istic velocity. I t  is possible, though not certain, that photographs pub- 
lished by W. A. Bone and R. P. Fraserl* can be interpreted in this light. 

I t  is noteworthy that the chain theory explains the acceleration or de- 
celeration of the explosion wave front to the final constant velocity charac- 
teristic of the mixture. 

In proceeding as above, the writer has imposed conditions which would 
tend to lower the calculated results. However, for a given mechanism and 
carrier the velocity calculated represents a maximum-that is, on the basis 
that each reaction in the chain occurs before the carrier is deactivated.15 

I S  Campbell and Woodhead, J. Chem. Soc., 3010 (1926). 
I4 Bone and Fraser, Trans. Roy Soc., (London) A228, 197-234 (1929), Plate 10, 

No. 37, Plate 11, No. 38. 
' 5  The substitution of inert gases such as helium and argon for an excess of one of 

the constituents would normally be expected to lower the rate. We have shown,7 
however, that helium causes a marked increase in the rate when i t  is added to a mixture 
of 2Hz and 102, whereas the addition of argon lowers it. If helium and argon behaved 
differently in the transfer of energy by collision, the former giving up energy of trans- 
lation to the carrier and the latter removing energy, this could be accounted for. De- 
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This is directly comparable with the experimental values about to be 
given in the accompanying table, since i t  contains those values for the 
optimum composition of a combustible gas mixture which gives the maxi- 
mum velocity. For instance, the maximum value for the HZ-02 explosion 
is for an 8H2 + OZ mixture. 

Attention is directed to the fact that the final carrier in a given mecha- 
nism has been rather arbitrarily selected. For instance, in the Hz-CIz 
explosio~i the atomic hydrogen carrier indicates a velocity of 5200 meters 
per second. This offers no difliculty in accounting for the high rate of 
the explosion. The case would be different were no carrier present pos- 
sessing a final velocity equal to a t  least the experimental velocity of the 
detonation wave. The carriers listed in Table I1 were selected because 
the velocities calculated from them are close to the true values. In a 
few cases they represent the highest velocity carrier. If the microscopic 
chemical process was the only factor which determined the velocity of the 
detonation wave, it would be difiicult to understand why the velocity is 
not that of the fastest carrier. It is possible that a fusion of the present 
theory and the Chapman-Jouguet theory in a manner indicated elsewhere7 

is desirable for an understanding of two striking phenomena in explosions, 
namely, the high speed of the detonation wave and the extreme rapidity 
of chemical reaction in the wave front. 

Before presenting the table of results i t  may prove of interest to include 
a few mechanisms for the reactions occurring in the explosion wave front 
for other explosions; these are given briefly in Table I. 

TABLE I 
REACTION MECHANISMS 

Explosion Mechanism adopted 

CH4 and 0 2  0 + 0 2  + CHI = C + 2H20 + 0 

CzH4 and OZ 
0 + 0 z + C z H 1 = 2 C + 2 H z O + O  
0 + 0 2  + CH4 = COz + 2Hz + C + 0 

HZ and NzO 
H + NzO = Nz + OH 
OH f Hz = Hz0 + H 

CzHs and 0 2  

Oz f CSz = SO2 + C f S 
CSZ and OZ 0 2  

S + 0 2  -* SO2 + 0 2  

0 + 0 8  = 202 
0 3  

0 2  + 0s = 202 + 0 
Table I1 contains a summary of calculated and experimental velocities. 

It is not maintained that the mechanisms selected are correct. Suffice it to 
remark that they are plausible and possible, and that the carriers selected 
spite the difference in their atomic weights, there is no real evidence for this assumption. 
On the other hand, it will be shown that the inverse behaviors of helium and argon are 
readily explained by the Chapman-Jouguet theory (cited). 
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give the correct velocities while others give values far removed from 
those found. The experimental values are those of Dixon and others.16 

TABLE I1 
SUMMARY OF CALCULATED AND EXPERIMENTAL VELOCITIES 

Vel calcd. Vel. observed, 
I3xplosion Carrier rneters/seL meters/sec. Deviation, % 
Hz + 0 2  OH 3160 3532 - 10.5 
H2 + Clz C1 1763 1765 - 0.11 
co + 0 2  0 s  1140 1135 +0.44 
C2Nz + 0 2  N 2780 2728 +1 .9  
CHI + 0 2  0 2480 2513 - 1 .3  
CzH, + 0 2  0 2530 2559 - 1.1  
C2H2 + 0 2  0 2947 2941 +0 .20 
NHa + 0 2  0 2435 2390 +1 .9  
Hz + NzO OH 2840 >2732 + < 3 . 9  
C2H2 + NzO 2635 2580 +2.1 [! 2773 \ 
C2Hz + NO 2850 +0 .6  

I Nz 2390 
CzHa + 0% 0 2010 2363 - 15.0 

3435 i 2866 

Csz + 0 2  0 2  1960 1802 +8 .8  
203 --+ 302 0 2  2240 Not measured; calcd. by Jouguet 

theory, 2123 

In some explosions it is difficult to picture a mechanism in the flame front 
because there is little or no knowledge concerning the degree to which the 
reaction progresses in it. Where marked deviations below the observed 
values occur it is possible that some unknown mechanism is in operation. 
Despite this, however, the concordance is exceptionally good in most cases 

Summary 

An attempt has been made to calculate the velocity of propagation of 
gaseous explosions employing the concept of reaction chains. Fourteen 
explosive mixtures were investigated, mechanisms developed and the 
calculated velocities compared with known experimental values. The 
agreement is exceptionally good in most cases. 

PITTSBURGH, PENNSYLVANIA 

' 6  See Bone and Townend, "Flame and Combustion in Gases," 1927, pp. 511-518. 
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[CONTRIBUTION FROM THE DEPARTMENT OR CHEMISTRY, CORNISLI. UNIVERSITY ] 

AN APPARATUS FOR THE DETERMINATION OF MELTING 
POINTS 

A comprehensive summary of methods and devices for the determina- 
tion of the melting points of organic substances is given in Oesper's trans- 
lation of Lassar-Cohn's "Organic Laboratory Methods," with notes and 
comments by Roger Adams. None of the methods there described is 
rapid, several of them are of doubtful accuracy, and all of them, with 
perhaps the exception of the Maquenne block, fail to give correct results 
if the substance tends to decompose before i t  reaches the melting point. 

One of the most accurate and rapid methods for the measurement of 
temperature is by a thermocouple used in conjunction with a potentiometer. 
An apparatus that employs this combination, and with which the melting 
points of substances, either organic or inorganic, within the range from 
room temperature to 300°, may accurately be determined in a few seconds, 
is shown in Fig. 1. A is a bar of very pure1 copper 61 cm. long. It is 

Fig. 1. 

square, 25 mm. X 25 mm., through about 53 cm. of its length and the 
remaining 8 cm. is turned down to a cylindrical shoulder 2 cm. in diameter. 
This shoulder, S, is first covered with a thin layer of asbestos paper, and 
then 18 turns of nichrome ribbon, '/I6 in. X 0.0325 mm., are wrapped 
around it. The ends of the ribbon are fastened to the two binding posts 
B and C. The coil of ribbon is covered with a layer of asbestos cement 
about 6 mm. thick. A current, either a. c. or d. c., passed through this 
ribbon, heats the bar A, and is so adjusted by suitable resistance that 
the range of temperature of the bar between the hotter and cooler ends 
includes the temperatures of the melting points of the substances under 
examination. 

Parallel with the copper bar A is a guide rod G that carries the pivoted 
arm H to which is fastened an insulated wire of constantan. The end 

Spectroscopic examination showed that it contained only minute traces of 
aluminum, magnesium and iron. 
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of this wire passes through the head K of the arm, and the exposed end 
of the wire is lightly but firmly pressed down upon the surface of A by 
a spiral spring in L when the button M is turned to the left. The arm 
is raised from the bar and held there, by turning the button M to  the 
right.2 

Copper and constantan were employed as the thermoelectric pair 
because in respect to thermoelectric power, homogeneity and perma- 
n e n ~ e , ~  this couple is admirably adapted to measurements between room 
temperature and 400'. The constantan wire that was used is No. 20, 
diameter 0.08 mm. 

The further end of the constantan wire, and a pure copper wire, 0.08 
mm. in diameter, which is fastened to the cooler end of A by the binding 
post N, are connected to  a p~tentiometer.~ No calibration of the heated 
bar A is necessary. It need only be brought a t  some point (any point) 
to the temperature a t  which the substance under examination will melt. 
The differences of temperature between the two ends of A were found 
to be as follows: 

Current through 
heating coil 

around S, amp. Hotter end.5 O C .  Cooler end, OC. 

4 90 63 
5 131 87 
6 140 95 
7 176 107 
8 233 131 
9 250 150 

10 302 167 

A determination of the melting point of a substance is made as follows. 
When the bar A has been brought to such a temperature that  somewhere 
(anywhere) along its length the melting point of the substance under 

To ensure satisfactory construction of the apparatus, application for a patent 
on the device has been made. 

a See White, THIS JOURNAL, 36, 1856, 1868, 2011, 2480 (1914). 
The potentiometer was a double-range potentiometer indicator of the Leeds and 

Northrup Co., scales 0-16 millivolts, and 0-80 millivolts, their catalog No. 8657-B. 
This instrument is equipped with a manual cold junction compensator that  is set by 
means of a dial to the millivolts corresponding to the temperature, as read from a 
thermometer, of the cold junction of the thermocouple that is being employed. With 
a potentiometer not fitted with such a compensator the cold junction of the thermo- 
couple must be maintained a t  0 ". 

Melting points as high as 320' have been determined with the bar, but  it is not 
advisable to hold the bar a t  a temperature above 275' for any considerable length of 
time because superficial oxidation of the copper may result. The thin layer of oxide 
does not, however, appreciably affect the determination, if the constantan contact is 
firmly pressed down with the finger. The bar can easily be cleaned with a "metal 
polish," several satisfactory kinds of which are on the market. Bars of metals other 
than copper, for use with substances of melting points above 300°, are now being tested. 
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examination is reached, particles of the finely-gr~und stlbstanee are 
dropped along the surface of the bar from a small spatula or knife blade. 
The arm H, with the point of the constantan wire raised, is slid along the 
guide rod, and by turning the button M the end of the constantan wire 
is brought down upon the bar exactly on the line separating the melted 
from the unmelted substance. This line is a very sharp one. The po- 
tentiometer is then read, and the temperature corresponding to the ob- 
served current is taken from the standard calibration  table^.^ With 
this apparatus readings can be made that are accurate within 10 micro- 
volts = 0.25O. 

The arm H is then raised by turning M, the surface of the bar A is 
wiped off with a clean cloth, and the apparatus is ready for the next 
determination. The whole manual operation need not take longer than 
thirty seconds, and the operation is so rapid that accurate results are 
obtained even when the substance dissociates upon brief heating. 

Uniformity of Results with Bar A at Different Temperatures.-The 
melting point of acetanilide was determined a t  different points along the 
bar with the hotter end of the bar held a t  four different temperatures, 
125, 150, 180 and 200". The observed melting point was the same 
(114.25O) in all cases. 

Benzophenone 
p-Nitrotoluene 
Palmitic acid 
p-Bromo-aniline 
Stearic acid 
a-Nitro-aniline 
Naphthalene 
Triphenylmethane 
Acetanilide 
Mandelic acid 
Benzoic acid 
p-Bromonitrobenzene 
Urea 
Cinnamic acid 
m-Nitrobenzoic acid 
p-Bromo-acetanilide 
Hippuric acid 
p-Hydroxybenzoic acid 
Caffeine 

Organic Compounds 
Literature 

48.5 
51.3 51.5 
63 64.0 
66.0 66.4 
69.0 66.4 
71.0 71.5 
80.0 80.1 
92 92.5 

114.0 114.2 
117.8 118 118.2 

121.1 121.0 
66 66.4 

132.2 132.7 
133.0 

140 141.4 141.6 
165.4 167 168.0 

187.0 187.5 
213.0 
234.0 

Found 

48.2 
51.5 
64.1 
66.5 
69.8 
71.6 
80.2 
92.5 

114.25 
118.5 
121.1 

66.5 
132.8 
133.2 
141.6 
166.0 
187.3 
213.2 
234.4 

6 Bulletin No. 170, Bureau of Standards, "Pyrometric Practice," p. 309. Also 
in "International Critical Tables," 1926, Vol. I, p. 58. 



A u ~ . ,  1930 A MeLTING POINT APPARATUS 3131 

TABW I (Concluded) 
Literature Pound 

Metallo-organic Compounds 

Diphenyl mercury 120 121.8 124.5 124.6 
o-Nitrophenyl mercuric chloride 182 .O 182.0 
a-Naphthyl mercuric chloride 188-189 188 188.9 
Ethyl mercuric chloride 192.5 192.7 

Inorganic Compounds 

Ammonium nitrate 169.6 169.6 
Silver nitrate 209 212 211.4 

Determination of Melting Points of Substances that Readily Disso- 
ciate or Sublime when Heated.-In the tabulation of melting points of 
organic substances in the "International Critical Tables," Vol. I, pp. 
176-275, the value for many compounds is followed by a "d," meaning 
that the substance decomposes- when being heated to determine its melt- 
ing point by the method that was employed. These values cannot, of 
course, be regarded as the correct melting points of the compounds. 
IVllen determined by the "capillary tube" method, the apparent melting 
point of a substance that decomposes when being heated may vary be- 
tween wide limits, the variation depending upon the procedure employed. 
The rate of heating is one of the chief causes of these differences. Some 
substances of this character were tested with the apparatus here de- 
scribed, and in every case definite melting points were obtained, and several 
determinations of each were practically identical. 

TABLE I1 
MELTING POINTS OF SOME SUBSTANCES THAT READILY DECOMPOSE WHEN HEATED 

Substance "Int. Crit. Tables," "C. Electric bar.7 OC. 

Phthalic acid 191 d. 228.5 
Alloxan 170 d. 210 
Barbituric acid 240 d. 250 
Glycine 232 d. 297.2 
Fumaric acid 287 d. 297 

The melting point of phenyl boric acid is given by Pace8 as 204O. 
Recent determinations in the Cornell Laboratory by the "capillary tube" 
method gave 210-212O. Inasmuch as the anhydride of the acid is formed 
when the acid is heated, the melting points were those of mixtures of the 
anhydride and the acid. With the electric bar several determinations 
of phenpl boric acid agreed exactly a t  222.5'. 

Speed of Determinations of Melting Points by Different Methods.- 
In these determinations the melting points were not known to  the operator. 

The compounds were not of high purity; the results are therefore merely illus- 
trative of the applicability of the method to such cases, and are not to be regarded as 
the correct melting points. 

Pace, Atti accad. Lincei, 10, 193 (1929). 
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If they had been, the determinations with the capillary tube and Maquenne 
block might have taken appreciably less time. 

TABLE 111 
SPEED OF DETERMINATIONS OF MELTING POINTS BY DIFFERENT METHODS 

Time for the 
Substance I I1 I11 IV 4 detns. 

Capillary tube method 118.5 121 167 91 1 hour 
Maquenne block 118.5119 120.5 166-167 91-92 4 h o d  
Electric block 118.5 121.1 166 92.5 2 minutes 
M. p. in literature 118.5 121.1 165.4 92 5 

" Because of difficulty in controlling the temperature of the bar. 

Summary 
This article describes a device for the measurement of the melting 

points of substances, particularly of organic substances, up to tempera- 
tures of about 300". With the apparatus, melting points can be de- 
termined in about thirty seconds with an accuracy of about 0.25'. 

ITHACA, NEW YORK 

[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY, PRINCETON UN~TERSITY] 

A CONTRIBUTION TO THE STUDY OF CHAIN REACTIONS. 
(A) REMARKS ON A PAPER BY LENHER AND ROLLEFSON ON 
THE KINEMATICS OF PHOSGENE. (B) THE .MECHANISM OF 

THE FORMATION AND DECOMPOSITION OF ETHYLENE 
IODIDE 

Introduction 
Recently a paper by Polissar2 on the kinetics of the thermal decompo- 

sition of ethylene iodide appeared in THIS JOURNAL. The decomposition 
was carried out in the presence of iodine in carbon tetrachloride solution. 
The interesting result of this careful investigation is that the velocity of 
the decomposition can be represented by the equation 

--= d[GH4121 k [C)2HJ2] [I2I1/p 
dt 

This equation is, as mentioned by Polissar, similar to that of the phosgene 
decomposition, which is given below 

- = k [COCla] [ClaI1/s 
dt 

Polissar, in his discussion of results, seems to have misunderstood the 
mechanism of the phosgene decomposition and his interpretation of the 

1 International Research Fellow. 
a M. J. Polissar, THIS JOURNAL, 52,956 (1930). 
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heat of activation in chain reactions is not very clear. These questions 
will be discussed in the present communication. Also, a mechanism for 
the formation and decomposition of ethylene iodide will be given. This 
mechanism, without any artificial assumptions, leads to the observed 
kinetic equation. 

Remarks on the Phosgene Reaction.-The kinetics and photochemistry 
of phosgene have been intensively investigated by Bodenstein and co- 
worker~.~ All this previous work together with recent unpublished 
investigations will be thoroughly discussed in a forthcoming publication.' 
In this paper a theory will be given which enables one to represent quanti- 
tatively the thermal and photo-kinetics of this complicated reaction. 
Also, a mechanism will be given by which the carbon dioxide formation 
(sensitized by chlorine) can be interpreted. This is closely related to the 
phosgene reaction. 

The basis of the mechanism of the phosgene reaction is that which has 
been given by Bodenstein, Lenher and W a g ~ e r . ~  

Clz + hv - -  C1 + C1 (1) 
Cl f CO COCl Equilibrium coc + CO + CI) 

(2) 
(3) 

CO + Cl+ Clz + COCL + C 
C1 + COCl -+ co + Clz 

(4) 
(5) 

This mechanism has recently been criticized by Lenher and R~llefson,~ 
who substitute another mechanism. In the following it will be shown 
that their objections are not substantiated and that their proposed mech- 
anism is highly improbable. 

(I) In the mechanism proposed by Bodenstein, Lenher and Wagner 
Reactions 2 and 3 proceed at such a velocity that the COCl concentratipn 
is always equal to its equilibrium concentration. Equation 4 has only 
a formal meaning. It can, as was pointed out by Bodenstein, Lenher 
and Wagner,6 be replaced by the reaction 

COCl + Clz + COCL + C1 

assuming, of course, that the COCl equilibrium is not disturbed. Evi- 
dently this has been overlooked by Lenher and Rollefson, who say that 
they cannot understand why COCl should react with oxygen and not with 
chlorine. This is not required at all. In order to explain the experimental 
fact that the phosgene reaction is strongly inhibited by small amounts 
of oxygen, it has to be assumed that the COCl reacts much faster with 
oxygen than with chlorine. There does not seem to be any difficulty in 

(a) M. Bodenstein and Plaut, Z. pJtysik. Chem., 110,399 (1924); (b) M. Boden- 
stein, ibid., 130,422 (1927); (c) H. J. Schumacher, ibid., 129,241 (1927); (d) M. Boden- 
stein and Onoda, ibid., 131, 153 (1927); (e) M. Bodenstein, S. Lenher and C. Wagner, 
ibid., 3B, 459 (1929). 

M. Bodenstein, H. J. Schumacher and G. Stieger, ibid., in press (1930). 
Lenher and Rollefson, THIS JOURNAL, 52, 500 (1930). 
Bodenstein, Lenher and Wagner, Ref. 3, p. 470. 
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this conception and Lenher and Rollefson have to make the same assump- 
tion in their own scheme in order to account for the inhibiting influence 
of oxygen. 

(11) Lenher and Rollefson see difficulty in that the COCl always has 
to be a t  its equilibrium concentration. In reference to this the following 
can be said. The heat of formation of COCl from CO and C1 can be 
estimated to be about 5 cal. Indeed the formation of COCl can only 
occur in a three-body collision, which means that the quasi-molecule 
COCl has, in order to be stabilized, to collide with another molecule 
within its life of about 10-13 sec.' But except in the case of very low 
pressures three-body collisions are so frequent that the velocity of for- 
mation is sufficient. In consequence of the small heat of formation the 
COCl is decomposed fast enough. Therefore, there is no reason to throw 
out the existence of the COCl equilibrium. 

(111) The third point in the objections of Lenher and Rollefson, 
namely, that reactions of Type 4 take place very seldom, was partly 
settled under (I). There we have shown that the above Reaction 4 can 
be substituted by the reaction 

COCl + Clz + COClz + C1 

It is however to be emphasized that reactions of Type 4 are quite possible 
and, in fact, the probability of such a reaction can be great,8 although 
of course, Reaction 4 has only a formal meaning, as has been mentioned 
before. 

The above indicates that the objections of Lenher and Rollefson are 
not valid. These authors propose the mechanism 

Clz + hv + C1 + C1 (1) 
co + Cl + x + COCl + x 

COCl + Clz + COClz + C1 
(2) 

COCl + C1- co + Clz 
(3) 
(4) 

According to this the COCl is not present in its equilibrium concentration. 
In  order to obtain the right equation for the reaction velocity it has to be 
postulated that COCl can be formed only if it is stabilized by a collision 
with a chlorine molecule. This means that X in Equation 2 is equal to Clz. 
All other gases are not supposed to have any influence on the process. 

To  this it can be said that the law for the reaction velocity for the 
phosgene formation is still valid if Clz compared with other gases (CO, 
COCla, COz) is present in small concentration (1 to 50 and less). In order 
to  exclude the influence of these gases on Reaction 2 it has to be assumed 
that chlorine is several hundred times as efficient as these gases. It has 

Herzfeld, Ann. Physik, 59,635 (1919). 
8 Lenher and Rollefson believe that these reactions are improbable and make ref- 

erence t o  a paper by Frenkel and Semenoff [Z. Physik, 48,216 (1928) ]. The probability 
given by these authors, as has been shown by Jost [Z. pkysik. Ckem., 3B, 126 (1929)] 
is too small by a factor of about lo5. 
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to be emphasized that such an assumption is contradictory to all known 
experimental facts. Lenher and Rollefson cite as proof of their theory 
the specific effect of different gases on the quenching of fluorescence 
radiation. Apart from the fact that CO and COz quench the fluorescence 
generally very well, it must be pointed out that the three-body collision 
is quite a different process. As is well known, in a three-body collision 
the third molecule has to take up only that part of the energy of the quasi- 
molecule which separates it from a stable state. This can be a very 
small amount and normally is of the order of magnitude of the mean kinetic 
energy of molecules. Only monatomic gases are usually relatively in- 
effi~ient.~ Polyatomic gases are usually in their efficiency as third bodies 
only different by a factor smaller than three.1° I t  does not seem probable 
that chlorine should be several hundred times as efficient as the other 
polyatomic gases, so it must be said that the mechanism proposed by 
Lenher and Rollefson is rather improbable. 

Discussion of Polissar's Interpretation of the Heat of Activation of the 
Phosgene Reaction.-The heat of activation of a bimolecular reaction, as 
determined from the temperature coefficient, is the minimum energy 
in excess of the average energy, which any two molecules must have in 
order to react upon c~ l l i s i on .~~  The question of whether the activation 
energy is to be considered as internal or as kinetic energy will not be dis- 
cussed here, there being already considerable literature on this point.12 

In the case of chain reactions, of course, the value of Q, the heat of 
activation determined from the temperature coefficient, loses its simple 
physical significance. In such reactions the value of Q is made of the 
Q' of the reactions forming the different stages of the total reaction. 
Bodenstein and his co-workers13 have published examples of the method 
of calculation in such cases. 

Now the thermal decomposition of phosgene is a typical chain reaction,14 
the heat of activation of the various stages having been calculated by 
Bodenstein and Plaut. Polissar does not consider this mechanism. 
His value of 24 Cal. for Q" corresponds to the reaction 

COClz f C1 -+ COCl + Clz 
W. Jost, Z. physik. Chem., 3B, 95 (1929). 

lo H. J. Schumacher, THIS JOURNAL, 52, 2377 (1930). 
l1 J. A. Christiansen, Proc. Cambridge Soc., [XXIII] 4, 438 (1926). 
l2 Kallman and London, 2. physik. Chem., 2B, 207 (1929); Fowler, "Statistical 

Mechanics," 1929, p. 462; H. J. Schumacher and G. Sprenger, 2. physik. Chem., 6B, 
446 (1930); Arne Olander, ibid., 7,311 (1930); H .  J. Schumacher, ibid., 8B, 218 (1930); 
L. S. Kassel, Phys.  Rev., 35, 261 (1930) ; D. S. Villars, ibid., 34, 1063 (1929) ; THIS JOUR- 
NAL, 52,1733 (1930). 

13 M. Bodenstein, E. Padelt and H. J. Schumacher, Z. physik. Chem., SB, 209 
(1929); H. J. Schumacher and G. Sprenger, ibid., 2B, 267 (1929). 

l4 J. A. Christiansen, "Reaktionskinetiske Studier," Priors Hofboghandel, Kopen- 
hagen; M. Bodenstein and Plaut, 2. physik. Chem., 110,400 (1924). 
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The reaction between Q" and the heat of dissociation of phosgene is such 
that the sum of Q" and the dissociation energy of COCl must be equal to 
the dissociation energy of COC12. It is assumed that reaction takes place 
in every collision, when the reaction is exothermic. Only then the relation 
is correct Qcocl has a value of about 5 Cal.3e 

The ease with which the second C1 atom is split off from COClz is ex- 
plained by the fact that when the C1 atom is removed from COCl the car- 
bon atom passes back from the (5S) to the (3P) state.16 Simultaneously, 
energy is liberated corresponding to the energy difference of these two 
states. This energy is just of the right order of magnitude.16b 

The Mechanism of the Decomposition of Ethylene Iodine Catalyzed 
by Iodine.-As Polissar found, the decomposition of C2H412 catalyzed 
by Iz takes place according to the equation 

Consequently, the equation for the synthesis is 

The following scheme is given by Polissar 
(a) Synthesis 

I z c - r I + I  
I + Iz + C2H4 -+ CzH412 4- I 

(b) Decomposition 
I ,-+I + I 

I + CzHJ, -+ CzH4 + 1 + 12 
Reaction 2 has evidently only formal but no chemical significance. By 
analogy with the mechanism of the phosgene reaction, the following 
mechanism is suggested 

(a) Synthesis 

(b) Decomposition 
122==1 + I  (lb) 

CzHJ, + I * CzH4I + 12 (83) 
CH4I C2H4 + I equilibrium I. (3b) 

CnH4 + I -+ C2H4I (4b) 

The rate of the synthesis is determined by Reaction 4a and that of the 
decomposition by 2b. Both iodine atoms and C2H41 molecules should 
be present throughout in their equilibrium concentrations. If such is 
the case, the expression for the synthesis becomes 

(a) F. London, 2. Physik, 46, 455 (1928); (b) R. Mecke, 2. Physik. Chem., 7B9 
108 (1930). 
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where = k2/ks and KI, are the equilibrium constants of the corre- 
sponding reactions. For the decomposition we get 

--- I_ kxI,'/* [CaH&] ps]'/~ 
dt (11) 

These correspond with the equations found by experiment. From the 
form of the equation it is seen that iodine atoms can recombine only 
according to Reaction 1 but not according to the equation GH4I + I 
-+ C2H4 + 12. That is to say, the concentration of C2HJ must be 
very small. This will be the case when the heat of the reaction C2H4 
+ I -+ GH41 is very low. 

The reaction I + I ---t Iz depends on three-body collisions. In  
solution it should be practically independent of pressure, or a t  least the 
effect will be small. 

Polissar determined experimentally the heat of decomposition of ethyl- 
ene iodide into ethylene and iodine, the velocity constants of the de- 
composition and their dependence on temperature. Bodensteinl6 has 
already mezssured the equilibrium between iodine and iodine atoms, 
and sufficient data are therefore available for the calculations of heat of 
activation of the component reactions in the decomposition of ethylene 
iodide. 

According to Polissar, for T = 425O the velocity constant k = 710 X 
for T = 415', k = 278 X From these figures the apparent 

heat of activation at this temperature is 32.800 cal. = Q. It follows 
from Equation I1 that k = k2gK. Consequently 32.800 = Qr' + SQ', 
when QK is the heat of activation of Reaction 2b and Q' is the heat of disso- 
ciation of iodine at  420'. According to Bodenstein and Stark16 

Q' = 35.400 + 3.5T-0.0019Ta 

i. e., Q14Z0 = 36.600 Cal., and the value of Q" so obtained 
Q" = 32.800-18.300 = 14.500 Cal. 

Since Polissar's values of the velocity constants are not very exact, the 
same calculations have been repeated for 405' and 395O, and the average 
value of Q" taken. 

kaoso = 119 X lo-*; k3950 = 47.2 X lo-' 
The corresponding values are 

Q4lo0 = 28.300 Cal. and Q1'4100 = 28.300-18.250 = 10.050 Cal. 
Q 4 ~ 0  = 28.00 Cal. and Q " 4 0 0 ~  = 28.000-18.250 = 9.750 Cal. 

Taking the average and neglecting the dependence of Q" on temperature, 
the value of Qr' for the reaction 

C2H412 + 1 -+ CzH4I -k Iz 
comes out to be 

Qff~loo = 11.500 Cal. 

This value of Q" is correct to about 2 cal. 
l6 M. Bodenstein and Stark, Z. Elektr~cbem., 16,961 (1910). 
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According to a general principle, due to Trautz, the heat of reaction 
may be expressed as the difference of the heats of activation of the forward 
and the reverse reaction. In the case of exchange reactions, in which 
atoms or radicals take part, reaction takes place in every collision, if the 
process is exothermic. Some exceptions17 to this rule, given by Polanyi,ls 
have recently been found, but it can nevertheless be taken as generally 
valid. Assuming it in the case of the reaction between CzH412 + I and 
of the reverse reaction C2H41 + 12, Q" will then represent the heat of this 
reaction. 

Iz + C2H41 -+ CzH4Iz + I + 11.500 Cal. 

As is evident by comparing Equations I and 11, QC2H,I will have 
the low value of 0.200 Cal., since Polissar gave the heat of the total re- 
action as 11.300 Cal. The value of QCtaI is also correct only to a few 
calories. A low value of Q is, however, to be expected. Having obtained 
this, the heat of activation has been determined for every reaction which 
takes part in the formation and decomposition of CzH412 in the presence 
of iodine. * 

Calculations of Strength of Binding from Thermal Data.-From the 
thermal data we can calculate the value of the C-I linkage in CzHdIz 
and of the difference in energy between the carbon double bond in C2H4 
and the C-C bond in CzH4Iz. In the dissociation of CzH412 into C2H4 
and Iz, two C-I linkages are broken, one C=C linkage and one iodine 
molecule being produced. This is expressed by the equation 

2 (C-I) = C=C + I2 + Q 

where Q = 11.300 Cal., Iz = 36.500 Cal. is the heat of formation of I2 
a t  the temperature in question and C==C is the energy difference be- 
tween the single and the double carbon linkage. 

2C-I = C=C + 47.8 Cal. (A) 
We have calculated 

CzH41 --+ CzH4 + 1-0.2 Cal., i .  e., 
C-I = C=C - 0.2 Cal. (B) 

and from A-B 
C-I = 48 Cal. 

That is, the value of the linkage between carbon and iodine is 48 Cal., 
which is higher than the value determined from the thermal data. Grimmlg 
gave an average value for the C-I linkage of 44 Cal. Bates and Andrews20 
give 40 Cal., but in the value we obtained, a part of the excitation energy 
of a (3P) to a (6S)  carbon atom is included. 

l7 G. B. Kistiakowsky, THIS JOURNAL, 52, 1868 (1930); H. J. Schumacher, ibid., 
52, 2377 (1930). 

' 8  Beutler and Polanyi, Z. Physik. Chem., lB, 3 (1928); Bogdandy and Polanyi, 
ibid., lB, 21 (1928); Polanyi and Schay, ibid., IB, 30 (1928). 

19 Grimm, "Handbuch der Physik," Vol. XXIV, p. 536. 
20 Bates and Andrews, Proc. Nat. Acad. Sci., 14, 124 (1928). 



Aug., 1930 PRECISION ACTINOMETRY WITH URANYL OXALAT& 3139 

For the energy difference between C=C and C-C the value 48.2 Cal. 
is obtained, whereas Grimm gave an average value of 54. 

I t  is now easily understood why the second iodine atom splits off so 
readily from CzH412, for this process is coupled with the liberation of energy 
accompanying the formation of the -C bond. 

In the case of phosgene it was the transition of the C atom from the 
(%) to thc (3P) state which made the C1 atom readily removable. The 
energy difference of these two states, as can be calculated from kinetic 
data," has the value of 74 Cal., in agreement with the value of 60-100 Cal. 
given by ~ e c k e . ' ~ ~  

The author wishes to express his thanks to Dr. H. J. Emel4us and Dr. 
G. I. Lavin of this Laboratory for translating the paper into Bnglish. 

Summary 

1. An article of I,enher and Rollefson on the mechanism of the 
phosgene reaction is discussed. 

2. A mechanism of the reaction between iodine and ethylene iodide 
and iodine and ethylene is given, and the heats of activation of the compo- 
nent reactions are calculated. 

3. Prom the thermal and kinetic data the energy difference between 
the (3) and the (3P) state of the carbon atom is found to be 74 Cal. Both 
for the C--I linkage in ethylene iodide and for the energy difference be- 
tween C-C and C=C a value of about 48 Cal. is obtained. 

PRINCETON, NEW JERSEY 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY] 

PRECISION ACTINOMETRY WITH URANYL OXALATE 

For actinometry, uranyl sulfate with excess of oxalic acid has marked 
advantages, such as absence of dark reaction, great width of absorption 
band, zero. order light reaction, a temperature coefficient of approximately 
unity, small effect of added electrolytes and finally the simplicity of the 
permanganate method of analysis. Boll1 reported 50 molecules trans- 
formed per quantum at 254 mp; Buchi2 1.07 between 400 and 470 mp; 
Bowen and Watts3 1.0 at  mean wave length 313 mp; and Anderson and 
Robinson4 0.04 between 200 and 410 mp. The system would doubtless 
be more useful to photochemists if the quantum yield were better known. 

Boll, Comfit. rend., 156, 1891 (1913). 
2 Biichi, 2. physik. Chem., 11 1,269 (1924). 
a Bowen and Watts, J. Chem. SOC., 1607 (1926). 

Anderson and Robinson, THIS JOURNAL, 47, 718 (1925). 
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For three years we have critically studied this actinometer from radio- 
metric and analytical standpoints, determining quantum yields a t  nine 
wave lengths from 494 to 254 m,u inclusive, with variation of concentrations, 
temperature and foreign electrolytes. 

Materials.-To eliminate strongly absorbing impurities and those 
possibly catalytic, materials were carefully purified. Uranyl nitrate 
(P. W. R. "Analytical") was gently ignited in platinum, and the extract 
with 20% sulfuric acid evaporated until white fumes appeared. After 
several repetitions of this process a water extract5 of the sulfate was evapo- 
rated, decanted, chilled and the crystals centrifuged and washed in platinum 
Gooch crucibles with protection against dust. Two more crystallizations, 
four washings and six centrifugings gave the final product, which was dried 
to  incipient efflorescence over calcium chloride and preserved in stoppered 
vessels in a desiccator. Less than 0.01% of U+ +++ was detected by po- 
tassium permanganate. Oxalic acid (Mallinckrodt's " ~ e a ~ e n t " ) ~  was 
twice recrystallized, centrifuged and dried over calcium chloride. The 
composition of the uranyl sulfate was investigated in three ways. Direct 
ignition, corrected by Lundell and Knowles16 HF-H3B03 method gave 
69.41, 69.10 and 69.44% of UOa. Precipitation as (NH4)zUzO7 followed by 
ignition according to Lundell gave 69.53, 69.36 and 69.51% of UO3. The 
average value was 69.43 + 0.05%. Sulfate, as BaS04, amounted to 19.62 * 
0.13%, i. e., an excess of 0.20 + 0.15% over the equivalent UOa as deter- 
mined. Solutions were made up from conductivity water, filtered through 
sintered glass and kept in non-so1 botffes covered with black enamel. 

Apparatus.-The apparatus, kindly loaned by Dr. P. A. Leighton, was substantially 
as described previo~sly.~ We mention here only our most important refinements in 
construction and operation. We used his constant pressure lamp, also another con- 
structed by us and operating under 800 mm., 175 volts and 3 amperes. Both lamps 
were rigidly mounted in a metal frame with leveling screws. A 5-kilowatt d. c. genera- 
tor coupled to a synchronous motor proved to be a very constant source of current. 
Suitable inductance, resistance and an automatic circuit breaker were supplied. Much 
attention was given to controlling and recording small intensity variations. The mono- 
chromator now had a curved collimator slit whose image, a t  the exit slit, was rectilinear. 
At the latter, 19 mm. high, 750 ergs per sq. mm. per sec. was available a t  the most in- 
tense wave length, 366 mp, and 15 at  the weakest, 494 mp, here used for the first time in 
quantitative photochemical work. Both slits were set a t  0.75 mm. in Run 29; a t  1.5 
mm. in 1-5,9-11, 16-17,22-23,38, 47, 49; a t  2.8 mm. in 30-31,48, 50-52; and a t  1.0 
mm. in all other runs. A large glass prism of extra dense K i t ,  kindly loaned by the 
Rumford Fund, was substituted for quartz in Runs 30-31 and 50-52, and the results 
a t  406 mp so obtained were more heavily weighted owing to the improvement in resolu- 
tion. The quartz cell, of trapezoidal cross section, was 2.65 em. thick except in Runs 
1-3, 9-11, 20, and 22-23, where d = 3.06 cm. All seams of the former cell had been 
fused by Schott and Gen. with minimal distortion of the faces. It had a cover with a 

6 Meyer and Nachod, Ann., 440, 186 (1924). 
6 Lundell and Knowles, THIS JOURNAL, 47, 2637 (1925). 
7 P. A. Leighton and G. S. Forbes, ibid., 51,3549 (1929). 
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tubulure for a tiny screw stirrer projecting into the topmost (unilluminated) layer of 
solution; unstirred solutions showed about 10% less photolysis than stirred ones, owing 
to deposition of bubbles on the front window of the cell. The lateral faces were jacketed 
for circulation of water from a thermostat. Room temperature also was kept as near 
as possible to that of the cell. The thermopile-galvanometer system was first recali- 
brated against standards C-39 and C-40 from the Bureau of Standards, hut as these de- 
teriorated somewhat through use, final calibrations were based on a new standard, 
C-69. Dr. W. W. Coblentz kindly amplified the official directions in a personal con- 
ference with one of us. As the energy flux in our photolyses often exceeded that from 
the radiation standards under maximum load a t  2 meters, the calibrations were extended 
to higher intensities by a method described elsewhere by one of us.8 The reliability 
of these extrapolations was indicated by the fact that our absorption coefficients and 
quantum yields were identical a t  low and high intensities, respectively. For pile cur- 
rents giving deflections in excess of 200 cm. (the length of scale used), auxiliary resistance 
patterns were calibrated with great care. Constant damping was obtained when the 
shunt resistance s and series resistance a were related to the pile resistance p thus: 
a = pz / (p  + s). Under these conditions i t  was algebraically predicted that  !3 = 
1 $- p/s  where j3 was the ratio of thermopile intensities with constant deflection referred 
to the standard circuit in which a = 0 and s = m . Experimentally this relation proved 
valid within 0.3y0. This agreement proves the galvanometer alone responsible for the 
small decrease in sensitivity with increasing deflection. 

The total energy flux emerging from the rear of the liquid-filled cell was 
measured by horizontal integration as described by Villars,%xcepting that 
the beam was adjusted in height not to exceed that of the vertical row of 
junctions. Under these conditions it was shown by P. A. Leighton and 
Forbes7 that the total energy flux was quantitatively obtained as 2Z(B1 + 
Bz f . . .) where BI, Bz, etc., are energy readings with the pile at positions 1, 
2, etc., spaced a t  2-mm. horizontal intervals and sufficient in number to  
accommodate the whole beam. Use of slit widths = 1 mm. in several 
experiments necessitated 1-mm. spacing of thermopile observations in 
which cases the total energy flux = 1 X ZB. Each value of B is calculated 
from six to twelve galvanometer swings converted into ergs per sec. per mm. 
of beam width. 

Horizontal integrations of relative intensity, ZF, carried out in the same 
manner as above, but with the cell removed, were made before and after B 
integrations and a t  one to two hour intervals through long exposures (cf. 
Table 11). 

As the diverging light fell obliquely upon the junctions, the variation in 
deflection with departure from normal incidence was determined with 
parallel rays from a constant source. Each B value for a typical mono- 
chromatic beam was then corrected according to the angle of incidence and a 
correction averaging -t-0.770 thus found was applied to all ZB integrations. 

The intensity of the diverging beam varies in a vertical as well as hori- 
zontal direction. We next tested the assumption made previously that the 

8 Forbes, J. Phys. Chem., 32,490 (1925). 
Villars, THIS JOURNAL, 49, 326 (1927). 
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linear thermopile is capable of correctly integrating in the vertical sense. 
A horizontal slit of constant width was moved in definite steps from the 
bottom to  the top of the thermopile, using a constant light flux of uniform 
distribution, and the local sensitivity factors were determined for each 
position. The same process was repeated in a beam of purposely exagger- 
ated non-uniform distribution, and the above factors applied. The sum- 
mation of corrected readings now agreed with the uncorrected sum within 
a few tenths of a per cent. A further experiment showed that with a 
quarter of the slit left unilluminated a t  each end, the direct reading was 
correct within 0.3%. This outcome convinced us that our method of 
horizontal integration was unaffected by non-uniformity of energy distribu- 
tion, within such a limit of error. 

The sensitivity of the thermopile-galvanometer system, which seemed 
to  vary with room temperature, was frequently checked against a well- 
seasoned, calibrated lamp and small corrections applied as needed. 

Reflection factors for the interfaces actually used were experimentally 
determined at  each wave length and in addition the absorption coefficient 
of water was redetermined at  254, 265 and 313 mp. The results agreed 
closely with Kreusler's figures.1° 

Photochemical Products.-These have been repeatedly studied both 
for oxalic acid alone and for oxalic acid sensitized by uranyl sulfate. 
B i i ~ h i , ~  whose findings appear the most satisfactory, concludes that in the 
latter case CO, COz, HCOOH and U++++ are the only products of im- 
portance. In our well-stirred solutions most of the carbon monoxide must 
have escaped during photolysis, and we also heated our solutions for ten to 
fifteen minutes a t  80' in contact with air, which should have eliminated 
still more. Biichi holds that potassium permanganate attacks carbon 
monoxide along with oxalate. We proved that solutions of uranyl sulfate 
and oxalic acid saturated with carbon monoxide a t  760 mm. and 20' 
and then heated as in our regular analyses gave exactly the same titer as 
solutions t o  which no carbon monoxide had been added. As photolyses in a 
special cell gave identical results under carbon dioxide, under air and in 
vacuo, we did not exclude air in any of our operations. We proved by cold 
titration with potassium permanganate that none of our photolyzed solu- 
tions could have contained more than lo-' mole of U(S04)2, although in- 
crease in ratio [UOi304]/ [HzCz04] and more protracted illumination would 
have formed more of it. Finally we proved that solutions containing 
formic acid in the largest concentrations which could have been present 
gave, under our analytical conditions, results identical with solutions con- 
taining the same amount of oxalic acid without any formic acid. 

Analytical Method.-The cell was weighed to the nearest milligram 
empty, then with 6.7 g. (5.2 g. in runs 1-3,9-11,20 and 22-23) of solution. 

lo Kreusler, Ann. Physik, 6,421 (1901). 
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After exposure, the bulk of the contents was pipetted into a 15-cc. test- 
tube, with blackened sides, clamped between two similar tubes filled with 
uranyl sulfate in the same concentration and suspended in a beaker of 
water a t  80'. The cell was rinsed with 1 cc. of 18 N sulfuric acid, which 
was transferred to  the test-tube. Prom a small weight buret 0.2 N po- 
tassium permanganate standardized against sodium oxalate from the 
Bureau of Standards was slowly added with vigorous stirring almost to  an 
end-point. At this acid concentration and temperature the uranyl salt 
seemed greatly to reduce the induction period without need for excess 
manganous sulfate which would have made the end-point more unstable.'' 
The resulting liquid was transferred back to the cell and then back again to  
the test-tube, so that rinsing of cell and pipet was accomplished without 
further dilution of the analysis-a very important point. Prom a second 
weight buret enough 0.01 N potassium permanganate was next added to 
give the faintest pink observable for thirty seconds while looking down on a 
white card through 10 cm. of solution. A weighed quantity of the original 
solution, which had been kept in the dark, was titrated under the same 
conditions (usually a t  the same time). Analyses appeared reproducible 
within 5 X lo-' equivalent of potassium permanganate, i. e., 0.1% of the 
sample, but as only 5% was photoly-zed the error in the latter quantity 
became 2%, i. e. ,  practically the same as the apparent radiometric error. 
We think it unlikely that any systematic errors of similar magnitude re- 
mained undetected. 

Corrections and Computations.-Intensity summations, BB behind 
the cell and Z F  with cell removed, were described above. The sequence of 
observations is illustrated in the sample calculation (Table 11). Where 
ZFHZO is interpolated from the nearest Z F  integrations t o  correspond 
chronologically to ZBHZ0, the summation behind the cell filled with water, 
their ratio 

K = ZFHZO I ~ B H ~ o  (1) 

is independent of drift in intensity. K was determined a t  the beginning 
and end of each experiment, with the same cell used for the photolysis, and 
the average used to interpolate ZBHZo to any time t for which ZF, is the 
corresponding direct reading, thus (ZBHS0)$ = ZFt/K. The incident 
intensity in total ergs per sec., 10, at  time t is then 

where 

The observed transmission by the crystalline quartz pile window a t  an 
experimental wave length is denoted by (1 - r*), while (1 - 0.085) is its 

11 Compare Bobtelsky and Kaplan, 2. anorg. allgem. Chem., 172, 196 (1928). 
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average transmission in radiation from the standard lamps, as given by 
Coblentz. (1 - r) is the observed transmission of the rear window of the 
cell when filled with water; (w) is the observed absorption coefficient of 
water (log base 10) and d the thickness of layer in cm. R thus reduces 
2ZBHZo to absolute ergs per second incident on the front of water, also 
solution layer (factor 2 applies where interval between B1, B2, etc., is 2 
mm., as previously pointed out). Table I summarizes numerous experi- 
mental determinations during this research. 

TABLE I 
EXPERIMENTAL OBSERVATIONS 

Wave length 1-r, 1-r  W R 

2000 (0 915) . . . , . . . 
435 ,909 0.94 . . 1.074 
366 ,905 .94 . . 1.078 
313 ,897 ,938 . . 1.087 
265 ,885 .934 0.008 1.16 
254 .880 ,933 ,012 1 21 

A cell with crystal quartz rear window and d = 3.06 cm. was used in this 
case; a fused quartz cell, d = 2.65 cm., in all other cases. 0.915 is the 
transmission of crystal quartz a t  2p according to Coblentz, Observation 
on a second window, d = 0.5 mm., with the pile window in place gave nearly 
this figure. Beckman and Dickinson12 found 0.906 for a crystal quartz 
window (no thickness given). 

The transmissions observed above are lower than predicted by Fresnel's 
equation, probably due to surface imperfections and impurities in the 
quartz. Thus at  254 mp and 435 mp the ideal values of R are 1.19 and 
1.05, respectively. Kreusler's values10 for w are 0.010 and 0.012 a t  265 
and 254 mp, respectively. 

If I is the total intensity, in ergs per sec., reaching the rear of the solution 
layer, the transmission may be shown to be 

For all cases where absorption by water is negligible, approaches 
unity. 

Where ( Io)~,  ( I I )~,  etc., are the incident intensities a t  the mid-times of the 
exposures Atl, At2, etc. (sec.), respectively, the total energy Eo in ergs inci- 
dent on the solution during the whole photolysis is 

EQ = ( I o A ~ ) I  + ( I O M ) ~  + . . . (5) 

As 1 - (IlIo) = fraction absorbed during the first passage of the light 
and rI/Io is reflected back to contribute (1 - (I/Io))rI/Io to the gross 
fraction absorbed, the total ergs A absorbed during a photolysis follows as 

l2 Beckman and Dickinson, THIS JOURNAL, 52, 126 (1930). 
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Equation 6 becomes A = EO when I / I g  --a 0. As this happened to  be 
the case at all wave lengths where absorption by water was appreciable, 
in practice Equation 4 became I / Io  = ( ~ B s o I , / Z F s o h . ) K .  Over the 
range of decomposition in our experiments, I/Io remained unchanged, as is 
illustrated in Table 11. Otherwise it would be necessary to calculate A 
as A1 + Az + . . . for the several exposure periods, separately reckoned. 

Finally, p, the total quanta absorbed by the solution, follows from 

where h = 6.554 X lo-%' and v = 3 X 101O/Xc, .  

By the analytical procedure already described, m, the moles of oxalic 
acid decomposed, was determined and the gross yield 4 in molecules de- 
composed per quantum absorbed was calculated 

+ = 6.063 X 
P 

(8)  

Illustration of Calculations.-Run 27, Table IV, was chosen to  illus- 
trate the usefulness of 2 F  integrations in compensating for variation in 
intensity much greater than was characteristic of our experiments. In 
this connection, note particularly the agreement in K values and also I/Io 
values a t  the beginning and end of the run. 

TABLE I1 

METHOD OP ENERGY OBSERVATION AND CALCULATION 

Run 27; 0.01 M UO&04, 0.05 M H2C204 at 366 mp and 25'. Cell is of fused quartz, 
d = 2.65 cm., R = 1.078 

Av time ZF ZB 
Observation from start Atsee. ergs/sec. ergs/sec. Calculations 

Z F  0 mins. 8850 h 
t. 

4 ZBa,o (8755) 6740 K = 1.30 (Eq. 1 )  2 g $ 
2 F  26 8275 5 +- 
ZBmln. 36 * (8285) 2150 1/10 = 0.338 (Eq. 4 )  8 2 
2 F 40 8290 m i n m c d  

Ex. 1 92 5040 (8020) A l P ~ = 4 0 5 X 1 0 ~  $g*MrnS 
2 F 164 7660 2355 
Ex. 2 209 5220 (7620) AtZF = 3.98 X lo7 
2 F 260 7580 rn 
Ex. 3 303 4920 (7550) AtZF = 3.71 = lo7 $_;. 2 2 2 
Z F  352 7505 d d d m  

ZBaoln. 368 * (7470) 1930 I/Io = 0.337 II II II II 

Z F  404 7400 c y " ~  
~ B H , o  411 (7370) 5635 K = 1.31 8 d 
ZF 420 7360 V 

W 

(1)  Times of exposure (*) during observations of ZBsol,. were included in At1 and 
Ats, respectively, as they were only of the order of 150 sec. (2 )  Z F  values in paren- 
theses were interpolated to the times indicated. (3) Av. K = 1.305; av. 1/10 = 0.3375. 
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TABLE 111 

ANALYTICAL DATA #OR ABOVE RUN 27 

[UOzS04], moles per kg., 0.00990 
[H2C204], moles per kg., original, 0.04980 
Wt. soln. used, 6.748 g. 
Wt. KMn04 [0.2180 N], required (after), 2 887 
Moles decomp. = (1/1000) (6.748 X 0.04980 - (0.2180 X 2.887)/2) 

= 0.0214 X 
Molecules decomp. = (0.0214 X X 6.063 X loz3 = 12.95 X 1018 
From Table 11, p = 24.4 X 10'8 and 4 = 0.53 

The summary of our data is given in Tables IV-VI. 

TABLE IV 

RESULTS AT 25' WITH 0.01 M UOzS04 + 0.05 M HzCzOa (CONTINUOUS 

STIRRING) 
Quanta Molecules 

Moles per kg. Decornp., Av. l o  absorbed decornp. Yield, 
A, m p  U02SOa HzCz04 % I , / I I  ergs/sec. X lo-'= X lo- '& C 

255 0.00997 0.05050 3 . 1  0.000 1625 7.85 4.95 0.63 
,00937 ,09045 4 .1  1955 11.00 6.35 .58 

. GO2 
265 ,00997 ,05045 5 . 7  ,000 3090 15.30 8.85 .58 

,00997 ,05043 4 . 1  2550 13.90 7.88 ,565 
,00997 ,05040 3 .9  2200 12.20 7.33 .60 

.582 
300 ,0100 .04980 2.4 ,000 2570 7.95 4.67 .59 

.00991 ,05041 2 .1  2910 6.80 3.88 .57 

.00991 .05027 4.7 4500. 16.70 9.32 .56 
.570 

313 ,00997 .05040 5 .O .OOO 3905 14.85 8.06 ,545 
.00997 .05040 10.4 5580 31.20 16.60 .53 
,00997 .05040 12.0 4955 33.70 19.20 .57 
,00997 .05040 7 .5  3865 23.90 14.20 .595 
,00997 ,05040 8 . 5  5440 28.50 16.20 .57 

,561 
366 .00997 .05040 4 . 8  ,336 7220 19.20 9.95 .52 

.00997 .05040 5 . 4  .330 7945 22.65 11.20 .495 
,00997 .05040 4 .1  ,330 4290 18.80 8.61 .46 
,00997 .05040 4.5 .329 3825 18.35 9.34 .51 
.00991 ,04998 4 . 8  ,333 5390 21.35 9.80 .46 
.00991 .04998 6 .0  .328 4830 24.25 12.30 .505 
.00991 ,04998 7 .3  .277 5350 25.50 12.45 .49 
.00991 ,04998 4.0 ,330 9140 18.30 8.10 .445 
.00991 .05019 15.8 .277 17500 56.45 27.60 .49 
.00991 ,05019 3 . 8  .279 16590 14.60 6.60 .45 
,00991 ,05041 1 .9  .330 6100 7.20 3.46 .48 
0 .05027 5 .4  .290 14350 20.40 10.80 .53 
0 .05027 4.7 .294 14300 20.05 9.80 .50 
.01000 ,04980 6.4 .338 12760 24.40 12.95 .53 

.492 



Aug., 1930 PRECISION ACTINOMETRY WITH URANYL OXALATE 3147 

TABLE IV (Concluded) 
Quanta Molec~lles 

Moles per kg. Decomp., Av. l o  absorbed decomp Yield, 
A. rnp UOzSOa HaC=Oa Ui, I/II ergs/&. X 10-18 X 10-18 Q 

28 406 0 00991 0.05020 3 9 0 413 3960 15 45 8 04 0.52 
29 .00991 .05021 1.7 ,418 1600 6 80 3 52 52 
30 .01000 .04980 5 1 .418 9125 18.35 10 25 .56 
3 1 .01000 ,04980 3 4 426 7715 12.20 6 05 .57 

,563 
32 435 ,00991 .05019 4 6 .474 4825 15 50 9 46 .61 
33 .00991 ,05019 5 1 .482 5550 18 85 10 50 ,555 
34 .00991 .05019 5 8 ,483 5380 20 50 12 00 .585 

.584 

The italicized figures are weighted average values of 4 for the wave lengths in 
question. 

TABLE V 
RESULTS AT 9.8 WITH 0.01 M U 0 2 S 0 4  + 0.05 M H2C204 (CONTINUOUS STIRRING) 

Incident Quanta Molecules 
Moles per kg. Decomp., ergs/sec. absorbed decornp. Yield 

A, mp UO2SO4 HzC104 % I / I o  10 X 10-18 X 10-'8 4 

35 313 0.00997 0 05040 7.3 0 000 4085 26.75 13 90 0 520 
36 .00997 .05040 6.7 3530 23.15 12 80 .550 
37 .00997 ,05040 5.6 3080 20.05 10 80 .540 

,536 
38 366 .00997 ,05040 6 0 .382 9015 27.30 12 50 ,460 
39 .00997 .05040 6 5 ,388 6365 27.50 13 50 .490 
40 ,00997 ,05040 6 0 ,387 6655 27.70 12 45 .450 
41 .00991 .04998 3 8 .395 4425 16 30 8 00 ,490 

,471 

TABLE VI 
RESULTS AT 25 O WITH VARIOUS MIXTURES (CONTINUOUS STIRRING) 

Incident Quanta Molecules 
Moles per kg. Decomp., ergs/sec. absorbed decomp Yield, 

A, mp UOnSO4 H~Cz04 % I / I o  IO X 10-'8 X 10-18 4 

42 313 0.00100 0.05044 2.5 0.056 3185 9 20 5.05 0.550 
43 .00100 .05044 3.4 3055 11 40 6 90 .605 
44 .00100 .05044 3.4 5090 12.00 6.95 .580 

.580 
45 313 .0100 .01002 6 .1  .000 2900 5.05 2 50 .49 
46 .0100 .01002 8.5 2710 6.40 3.45 .54 

.52 
47 313 .0200 .03954 5 1 .000 23430 14.75 8 20 ,555 
48 366 ,0200 .03954 7.0 .I42 29610 24 00 11.20 ,465 
49 435 ,0200 ,03932 8.8 ,251 6910 27.00 14 20 .525 
50 ,0200 .03911 19.6 ,274 19420 59 30 31 60 .535 

,532 
51 460-480 ,0200 ,03911 0 6 ,673 780 2 25 0.90 .40 
52 494 ,0200 .03932(-008) ,935 740 0.55 (- 010) .00 
53 366 .0100 ,04997 7 9 .311 12270 34 15 15 95 .465 
54 366 .0100 .04976 5.9 ,364 11690 25.60 11.75 ,460 
55 366 .0100 .04999 5 6 .324 10410 24.60 11.50 .465 

The solution of Run 53 was 0.02 M in NaOH, that  of Run 54 was 0.04 M in H&Od 
and that  of Run 55 was 0.04 M in Na2S04. 
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Tables IV-VI and also Fig. 1 give gross quantum yields without correc- 
tion for light absorbed by oxalic acid and water, Quantum yields and 
theoretical conclusions for other photolyses which have been based on 
4 = 1 for uranyl oxalate will now require revision. We have proved that 

X 250 300 350 400 450 500 mp. 
Fig. 1.-Above, gross quantum yield a t  25O plotted against wave length. 

Curve A summarizes Table IV; Curve B same solution unstirred; Curve C, a 
stirred solution 0.02 M in UOzS04 and 0.04 M in HzCz04. 

Below, absorption coefficients at  25' plotted against wave length. Curve E 
for 0.01 M UOZSOr; Curve F for 0.05 M HzG04; Curve D for a solution 0.01 
M in TiOaSOa and 0.05 M in HaG04. Points designated 0 and A by spectro- 
radiometry, O by photographic photometry, chiefly by a Keuffel and Esser 
visual spectrophotometer. 

the reciprocity law holds within a few per cent. at  least over a four-fold 
range of intensity at  366 mp. An unmistakable minimum in 4 occurs at  
this wave length where the threshold of the ultraviolet absorption band 
meets the end of visible absorption band. Beyond 435 mp, 4 decreases 
rapidly with frequency. Absorption is increased by sodium sulfate or 
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sodium hydroxide, but is decreased by sulfuric acid. All three, especially 
the last two, cut down 4. Variations in [UO2SO4] have little effect, pro- 
vided that [H2C204]/ [UOzSO*] > 5. As this ratio is diminished, + falls off 
also, as BiiChi2 first proved. We have recalculated 4 (Table VII) a t  313 
my by apportioning the absorbed light, A,  between the compound c, of 
U02S04 and HzC204 (i. e. ,  UO2HC204+ or UOzCz04?) and u, the uncombined 
uranyl sulfate, assuming that c has the maximal absorption coefficient 
attainable with excess oxalic acid after correction for the small absorption 
by this excess of oxalic acid. 

TABLE VII 
GROSS AND NET QUANTUM YIELDS 

(u"') total (H~C201) total A ,  A ,  +gross *u $0 

0.001 0.050 0.008 0.976 0.58 70 0.59 
.010 .Om .011 .987 .56 51 .57 
,020 .040 ,020 .978 .56 27 .57 
.010 .010 . I15 ,885 .52 4.5 .59 

The greater consistency of the net 4, as compared with that  of +,,,, 
harmonizes with the views of Biichi12 also quoted by Pierce,13 to  the effect 
that uranyl sulfate and oxalic acid in equal moles form the photolyte. 
This might be a definite chemical compound such as UO2HC204+ or U02C2- 
0 4 ,  or an equivalent optical cluster according to Weigert.14 On the other 
hand, if one assumes, with Miiller, l5 that excited U02+ + decomposes oxalic 
acid through a collision of the second kind, then +,, based upon uncombined 
uranyl sulfate, becomes highly variable and improbably large. Muller 
proves that Cl', Br', CNS' and I f inhibit the photolysis in the order given, 
and attributes this effect to an increasing efficiency in deactivating excited 
UOz++. These ions, of course, might as well deactivate excited U02HC2- 
04+, UO2C2O4 or optical cluster. The complex-forming tendency of these 
ions, also, generally increases in the order given, which suggests an in- 
creasingly effective competition against CzO4" for union with UO2++. 
Such an outcome would readily explain why I f  is the most effective in- 
hibitor, without prejudice to the views of Biichi. 

Temperature Coefficient.-Quantum yields at  366 mp and a t  313 mp 
were compared a t  25.0 and a t  9.8'. The experiments a t  9.8' were carried 
out in winter with a room temperature of g0-an important precaution. 
The sensitivity of the radiometric system appeared 6% higher a t  8' than 
at  25'. 

It will be noted that if the absorption at 25' had been used to  calculate 4 
at 9.8' and 366 my, the temperature coefficient would have come out 1.14 
instead of 1.03. Neglect of this precaution has vitiated many published 
temperature coefficients. 

la Pierce, THIS JOURNAL, 51, 2731 (1929). 
l4 Weigert, Z. physik. Chem., 102,416 (1922); 106,426 (1923). 
l6 Miilla, Proc. Roy. Soc. (London), A121,315 (1928). 
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TABLE VIII 
x t, OC. Z ~ C  ~ S V .  w t + ~ ~ ) / + t  ~ . k c ( t + ~ o ) / e k c ~  

366 25.0 0.1822 0.492 
366 9 . 8  .I56 .471 1.03 1- 0.025 1.11 
313 25.0 Absorption .561 
313 9 .8  complete .536 1.03 + 0.025 . . 

Actinometry in Monochromatic Light, X < 500 mp.-The data given 
above can be utilized to measure (a) radiant flux, (b) quantum yields, 
(c) moles transformed in other photolytes and (d) adsorptions. The 
actinometer solution must be 0.0100 M in uranyl sulfate and 0.050 M in 
oxalic acid, all solutions must be stirred (temperature is roughly 25O), 
and our analytical method closely followed, 

(a) Set a cylinder or rectangular prism of actinometer solution with its 
front window (quartz if X < 366 mp) perpendicular to the LO beam. If 
absorption is complete, Lo = 6.06 X loz3 m/Atd, where Lo gives average 
quanta per sec. over the interface Lo between front window and solution 
(Lo X 1.05 at the air interface of front window) and m is the moles of 
oxalate decomposed in At seconds. d, is interpolated from the average d, 
in Table 111. Analytical errors have perhaps the smallest effect when d, 
the thickness of the layer, is about 2 to 3 cm. If X 2 366 mp, the absorption 
is not "complete," and Lo as found above must be multiplied by ( l - l ~ - ~ ~ ) ,  
where k is the antilog of the proper ordinate of Curve D in Fig. 1. The 
solution in a thickness of 2.5 cm. transmits 0.00, 0.35, 0.43, 0.50 and 0.83 
of Lo at 313, 366,406,435 and 470 mp, respectively. If ( l -10-~~)  < 0.90, 
the rear window should be painted black to minimize backward reflection. 

(b) An "unknown" aqueous system simultaneously illuminated in a 
similar vessel in an equivalent position (or subsequently in the actinometer 
vessel if the light source is constant) will, if absorption is complete, likewise 
consume LO quanta per second, so that d,'mAtf = d,mlAt. If the second 
system does not absorb completely, (1-10-~'~'~) must be measured by 
spectrophotometer or calculated from published data on absorptions or 
determined as suggested under (c). If it contains also an inert absorbent, 
the light absorbed must be properly apportioned. If a gas is investigated, 
additional corrections for reflection factors must be included in careful work. 

(c) After +' is known, m" may be predicted for any other time under 
these identical conditions. We suggest a compound actinometer (Pig. 2) 
t o  evaluate relative quantum yields and even absorptions in terms of 
analytical results exclusively. Reflection corrections are small if the rear 
window is painted black. The four cells are identical in dimensions and 
I refers to the relative intensity of parallel monochromatic light at  the 
point designated. If Cells 1 and 2 are filled with actinometer solution, 
and 3 and 4 with the "unknown" system, also ml, mz, ma, mc are the re- 
spective moles transformed (ma and ml already corrected for any dark reac- 
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tion) then 4' = + m3 which becomes +' = 9 - for corn- 
'J'nl 

plete absorption in Cells 1 and 3. If actinometer solution is placed in 

Cells 1, 2 and 4 and "unknown" in 3,4'  = 4 - :: (:: 1 2). 
(d) If the four cells are filled as first indicated, the relative absorptions 

can be found. The transmission of the actinometer solution Il/Io = 12/11 = 

mz/ml and that of the "unknown" I3/I0 = 1 4 / 1 3  = m4/m3. The errors are 
magnified, in the calculation, if the ab- 

Quartz Quartz Quartz 
sorptions are very strong or very weak. 

Polychromatic Light.-If the spectral 
energy distribution of the source is un- 
known but constant, average quantum 10 
yields are found as in (b) by using only 
that portion of the spectrum which is 
completely absorbed by both solutions. 
The procedure described in the first sen- 
tence of (c) is still valid even for variable 
time and total intensity. It must be re- ++- 10 

membered that the spectral energy dis- 
tribution of sunlight is highly variable. 
If preliminary experiments with various Fig, 2.-Compound Betinometer. 

filters prove that the photochemical 
absorption curves of actinometer and of the "unknown" are both "cut 
off" within about the same wave length range, and if i t  is certain that the 
absorption spectrum of the "unknown" has no "holes," procedure (c) is 
fairly safe even if both solutions transmit a good deal of active light. The 
tacit assumption remains that 4'/4 is nearly independent of wave length. 
The mercury arc serves well in the above cases, for its spectrum so far as our 
actinometer and many other photosensitive systems are concerned termi- 
nates a t  435 mp where quantum yields and absorptions are still considerable. 
Thermal radiators, however, emit an excessive proportion of light in the 
blue-green and green, where neither the respective absorptions nor quantum 
yields could be expected to  correspond. 

Our actinometer solution could be advantageously used in the self-in- 
tegrating actinometer described by Doreas and Forbes,14 instead of benzo- 
quinone in 50% alcohol. As 4quinone/4 is nearly constant over the "ery- 
thema range" the same light filter would suffice. Many other photo- 
chemical reactions could be studied in polychromatic light using our acti- 
nometer solution and data if proper filters were developed. 

We gratefully acknowledge an appropriation from the Milton Fund to  
defray the expenses of this research and the loan of a motor generator set 

l4 Dorcas and Forbes, THIS JOURNAL, 49, 3081 (1927). 
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by the General Electric Company used in the earlier experiments. During 
the last year of the work the first-named author held the du Pont Fellowship 
of the Division of Chemistry. 

Summary 
The photolysis of certain uranyl oxalate solutions in nine approximately 

monochromatic radiations has been reinvestigated with elaborate (and in 
some cases novel) radiometric and analytical precautions. 

The gross quantum yield 9 at 25O for a solution 0.01 M in uranyl sulfate 
and 0.05 M in oxalic acid varies between 0.60 a t  254 mp to 0.58 a t  435 mp 
with a minimum of 0.49 at 366 mp. These values are about half those 
generally in use at the present time. 

C$ is diminished by sodium sulfate, by sodium hydroxide and by sulfuric 
acid, in spite of the fact that the first two enhance total absorption. 

The temperature coefficient, + is 1.03 + 0.035, between 10 and 
2 5 O ,  both at 366 mp and 313 mp. 

If the light presumably absorbed by uncombined uranyl sulfate is sub- 
tracted before calculating 4 for solutions containing no great excess of 
oxalic acid, (t, becomes nearly independent of their concentrations. 

These calculations give some support to the view that the photolyte is 
UOzHCz04+ or UOzC204 or some optical cluster equivalent to one of these 
and make it seem somewhat improbable that the photolysis depends mainly 
upon collisions of the second kind between excited UOz++ and H2C204. 

Detailed suggestions for actinometry in monochromatic and in poly- 
chromatic light are offered. The limitations of the latter procedure are 
emphasized. 

CAMBRIDGE, MASSACHUSETTS 

[CONTRIBUTION FROM THE RESEARCH LABORATORY OI( INORGANIC CHEMISTRY, 
MASSACHUSETT~ I N S T I T U ~  OF TECHNOLOGY, NO. 41 

THE DISSOCIATION OF CARBON DIOXIDE IN THE 
ELECTRODELESS DISCHARGE 

BY HERSCHEL HUNT WITH WALTER C. SCHUMB 
RECEIVED MAY 29, 1930 PUBLISHED AUGUST 5, 1930 

The dissociation of carbon dioxide by the application of other than 
thermal energy has been studied by a number of investigators. 'I'hw 
Lefebvre and Montagnel found that in the electric arc the dissociation 
proceeds in perfect accord with the prediction based upon the thermal 
decomposition of carbon dioxide. Carbon monoxide was unchanged 
when traversed by the arc or spark discharge. 

Lind12 using alpha particles, has shown that oxygen forms 0 2 -  and 
Lefebvre and Montagne, Bull. soc. encour. ind. nat., 127,917 (1928). 
Lind, Trans. Am. Electrochem. Soc., 44,66 (1923). 
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thereby chemical action with carbon monoxide is promoted. Neither 
carbon dioxide nor carbon monoxide can accept the electron. 

Busse and Daniels3 found no relation to exist between amount of de- 
composition of gases, such as nitric oxide and carbon dioxide, and the heats 
of formation or free energies of the gases. They found that cathode rays 
gave the same comparative results as alpha particles, and concluded that 
actual decomposition was brought about by the free electron. 

The present investigation was undertaken with the object of observing 
the influence of the electrodeless discharge upon the decomposition and 
the synthesis of carbon dioxide. I t  constitutes an extension of the work 
described in another article upon the dissociation of ammonia.* 

It is not proposed in this paper to offer a complete interpretation of the 
phenomena observed, because at  the present writing such an explanation 
would be largely conjectural. The experimental facts, however, we 
believe merit setting forth, the 

-'?umf 
theoretical significance of these A 

facts being left for subsequent 
clarification. r Bb>~r--w fl,LtoJ GW;~  

Procedure 
The apparatus employed in 

the earlier study has been greatly 
improved, and is shown diagram- 
matically in Fig. 1. We are in- 
debted to Professor V. Bush of 
this Institute for the suggested 
arrangement. The wave length 
of the set as shown was found to 
be 34 corresponding to a Fig. 1.-T, ITX 866 mercury rectifying tube; 
frequency of 8820 kc. M, 110-ma. milliammeter; A, UV 203 A power 

The transformer operated on a transformer tube, 50-watt; 1, 2-mfd. 1500-v. 
110-v. 60-cycle circuit and supplied fixed condenser; 2, 0.002-mfd. ,5000-v. fixed con- 
T with 2.5-v. filament current, A with denser; 3, 0.0005-mfd. 5000-v. fixed condenser; 
10 v., and T with 825 v. a t  150 ma., 4 and 7, 5000-ohm, 50-watt resistances; 5 and 6, 
d. c. half-wave current. Thesolenoid, radio frequency chokes (4" X 5/8", No. 22 wire). 
10 inches in diameter, was made of flat 
copper strip 1 cm. in width. When tapped as shown the wave length produced was 
34 m. Higher wave lengths were obtained by increasing the number of turns tapped 
off on the solenoid. 

The reaction system, shown in Fig. 1, consisted of R, a one-liter pyrex bulb in which 
was placed a thermometer, Th, and R', a reservoir in which gases were mixed before 
using. To A and B were connected purification and drying trains for the entering gases. 
Gas mixtures were made up by controlling the individual partial pressures, using a 

3 Busse and Daniels, THIS JOURNAL, 50,3271 (1928). 
Schurnb and Hunt, J. Phys. Chem., 34, 1919 (1930). 
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manometer in conjunction with the McLeod gage. R was thoroughly evacuated and 
swept out several times with the gas mixture. Then a sample was drawn from R' 
into R and the pressure lowered to the desired value; pressure and temperature readings 
were taken and the discharge started. After the passage of the discharge (regularly an 
interval of five minutes) the bulb, R, was allowed to come to the original temperature, 
which process required over one hour, and the final pressure was then taken a t  the 
original temperature. Since the room temperature did not vary over 0.1 in the course 
of any experiment, and since the gas was always measured at the same temperature, we 
may assume our measurements to be accurate to within 0.2%. 

The carbon dioxide was generated by heating pure sodium bicarbonate. It was 
carefully dried by passage through phosphorus pentoxide. The carbon monoxide was 
made from concd. formic acid and concd. sulfuric acid. Most of the water vapor left 
in the gas was condensed by strong chilling in a gas trap. Traces of carbon dioxide were 
then removed by passing through solid caustic potash, and the gas was finally thoroughly 
dried by phosphorus pentoxide. Commercial compressed oxygen was passed over po- 
tassium hydroxide and phosphorus pentoxide before use. 

In Table I typical data are given for the decomposition of pure carbon 
dioxide at  pressures ranging from 0.25 to 2.82 mm. The first two columns 
show, respectively, the initial and final pressures, the third column gives 
the calculated percentage decomposition on the basis of the relationship 

D = 
2(Pf - Pi) (100) 

Pi 
and the last column gives the corresponding value of K,, the equilibrium 
constant, calculated accordkg to the equation 

These results are shown graphically in Fig. 2, Curve I, wherein the per- 
centage decomposition is plotted against the equilibrium pressure. 

pi. 
(mm.) 

0.25 
.27 
.28 
.33 
.34 
.39 
.45 
,495 
.56 
.67 
.76 

Qualitatively the presence of carbon monoxide in the resulting gas 
after the passage of the discharge was confirmed by the blackening of 
palladious chloride paper, and sufficient oxygen was produced to cause a 
darkening of fresh alkaline pyrogallol solution. 
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Since the carbon dioxide is not completely decomposed a t  pressures 
greater than 0.25 mm., it is evident that an equilibrium is reached. That 
such is the case was definitely proved by the synthesis of the gas from a 

::I 
c; s o -  

0 0.5 1.00 1.50 2.00 2.50 3.00 3.50 
Pressure, mm. 

Fig. 2.-I, Decomposition of COz; 11, synthesis: CO/Oz = 2; 111, de- 
composition: C02/CO = 1; IV, decomposition: COZ/OZ = 1; V, decom- 
position: C02/He = 1. 

mixture of carbon monoxide and oxygen. The data obtained, using a 
mixture of two volumes of carbon monoxide and one volume of oxygen, 
are given in Table 11. 

TABLE I1 
DATA OBTAINED 

The third column lists the percentage of carbon monoxide converted into 
carbon dioxide. These data are also represented in Pig. 2, Curve 11. The 
discharge passed for five minutes in all cases. After the discharge the gas 
was tested for carbon dioxide by passage through clear barium hydroxide 
solution. A dense turbidity was produced. A blank test made on the mix- 
ture which had not been subjected to the discharge gave a negative result. 

The effect of varying composition of the gas mixture was now studied. 
The proportions of oxygen and of carbon monoxide in the original gas 
mixtures were increased above the stoichiometrical requirements and in a 
third experiment carbon dioxide was diluted with 50% ~f helium to  ob- 
serve the effect of an inert gas. The helium was freed before use from 
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carbon dioxide, oxygen and water vapor. The results of these experiments 
are shown in Table 111. S is based in all cases upon the fraction of carbon 
monoxide changed to carbon dioxide. 

B. SYNTHESIS OP CARBON DIOXIDE WITH VOL. RATIO CO2/C0 = 1 
Excess  CARBON MONOXIDE. VOL. RATIO 0.34 0.41 82.35 2.731 

CO/On = 4 .65 .735 52.31 0.931 

0.51 0.48 14.7 1.557 .71 .80 50.70 .9169 
.62 .57 20.16 1.078 1.13 1.22 31.85 .5802 
.70 .63 25.0 0.7937 1.37 1.47 29.2 .5771 

1.17 1.00 36.32 .4428 2.40 2.525 20.83 .5393 

Preliminary experiments employing pure oxygen a t  pressures ranging 
from 0.82 to 1.8 mm. gave no pressure change; proving that ozone was 
not formed under these conditions. The gas gave a pale yellow glow 
which filled the bulb completely without the appearance of banding as 
in most of the other cases studied. Carbon monoxide alone gave no 
pressure changes when subjected to the discharge. 

The passage of the discharge was in all cases accompanied by a rise in 
temperature, which, in a five-minute interval, amounted to about 20'. 
For this reason the 0.1 thermometer was enclosed in the bulb, as shown 
in Fig. 1, and time was allowed after each discharge for the gas to return 
to the initial temperature before the pressure was measured. Separate 
experiments on carbon dioxide carried out with and without the enclosed 
thermometer proved that the presence of the thermometer itself had no 
influence upon the establishment of the equilibrium pressures. 
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In the experiments recorded in Section E, Table 111, a peculiar afterglow 
was observed which persisted for about four seconds a t  0.5 mm. after 
the current had been cut off. The length of time varied somewhat with 
the pressure within the bulb. The afterglow had more of a yellowish 
tinge than was seen while the discharge was passing. Mixture F containing 
helium gave a pinkish glow, while carbon dioxide alone produced a bluish 
color. 

To determine the effect of variation in the time of operation of the dis- 
charge, a series of experiments was conducted upon the decomposition 
of carbon dioxide, in which the discharge interval was varied from five 

seconds to ten minutes using the same initial pressure. Consideration of 
the following table of results shows clearly that at the end of two minutes 
equilibrium has been attained; the percentage decomposed, D, does not alter 
thereafter. Similar results were obtained when working a t  higher pres- 
sures. 

Finally, the effect upon the decomposition of change of wave length 
was observed by allowing the discharge to pass a t  51 meters, the maximum 
afforded by the apparatus as constructed, instead of 34 meters, as in all 
the previous experiments. No appreciable alteration in the percentage 
decomposed was observed due to this change, as is indicated in Part B, 
Table IV. 

Discussion of Results 

I I 

The percentage of carbon dioxide decomposed, at a pressure p, plus the 
percentage synthesized from a mixture at a pressure, 9, of two volumes 

100 
0.0 0.5 1.00 1.50 2.00 2.50 

Pressure, mm. 
Fig. 3.-I, Synthesis: CO/On = 2; 11, synthesis: CO/Oz = 4; 

111, synthesis: C0/02  = 1. 
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Time 

5 sec. 
10 see. 
15 sec. 
20 sec. 
30 sec. 
60 see. 
2 min. 
5 min. 

10 min. 

of carbon monoxide plus one volume of oxygen are in all cases practically 
equal to 100%. Hence, we may assume that we are dealing with an 
equilibrium 

2CO $- 0 2  ---' 2C02 

The addition of carbon monoxide to the dissociating mixture decreases 
the amount of carbon dioxide decomposed and an excess of carbon mon- 
oxide in the synthesis of carbon dioxide increases the percentage of carbon 
dioxide synthesized. 

Likewise, additional oxygen decreases the amount of decomposition of 
carbon dioxide but does not increase the amount of synthesis. Oxygen 
reduces the amount of decomposition relatively more than carbon monoxide. 
This is in contradiction to the mass action law, a fact which is in agree- 
ment with the observations of other workers in this field. If a complex, 
[(COz)x.(Oz)y], were formed by the union of COz+ and 02-, we may 
assume that the energy used in its formation is wasted, as far as the disso- 
ciation of carbon dioxide is concerned. Similarly, the formation of 
[(CO);(Oz),J by the union of CO+ and 0 2 -  would decrease the extent 
of synthesis of carbon dioxide. This hypothesis is supported by the data 
at hand. 

Helium increases the amount of decomposition of carbon dioxide and 
likewise decreases the amount of synthesis. Since helium has a high 
ionization potential, i t  may be assumed that i t  gives up any energy pri- 
marily absorbed to further disrupt carbon dioxide when i t  returns to its 
stable stale.5 

Nitrogen also caused an increase in the amount of carbon dioxide de- 
composed, but the process here is obscured by the probability of compli- 
cating reactions between the nitrogen and the other gases, especially 

6 Cf. Brewer and Westhaver, J, Phys. Chem., 34,153 (1930). 
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oxygen. It is not surprising, therefore, that in this case the amount of 
decomposition and amount of synthesis do not equal loo%, as with helium. 
In view of these facts, we have omitted the data until the phenomena 
can be further investigated. 

Summary 
I. An apparatus suitable for producing a high frequency oscillatory 

electrodeless discharge has been described. 
2. Under the influence of this discharge, the equilibrium 

2CO + 0 2  ;=t 2co2 
has been shown to be established, and data for this equilibrium a t  various 
pressures are given. 

3. Variation in the length of time of discharge indicates that the 
reaction is brought to equilibrium in two minutes. Five minutes was 
adopted as the standard interval in these experiments. 

4. The results obtained by variation in the percentage composition 
of the gas mixtures employed are not in agreement with the law of mass 
action. K,, is not a constant, but shows a decrease with increasing 
values of the equilibrium pressures. 

5. Increased pressure decreases the extent of decomposition of carbon 
dioxide and increases the extent of synthesis, a fact, however, which is 
only in qualitative agreement with the law of mass action. 

6. An inert gas, such as helium, displaces the equilibrium in the di- 
rection of increased decomposition of carbon dioxide. 

CAMBRIDGE, MASSACHUSETTS 

[CON~IBUTION FROM THE CHEMICAL LABORATORY OR THE UNIVERSITY OF ILLINOIS] 

THE VAPOR PRESSURE OF SODIUM. LOW PRESSURE 
MEASUREMENTS WITH THE ABSOLUTE MANOMETER 

BY WORTH H. RODEBUSH AND WM. F. HENRY 

RECEIVED JUNE 2, 1930 PUBLISHED AucrrsT 5, 1930 

The reliable measurements on the vapor pressure of sodium a t  pressures 
below 0.1 mm. have all been made by the effusion method of Knudsen and 
the vapor pressures can only be calculated by assuming some value for the 
vapor density. Rodebush and Waltersl have shown that  the assumption 
of normal density for sodium a t  low pressures is justified, but it seemed 
desirable to  check this by a direct measurement of the vapor pressure. 
This measurement presented an excellent opportunity to  try out the 
absolute manometer described by Rodebush and  coon^.^ 

For the measurement of vapor pressure the design of the gage was 
altered from that originally described, by inverting the arrangement of 

Rodebush and Walters, THIS JOURNAL, 52,2654 (1930). 
Rodebush and Coons, ibid., 49, 1953 (1927). 
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disk and seat. The disk was constructed of quartz instead of graphite. 
The arrangement of the apparatus is shown in Fig. 1. The substance 
whose vapor pressure was to be determined was placed in the flask F. 
The temperature of the furnace was regulated by hand and temperatures 
were measured with a chromel-alumel thermocouple which had been 

carefully calibrated a t  a series of fixed 
points. The furnace was well insulated 
so that its temperature changed slowly. 
Temperatures were read immediately 
before and after each measurement and 
the two readings usually differed by less 
than 0 . 5 O .  In order to prevent con- 

~ a n o m e t e , .  
densation of the saturated vapor on the 
movable disk or its suspension, a special 
heating coil was placed at  J. 

The mercury manometer shown in 
Fig. 1 was for the purpose of admitting 
air to the system at  low pressure when 
the gage was calibrated against a McLeod 
gage. In addition the gage was cali- 

Fig. 1. brated by measuring the vapor pressure 
of mercury over the range 70-100'. The 

two calibrations were in excellent agreement. 
The sodium was introduced into the apparatus by distillation with the 

customary precautions to avoid contamination. The results of the meas- 

0.0015 0.0016 0.0017 0.0018 
1 / T .  

Fig. 2.  

urement are given in Table I and a plot of the data is shown in Fig. 2. 
The straight line in Fig. 2 is the graph of the equation 

5400 log p,,. = 7.551 - - 
T 
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T e m p ,  
"C.  

396.5 
392.0 
389 5 
384.0 
381 .0 
376.0 
371.0 
366.0 
360.0 
354.0 

Pressare, 
lllm. 

0.3025 
.2700 
,2400 
.2195 
,1952 
.I702 
.I517 
.I233 
.I074 
,0876 

VAPOR PRESSURE OF SODIUM 

Temp , Pressure, 
O C .  mm. 

Pressure, 
mm 

0.01205 
.00955 
,00760 
.00603 
,00480 
.00427 
,00381 
.00347 
.00303 

given by Rodebush and Walters as the best representation of all previous 
data. I t  is evident from Fig. 2 that the new data confirm the correctness 
of the equation in a most satisfactory manner. 

ISOTOPES AND THE PROBLEM OF GEOLOGIC TIME 

Time can be estimated only by reference to some change, and geologic 
time is no exception. Any change demands a beginning and an ending 
condition, and a rate. 

The phenomena which fulfil these conditions throughout the great lengths 
of geologic time are: (1) denudation and sedimentation, (2) the salting of 
the ocean and (3 )  radioactive disintegration of uranium into lead. 

They are all of the hour-glass principle and if we could measure the 
amounts involved at  the beginning and at the end-and ascertain the rate 
of change-the problem of geologic time would be a very simple one. 
But of the three, only the last can be measured with the accuracy necessary 
to inspire confidence in the result. We can well imagine what a difficult 
task it was to arrive a t  any accurate estimate of the amount of material 
that had been eroded from the highlands and deposited in the hollows to  
form sedimentary formations, particularly when it was known that these 
sedimentary formations often became, in t u n ,  highlands from which fur- 
ther erosion took place. 

It was not much easier to estimate the rate at  which sodium was being 
leached from the igneous rocks and carried into the sea. It was easy t o  
determine the sodium in a rock, and in a sample of sea water ; but to decide 
on the amount of rock and the amount of sea was not so simple, nor did such 
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minor corrections as the great salt deposits necessitated make the problem 
any easier for the old-time geologist. 

With the discovery of radium and the unraveling of the mysteries of 
radioactive disintegration, and especially the demonstration of the relation- 
ship existing between uranium and lead, the geologist felt that a t  last he 
had an accurate timepiece, of relative simplicity, and one capable of most 
refined measurements. 

And so he had, compared with the ones he had been struggling with 
before, and the new tool was adopted with enthusiasm. However, as 
refinement of measurement and accuracy increased, factors which a t  first 
had been ignored began to assume increasing importance, and it is some 
of these minutiae that I wish to discuss now. 

If it were only a case of ascertaining the amount of uranium and the 
amount of lead present in a mineral and applying that information to the 
known rate of change of the uranium-radium-lead series the problem would 
resolve itself into simply one of refined chemical analysis; but some thorium 
is almost always present in uranium minerals, which, besides complicating 
the chemical analysis, makes necessary a correction to take care of that 
portion of the total lead that came from the thorium. This correction 
factor (0.38 Th) is shown in the formulas given below. 

Age = 
Pb X 7400 million years 

U 4- 0.38 Th 

Age = log (U + 0.38 'I'h + 1.55 Pb) - log (U + 0.38 Th) years 
6.5 (2) 

It is suppos<d to represent the amount of uranium which is equivalent in 
lead-producing capacity to 1 g. of thorium. Unfortunately, this value is 
not universally accepted, nor is the time required for a given amount of 
thorium to form its corresponding amount of lead known with satisfactory 
accuracy. Therefore the inevitable presence of thorium introduces an 
annoying element of uncertainty into any formula that may be devised. 
So, if we could eliminate consideration of the thorium altogether, i t  would 
be a great relief. 

Furthermore, there is no actual measure of that proportion of the total 
lead which is known to have been produced by the uranium alone. If this 
latter could be determined by actual experimental measurement, the 
thorium could be disregarded altogether and the only other uncertainty 
which would remain inherent and unmeasured in this method would be the 
existence of possible isotopes of uranium which have disintegrated a t  a 
different rate in the past from the uranium which we know today. 

We attempted to accomplish all this by the identification and the de- 
termination of the isotopes of lead. As this had not been done, we first 
began work on "ordinary" lead. The problem was to get the lead into 
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some volatile form with the proper polarity to enable it to be swept along 
in the stream of positive rays in a mass spectrograph. 

Lead tetramethyl was made and the technique developed to  a point 
where a workable quantity could be obtained from 5 g. (or less) of lead 
chloride. 

Dr. F. W. A ~ t o n , ~  F.R.S., kindly consented to cooperate and in July, 
1927, he carried out several experiments with this material. These demon- 
strated very clearly the existence of the three anticipated isotopes of masses 
206, 207 and 208 in the approximate ratios of 4, 3 and 7, respectively, as 
shown in Table I. 

TABLE I 

RELATIVE PROPORTIONS OB LEAD ISOTOPES 
Percentage of isotopes 

Pb  206 Pb 207 Pb 208 

Ordinary lead 28.6 21.4 50.0 
Radioactive lead 86.8 9.3 3.9 

The existence of isotope 207 demonstrated that the atomic weight of 
207.2 was not a statistical mean of isotopes 206 and 208 only. 

The next step was to do the same for "radioactive" lead. This was 
obtained from a very pure sample of Norwegian broggerite, a mineral which 
is high in uranium but contains very little thorium. In  Professor Aston's 
mass spectrograph this lead also revealed isotopes 206, 207 and 208. The 
presence of isotope 207 in this radioactive lead was somewhat of a surprise, 
but when it was noticed that the relative proportions were radically dif- 
ferent, its presence took on added ~ignificance.~ 

These results demonstrate that isotope 207 exists even in lead of radio- 
active origin. Consequently it must have a corresponding source, and this 
source is now assumed to be an isotope of uranium which is the parent sub- 
stance of the actinium series. 

To quote from Aston's report in Nature of March 2, 1929: "The line 207 
is of peculiar significance. It cannot be due to the presence of lead as an 
impurity, for in ordinary lead 208 is about twice as strong as 207, neither 
can i t  be the product of radium or thorium. It is difficult to resist the 
natural conclusion that i t  is the end-product of the only other known dis- 
integration, namely, that of actinium. If this is so it settles the mass 
numbers of the members of this series, that of protoactinium being 231." 

We can now assume that the actino-uranium (parent substance of the 
actinium series) has a mass of 239 and is converted into a mass 235 in 
consequence of an alpha change followed by two beta changes, as is the 

This was done for me by Mr. S. C. Witherspoon, then of the U. S. Chemical War- 
fare Service. 

Aston, Nature, 120, 224 (1927). 
Aston. ibid., 123, 313 (1929). 
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case in the uranium-radium series, or a mass 235 to begin with, which 
passes through an alpha and a beta transformation to form protoactinium. 

Both alternatives are suggested and discussed by R~therford.~ 
By whatever method they were formed, we now are certain of three leads 

each legitimately descended from its corresponding parent substance, as is 
illustrated diagrammatically in Table 11. 

By means of the mass spectrograph and an intensimeter we are now able 
to determine the amount of Pbzo6 in the lead separated by analysis of a 
uranium mineral, but as yet we cannot determine the actual U238 from which 
i t  came. This will require the determination of the isotopes of uranium- 
as yet not accomplished. 

Dr. Moses Gomberg is very generously coiiperating with us in an effort to 
secure some volatile organic compound of uranium which could serve as the 
tetramethyl did for the lead, but uranium is infinitely more difficult to 
cope with than lead, because of its multiplicity of valences and its annoying 
habit of combining with itself. 

The field of the organic compounds of uranium is practically untouched. 
Should the determination of the isotopes of uranium be accomplished, 

we would then have a measure of the particular uranium from which the 
Pb206 came, and our formula would be simplified thereby. Further knowl- 
edge of the isotopes of uranium would be of great value in many lines of 
research, but to mention only one having tremendous significance for the 
problem of geologic time, it is very important to learn whether or not the 
Uz?s-Pbz~ series disintegrates a t  a different rate from that determined for 
the mixture of isotopes as a whole. 

WASHINGTON, D. C. 
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NOTES 

Historical Note on the Equilibrium between Methanol and its De- 
composition Products.-In a recent paper1 Messrs. B. S. Lacy, R. G. 
Dunning and H. H. Storch state that my determinations of the equilibrium 
constants of the reactions 

2Hz + CHaOOCH+ZCHzOH (1) 
and 

CO + CHaOHc--CH1OOCH (2) 

were carried out later than 1922. 
May I be allowed to state that the work contained in my paper2 pub- 

lished in 1926 on Reaction 1 was carried out during the spring of 1917 by 
myself, and the work on Reaction 2 during the spring of 1918 by Mr. 
Arne Olsen and myself. 

I may perhaps add that my equations are expressions of the concentra- 
tion constants and thus may be easily transformed into equations for the 
pressure constants without recalculation of the single experimental values 
and finally that Lacy and co-workers have included in their Fig. 1 my 
experiments Nos. 16 and 17, which as stated in my paper, ought not to be 
included on account of obvious loss in activity of the catalyst. 

CHEMICAL LABORATORY OF THE UNIVERSITY J. A. CHRISTIANSEN 
COPENHAGEN, DENMARK 

R s c w v s ~  APRIL 23, 1930 
PUBLISHED AUGUST 5, 1930 

A Note on the Preparation of Silver-Free Copper.-The preparation of 
standard solutions for the estimation of small amounts of silver in copper 
spectrographically requires silver-free copper. A number of commercial 
samples of copper were tested and all contained silver. Even one obtained 
from England which the vendors stated was apparently silver-free gave a 
spectrogram which showed distinct silver lines. I t  was therefore deemed 
advisable to experiment on the separation of the last spectrographic traces 

- of silver from copper. The following procedure successfully accomplished 
this result. 

Commercial copper sulfate was recrystallized three times and a spectro- 
gram made from it showed only a small amount of silver (about 0.004y0 
was found later). Four hundred grams of this recrystallized sulfate was 
made up to two liters with 5y0 nitric acid, the solution divided into eleven 
portions and electrolyzed for one hour between platinum electrodes with a 
current of 0.05 ampere a t  seven volts. The electrodes were removed from 
the solution, washed, and the small deposit was dissolved in nitric acid. The 
clean electrodes were put back into the solutions and the electrolysis con- 

Lacy, Dunning and Storch, THIS JOURNAL, 52,926 (1930). 
Christiansen, J. Chem. Soc., 413 (1926). 
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tinued for sixteen hours, after which the deposits were dissolved as before. 
I n  this manner seven fractions were made. Each of these fractions was 
evaporated to dryness and ignited to convert the copper nitrate to oxide. 
The weight of copper oxide obtained in each of the fractions together with 
the current strength and the duration of electrolysis is shown in the table. 
The estimated silver content of the copper in each fraction is shown in the 
last column. The residue was obtained by evaporating the whole two liters 
of solutio~l from which the copper had been deposited to dryness and 
igniting. 

No. 

1 
2 
3 
4 
5 
6 
7 

Residue 

TABLE I 
EXPERIMENTAL DATA 

CuO, g. Time, hours Current, amp. 

1.5 1 0.05 
8 16 .05 
4 8 .05 
9 17 .05 

12 23 .05 
66 24 .2  
24 9 .2  
1.5 . . . . 

Silver, % 
0.125 

.008 

.0005 

.0002 
none 
none 
none 
.015 

Copper oxide from fraction six was reduced in a silica tube by means of 
hydrogen, the copper was melted in a silica crucible in an induction furnace 
and drawn into a bar from which electrodes were cut. An arc spectrogram 
of these copper electrodes showed no trace of the silver line a t  3281. Cop- 
per itself gives a faint line which might be confused with the silver line a t  
3383. The most persistent silver line is at  3281. The presence of as little 
as 0.0002% silver in copper can be detected by means of this line when 
the solution method of comparison is employed. 

The silver was estimated by comparing the intensity of this line in a 
spectrogram given by a measured amount of the unknown with its intensity 
in spectrograms of measured amounts of solutions of known silver content. 
The amount used in each case was one-tenth of a cubic centimeter of 
solution containing 10% of copper. This was placed in a hollowed graphite 
electrode, dried in an oven at  110' and then arced for three minutes using 
a current of ten amperes a t  50 volts. This is the well-known method de- 
scribed by C. C. Nitchie ["Quantitative Analysis with the Spectrograph," 
Ind. Eng. Chem., Anal. Ed., 1, 1 (1929)l. 

CONTRIBUTION FROM THE 
MICHIGAN COLLEGE OF MINING AND TECHNOLOGY 

HOUGHTON, MICHIGAN 
RECEIVED MAY 19, 1930 
PUBLISHED AUGUST 5, 1930 
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[CONTRIBUTION FROM THE KENT CHBMICAL LABORATORY, UNIVERSITY OF CHICAGO] 

OXIDATION OF UNSATURATED COMPOUNDS. 11. 
PREPARATION AND CONFIGURATION OF THE 3-HALOGEN0 

DERIVATIVES OF CROTONIC ACID 
BY G$ZA BRAUN~ 

RECEIVED NOVEMBER 27, 1929 PUBLISHED AUGUST 5, I930 

In the first publication of this series2 the oxidation of crotonic and iso- 
crotonic acids with chlorates and perbenzoic acid was reported. There is 
no known method for the establishment of the configurations of the dl- 
1,2-dihydroxybutyric acids which resulted. However, the results which 
were obtained were so harmonious that it was possible to assign configura- 
tions to these acids with a considerable degree of assurance. For the pur- 
pose of the exact chemical proof of configuration it would be necessary to 
convert these compounds into the tartaric acids in such a way that  no 
change of configuration could take place during these operations. Un- 
fortunately these changes could not be accomplished by direct oxidation of 
the dihydroxybutyric acids with dilute nitric acid because the methyl 
group is completely eliminated in the oxidation. I t  seemed therefore to be 
necessary to synthesize compounds having a substituent in the methyl 
group-these would be the derivatives of threonic and erythronic acids- 
the configurations of which could be shown by oxidation to the tartaric 
acids. Their relationship to the dihydroxybutyric acids on the other 
hand could be demonstrated by reduction. For this indirect proof of con- 
figuration only the 3-halogeno derivatives of threonic and erythronic acids 
could come into consideration, making a connection between the tartaric 
and 1,2-dihydroxybutyric acids. 

These halogeno-tetronic acids are as yet unknown. For their synthesis 
the oxidation of the corresponding 3-halogeno-crotonic acids seemed to 
offer the most practicable method, and it became necessary therefore to 
study the preparation and properties of these unsaturated acids. 

I. Preparation of 3-Chlorocrotonic Acid 
This acid was first prepared by I,espieau3 by means of the operations 

indicated 
ClCHzCH-CHz + HCN + ClCHzCHOHCHzCN 

\o/ 

KOH 
ClCHzCH=CHCOOCzHs --4 ClCHzCH=CHCOOH (4)  

1 International Research Fellow in Organic Chemistry from Hungary, 1926-1928. 
G6za Braun, THIS JOURNAL, 51, 228 (1929). 

a Lespieau, Bz~ll. soc. chim., [3] 33,466 (1905). 
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These reactions are described by Lespieau only in a general way. The 
yields must have been rather low but, because all the operations involved 
are of general interest in the field of preparative organic chemistry, it was 
decided to study and, if necessary, modify the original procedure to im- 
prove the yield. A new process is reported which makes it possible to ob- 
tain the 3-chlorocrotonic acid from the 2-hydroxy-3-chloro-n-butyronitrile 
in 32% yield. 

(1) 2-Hydroxy-3-chloro-~~-butyronitrile.-Lespieau's~~~ original method 
has the great disadvantage that the handling of anhydrous hydrogen 
cyanide above its boiling point is very inconvenient. The new procedure 
avoids this; it involves the treatment of dichlorohydrin with sodium 
cyanide in aqueous suspension. The desired product is separated from 
the dinitrile, which is formed to some extent, by fractionation and is ob- 
tained in 25% yield. 

(2) Ethyl 2-Hydroxy-3-ch1orobutyrate.-The ester was prepared by 
treatment of the nitrile with dry hydrogen chloride in absolute alcohol 
according to Stieglitz and Carr5 but without the isolation of the pure 
imino-ester hydrochloride. The yield of pure ester was as high as 80-8570 
of the theoretical. 

(3) Ethyl 3-Ch1orocrotonate.-In the preparation of this ester the 
best results were obtained when only 70% of the theoretical amount of 
phosphorus pentoxide was used for the dehydration of ethyl 2-hydroxy-3- 
chlorobutyrate. The purified reaction product was obtained in good yield 
(62.5y0), but it proved to be a mixture of unsaturated halogeno esters; 
saponification yielded two isomeric halogeno acids. There are two possi- 
bilities in the dehydration of ethyl 2-hydroxy-3-chlorobutyrate: the re- 
action may involve carbon atoms 2 and 1 or carbon atoms 2 and 3, yielding 
ethyl 3-chlorocrotonate, CHzC1CH=CHCOOC2HS, or ethyl 3-chloro-vinyl- 
acetate, C1HC=CHCH2COOCzH6, respectively. There is also a possibility 
of the formation of ethyl 3-chloro-isocrotonate but the formation of this 
under the conditions is very improbable. I t  was estimated on the basis of 
the saponification results that the ester mixture contained about 8OY0 of 
ethyl 3-chlorocrotonate. 

(4) Saponification of the Unsaturated Esters.-This is the most delicate 
step in the synthesis. The esters are very resistant toward hydrolysis by 
acids. The saponification proceeds rapidly in alkaline solution but extreme 
care must be taken to protect the organic halogen. It was found that barium 
hydroxide below 0' gives excellent results. The 3-chlorocrotonic acid (m. p. 
83") is obtained in high yield and it is possible to isolate from the mother 
liquor an isomeric unsaturated halogeno acid of m. p. 10' (very probably 
the 3-chloro-vinylacetic acid). A study of this acid is in progress. 

See also Hormann, Ber , 12,23 (1879). 
Carr, Doctor's Dissertation, University of Chicago, 1910. 
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The barium hydroxide method may also be used in the saponification of 
ethyl 3-bromo- and ethyl 3-iodocrotonates; the yields of the pure acids 
are over 50y0 of the theoretical. 

11. The Preparation of 3-Bromo- and 3-Iodocrotonic Acids 

(1)The 3-Bromocrotonic acid was prepared in essentially the same 
manner as the 3-chlorocrotonic acid. The preparation of the dibromo- 
hydrin, which is the starting material in the preparation of 3-bromocrotonic 
acid, has been greatly improved. It is possible to obtain it now from 
glycerin in 54% yield, while the original method of Aschan6 gave only 12% 
and 1,espieau's method7 about 21%. The purity of the product obtained 
was controlled by its conversion into epibromohydrin according to Four- 
neau and TifIenea~.~ 

(2) 3-Iodocrotonic Acid.-The preparation of this acid is based on 
the fact that the 3-chlorocrotonic acid precipitates sodium chloride from 
an acetone solution of sodium iodide and the chloro acid is converted 
into 3-iodocrotonic acid by this process. The same reaction may be carried 
out with the 3-bromocrotonic acid, when the sodium bromide precipitates 
instantaneously. The yields of 3-iodocrotonic acid are in both cases al- 
most quantitative. 

The ethyl 3-iodocrotonate is obtained from ethyl 3-chlorocrotonate by 
the procedure described above in good yield. 

Thus three 3-monohalogeno derivatives of crotonic acid are known. 
The bromo has the lowest (74O), the iodo the highest 108.5'), and the 
chloro an intermediate (83') melting point. 

111. Configuration of 3-Halogeno-crotonic Acids 

The 3-chlorocrotonic acid may be reduced with palladium-activated 
hydrogen in alkaline solution to crotonic acid according to Rosenmund and 
Zetzsche. This shows clearly that the 3-chlorocrotonic acid belongs to  
the crotonic acid series and has the trans configuration according to Auwers 
and Wissebach.Vt is a remarkable fact that the reduction of 3-bromo- 
crotonic acid proceeds much more slowly and the 3-iodocrotonic acid not a t  
all under the conditions in which the 3-chlorocrotonic acid is easily reduc- 
ible. This will be the subject of a future study. 

The relationship between these halogeno-crotonic acids is shown by 
converting the 3-chloro- and 3-bromocrotonic acids into the 3-iodocrotonic 
acid in an acetone solution of sodium iodide, proving that all these acids 
have the trans configuration. 

The preparation of 3-chlorocrotonic acid was attempted by the partial 
Aschan, Ber., 23, 1826 (1890). 
Lespieau, Ann. chim., [7] 11,236 (1897). 
Fourneau and Tiffeneau, Compt. rend., 140, 1595 (1905). 
Auwers and Wissebach, Ber., 56, 715 (1923). 



3170 G I ~ Z A  BRAUN Vol. 52 

reduction of Auwers' 3,3-dichlorocrotonic acid.1° Unfortunately no defi- 
nite compound could be isolated directly from the reduction product. 
However, when the crude product was treated with sodium iodide in 
acetone solution, the pure 3-iodocrotonic acid was isolated, which could 
have been derived only from the 3-chlorocrotonic acid. This established 
the fact that the 3-chlorocrotonic acid is an intermediate product in the 
reduction of 3,3-dichlorocrotonic acid to crotonic acid. 

In the preparation of the 3,3-dichlorocrotonic acid the yields were in- 
variably as high as 80-85701 whereas Auwers reports only 50-6070. The 
improvement is probably due to the fact that zinc was added during the 
reduction very slowly under violent stirring, so the possibility of local over- 
heating was reduced to a minimum. 

Experimental Part 

I. Preparation of 3-Chlorocrotonic Acid 
(1) 2-Hydroxy-3-ch1orobutyronitrile.-(a) A mixture of 500 g. of epichlorohydrin 

and 145 g. of anhydrous hydrogen cyanide was heated in a diiute sodium hydroxide 
bath to 75-85' in a thick-walled pyrex tube for ninety hours. The yield after two frac- 
tional distillations was 420 g. of nitrile, b. p. 138-142" at  14 mm., or 65%. 

(b) From Dich1orohydrin.-Three hundred grams of dichlorohydrin was suspended 
in 500 cc. of water and, under violent stirring, 100 g. of sodium cyanide was added in the 
course of about twenty minutes at  60°. The temperature was then gradually raised 
to 100° in about two hours. The water and unchanged dichlorohydrin were now re- 
moved at  reduced pressure and the residue dissolved in alcohol-ether mixture. The 
filtrate from the sodium chloride was concentrated a t  reduced pressure, the residue 
dissolved in ether and the ethereal solution fractionated; the yield was 60 g. of nitrile, 
b. p. 138-142' at  14 rnm., or 25% of the theoretical on the basis of sodium cyanide. 
This product may be used in the preparation of 3-chlorocrotonic acid. For analysis 
i t  was redistilled at  2 mm. pressure (b. p. 110-112 O). 

Anal. Subs., 0.5050, 0.5863: AgCI, 0.5888, 0.6854. Calcd. for CaH6ONCl: 
Q29.67. Found: C1, 28.84, 28.92. 

The residue from the above nitrile was distilled further a t  2 mm. pressure; 30 g. of 
a viscous, yellow sirup, b. p. 160-180°, was obtained. This was not investigated a t  the 
time. 

(2) Ethyl 2-Hydroxy-3-ch1orobutyrate.-Five hundred grams of 2-hydroxy-3- 
chlorobutyronitrile (from epichlorohydrin) was dissolved in 260 cc. of absolute alcohol 
and 500 cc. of dry ether, the mixture cooled to -15O and slowly saturated with dry 
hydrogen chloride (in about six to eight hours). Then the ether and excess hydrochloric 
acid were removed under reduced pressure a t  room temperature as far as possible 
(in about five hours) and the residue-a very thick sirup-was dissolved in one liter of 
water and the solution kept at  45-50" for about half an hour. Then the oil was sepa- 
rated and united with the ethereal extract of the aqueous solution. The ethereal solu- 
tion was now washed with sodium bicarbonate, dried with sodium sulfate and ffac- 
tionated; yield, 564 g. of colorless ester, b. p. 120' at  15-16 mm. or 8lyO. In 100-g. 
lots the yield of ester was as high as 85y0. The crude nitrile from dichlorohydrin gives 
the ester in about 70-75% yield. 

(3) Ethyl 3-Chlorocrotonate.-To 200 g. of crude ethyl-2-hydroxy-3-chlorobutyrate 
in a 1-liter round-bottomed flask, 100 g. of phosphorus pentoxide was added in 10-20 
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g. lots under violent shaking. The temperature rose to about 100". Then the flask 
was put in a 190" oil-bath and after ten minutes' heating the product was drawn over by 
vacuum as fast as the foaming of the mass permitted. The distillation was continued 
at  reduced pressure until no more material came over. The yield of a pale yellow dis- 
tillate was 125-128 g. The united distillates of two experiments gave after two frac- 
tional distillations 223 g. of unsaturated ester, b. p. 80° at  10 mm. (62.5%) and 23 g. of a 
fraction above 100 O a t  10 mm. 

The unsaturated ester was redistilled at  2 mm. pressure. I t  distilled a t  66-68" to  a 
small residue. 

Anal. Subs., 0.5161, 0.6799: (after reduction with sodium in absolute alcohol) 
37.82, 45.43 cc. of 0.1 N AgNO,. Calcd. for CaHoOzC1: C1,23.88. Found: C1, 23.73, 
23.70. 

The high-boiling fraction partially crystallized during the distillation. The mix- 
ture was cooled in ice and after five hours' standing the crystals were separated by @- 
tration, pressed between filter paper and recrystallized from 30 cc. of ligroin (60-110 ") ; 
7 g. of crystals, m. p. 83.5", was obtained (2.5%); mixed m. p. with 3-chlorocrotonic acid 
(m. p. 83"), 83". 

Anal. Subs., 0.3294,0.4514: 27.15,37.3 cc. of 0.1 NAgNO,. Calcd. for C4H602Cl: 
Q29.42. Found: C1, 29.23, 29.30. 

One g. of the crystals was dissolved in 7 cc. of acetone which contained 2.5 g. of 
sodium iodide, etc. (see below); 1.1 g. of yellow crystals, m. p. 108-108.5". was obtained; 
mixed m. p. with the pure 3-iodocrotonic acid (m. p. 108"), 108". 

(4) Saponification of Ethyl 3-Chlorocrotonate. (A) With Potassium Hydroxide.- 
Two hundred and fifty grams of ester was dissolved in 200 cc. of absolute alcohol, the 
solution cooled to - 15 " and, under violent stirring, 100 g. of potassium hydroxide in 300 
cc. of water was added in about one and one-half hours. After one and one-half hours' 
stirring a t  - 15 O, the stirring was continued at  0 for two hours, when all of the potassium 
hydroxide was used up. The mixture was diluted with 200 cc. of water and extracted 
three times with ether. The ethereal solution gave 50 g. of unchanged ester, b. p. 90° 
a t  15 mm. 

The aqueous solution was acidified with ice cold dilute sulfuric acid (calcd. amount) 
and the solution extracted with ether. (After extraction of the unsaturated acids the 
aqueous solution contained according to titration potassium chloride corresponding to 
about 15% of ester used.) The ethereal extract was dried with sodium sulfate, etc. 
The residue was dissolved in hot ligroin (60-110') in the presence of sodium sulfate, 
the solution decanted and the operation repeated several times. The ligroin solution 
deposited yellowish crystals a t  -15' which were recrystallized from ligroin (for 50 g. 
of pure material about 800 cc. of boiling range 60-110" or 2 liters of 40-50"). The yield 
was 66 g. of white crystals, m. p. 83 ", or 40%. 

Titration. Subs., 0.2505, 0.2998: 20.32, 24.24 cc. of 0.1 N alkali. Calcd. mol. wt. 
for C~HKOZC~: 120.5. Found: 123.5, 123.6. 

Anal. Subs., 0.4431, 0.3123: 36.3, 25.5 cc. of 0.1 N AgNO,. Subs., 0.1252, 
0.1499 (titrated with bromine water, see ref. 2): 20.62, 24.61 cc. of 0.1 N NazSz03. 
Calcd. for C4HsOzCl: C1, 29.42; iodine number, 210.6. Found: C1, 29.06, 28.96; 
iodine number, 209, 208.4. 

The united ligroin mother liquors of the 83 " crystals gave about 40 g. of a liquid 
product (dried a t  two mm. for five hours). This acid deposited large amounts of crystals 
a t  -20'; the crystallized product showed the same analytical data as the 3-chloro- 
crotonic acid (see later in connection with the barium hydroxide saponification). 

(B) With Barium Hydroxide at Room Temperature.-The procedure is the same 



as is described under (C) except that the temperature was 0 ' a t  the beginning and about 
20" a t  the end of the reaction. Thirty g. of ester treated with 32 g. of barium hydroxide 
gave 8.5 g. of crystalline product, m. p. 82O (43% of theoretical) with 14 g. of white 
powder insoluble in ether and water. Six grams of unchanged ester was recovered. 

(C) With Barium Hydroxide Below OO.-One hundred grams of pure ester was 
emulsified by violent stirring in 700 cc. of 25% alcohol. In an apparatus fitted with 
mercury-sealed stirrer, and after the mixture had been cooled to - 10 O, 110 g. of finely 
powdered barium hydroxide was added i n  the course of about an hour.. Then the mix- 
ture was stirred for ten hours a t  -2" and afterwards for six to ten hours a t  1-2", i. e., 
until all of the barium hydroxide was consumed. The procedure from this point is 
exactly the same as described under (A). The yield was 44 g. of 3-chlorocrotonic acid, 
m. p. 7&80° (60%), and 18 g. of liquid acid, m. p. 2-5" (25%). Ten g. of unchanged 
ester was recovered. The acid 78-80 " gave 40 g. of product, m. p. 83 ", from low-boiling 
ligroin. 

The liquid acid was dissolved in 25 cc. of low-boiling ligroin, the mixture cooled to 
- 15" and the crystals separated as quickly as possible. By repetition of this crystalliza- 
tion 10 g. of product of m. p. 10" was obtained. The melting point could not be changed 
any further. 

Anal. Subs., 0.3039: 24.35 cc. of 0.1 N alkali. Calcd. for C4H60ZC1, mol. wt., 
120.5. Found: mol. wt., 124.8. Subs., 0.3734: 30.23 cc. of 0.1 N silver nitrate. 
Subs., 0.3092: 51.0 cc. of 0.1 N Na2SZ03. Calcd. for CaH6O2C1: C1, 29.42; iodine num- 
ber, 210.6. Found: C1, 28.7; iodine number, 209.3. 

Preparation of 3,3-Dichlorocrotonic Acid.-Sixty grams of 3,3,3-trichlorocrotonic 
acid (m. p. 114') was dissolved in 120 cc. of alcohol and then 30 cc. of water and 46 cc. 
of glacial acetic acid were added. In  the course of about twenty minutes 27 g. of zinc 
dust was added in very small portions a t  56' while the solution was violently stirred. 
After addition of zinc the solution was stirred for fifteen minutes, then cooled, extracted 
with ether (after addition of 600 cc. of water), and the ethereal solution washed three 
times with small amounts of water, etc. The residue of the ethereal solution gave 40 
g. of white crystalline product a t  110° under 2 mm. pressure. In other similar experi- 
ments 42-43 g. of this product was obtained, corresponding to an average yield of 85% 
of the theoretical. Recrystallization from low-boiling ligroin a t  - 15' yielded 37.5-40 g. 
of crystals, m. p. 4243 ". The recrystallized acid is very stable and may be stored for 
years, whereas the crude product begins to decompose in several months. 

11. Preparation of 3-Bromocrotonic Acid 
(1) Preparation of Dibromohydrii.-To a mixture of 1600 g. of glycerin and 150 

g. of red phosphorus, 750 cc. of bromine is added in about seven to eight hours under 
effective stirring and moderate cooling, so that the reaction mixture is always hot. 
Then the mixture is heated on the water-bath until all of the bromine disappears 
(three hours). After this the solution is cooled to 40-50 ", 150 cc. of bromine is added in 
one operation and the mixture is allowed to stand a t  room temperature overnight. 
After the solution is heated for three hours on the water-bath, the reaction mixture is 
distilled under reduced pressure until the oil-bath reaches 180" and the residue shows 
the first sign of decomposition. The distillate is now neutralized with sodium bicar- 
bonate, the aqueous solution separated from the oil and extracted with a small amount 
of ether. This ethereal extract is united with the oil, dried with sodium sulfate and puri- 
fied by fractional distillation; yield, 2050 g. of colorless product, b. p. 110-112° a t  20 
mm., or 54%. 

Epibromohydrin.-Four hundred and forty grams of dibromohydrin was dissolved 
in 1.2 liters of dry ether and, under violent stirring, 95 g. of finely powdered sodium 
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hydroxide was gradually added in about fifteen minutes under ice cooling. The mix- 
ture was then stirred for one hour at  room temperature. The sodium bromide was 
separated by filtration and the filtrate fractionated; yield, 204 g. of colorless mobile oil, 
b. p. 134-136", or 75% 

(2) 2-Hydro-y-3-bromo-9r-butyronitri1e.-One thousand and eighty grams of 
dibromohydrin was suspended in 2 5 liters of water which contained 350 g. of potassium 
cyanide, etc , as is described in the case of the chloronitrile under (b). The solution 
became dark brown. The yield of redistilled product, b. p. 154" a t  14 mm., was 93 
g. or 16.5%. This was redistilled under 2 mm. pressure; 80 g. of colorless distillate, 
b. p. 117-118O, was obtained. 

Anal. Subs., 0.4938, 0.4248: AgBr, 0.5643, 0.4843. Calcd. for C4H8ONBr: 
Br, 48.72. Found: Br, 48.64, 49.00. 

(3) Ethyl 2-Hydroxy-3-bromobutyrate.-Four hundred and thirty grams of crude 
2-hydroxy-3-bromo-butyronitrile, b. p. 148-154' at  14 mm., was dissolved in 165 cc. 
of absolute alcohol and 250 cc. of ether and saturated with dry hydrogen chloride 
in exactly the same manner as in the case of ethyl 2-hydroxy-3-chlorobutyrate. The 
yield was 425 g. of yellow crude ester (dried a t  100' for two hours a t  reduced pressure) 
or 77y0. The crude ester boils a t  94-96" at  2 mm. uith slight decomposition. The 
yield of colorless distillate after two fractionations was 70% of the crude ester. 

Anal. Subs., 1.0917: AgBr, 1.0750. Calcd. for C&11103Br: Br, 37.88. Pound: 
Br, 41.90. 

(4) Ethyl 3-Bromocrotonate.-To 75 g. of crude ethyl 2-hydroxy-3-bromobutyrate 
25 g. of phosphorus pentoxide was added, under violent shaking, in two lots. The 
further procedure was the same as in the case of ethyl 3-chlorocrotonate. The united 
crude distillates of five experiments gave 98 g. of twice distilled pure ester, b. p. 80-82" 
under 2 mm., or 28.5y0. 

Anal. Subs., 0 4403, 0.4329: 22.03, 21.70 cc. of 0.1 N silver nitrate (after reduction 
with sodium in absolute alcohol). Calcd. for CsHqOzBr: Br, 41.4. Found: Br, 40.00, 
40.06. 

The ester is solublc in all of the usual organic solvents except ligroin. It has a 
pleasant odor but causes blisters on the skin. 

The residue from the distillation of the unsaturated ester deposited a small amount 
of crystals (probably 3-bromocrotonic acid). 

(5) Saponification of Ethyl 3-Bromocrotonate.-Twenty grams of ester was dis- 
solved in 250 cc. of 25% alcohol and treated with 16 g. of powdered barium hydroxide 
below 0" in the same manner that is described in the case of ethyl 3-chlorocrotonate 
under (c). Six and a half grams of white crystals, m. p. 70-71°, was obtained from 
200 cc. of ligroin (60-110"). This co;responds tu 44% of the theoretical. 

The mother liquor of the crystals gave about 1 g. of liquid acid which partially 
crystallized in a freezing mixture; the total yield of unsaturated acids was 7.5 g. or 50y0 
of the theoretical. Three grams of ester was recovered. 

The crystals, m. p. 70°, were recrystallized from 70 cc. of hot ligroin. Five and 
nine-tenths grams of crystals (m. p. 74") was obtained. 

Anal. Subs., 0.2335, 0.1364: 14.0, 8.2 cc. of 0.1 iV alkali. Calcd. for C4H602Br: 
mol. wt., 164.94. Found: mol. wt., 165.8, 165.3. Subs., 0.3737, 0.6293: 22.6, 38.00 
cc. of 0.1 N of silver nitrate. Calcd. for CIHSOzBr: Br, 48.45. Found: Br, 48.32,48.25. 

The 3-bromocrotonic acid (m. p. 74") crystallizes in large plates from ligroin. 
The crystals are very soluble in ether, chloroform, acetone, etc., but sparingly soluble 
in cold ligroin. The saturated aqueous solution contains a t  room temperature about 
3% of the acid. 
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111. Preparation of 3-Iodocrotonic Acid 
(1) Ethyl 3-1odocrotonate.-Thirty grams of ethyl 3-chlorocrotonate was dis- 

solved in 100 cc. of acetone which contained 32 g. of sodium iodide. The precipitation 
of sodium chloride started immediately and was finished in about an hour. The pre- 
cipitate was now separated by filtration and washed with acetone; 9.5 g. of sodium 
chloride (80% of the theoretical) was obtained. The filtrate from the sodium chloride 
was poured into 500 cc. of ether; the ethereal solution was washed with sodium thio- 
sulfate solution and then with water and finally dried with sodium sulfate. The residue 
from this solution, a dark orange ester, weighed 42 g. This crude product was frac- 
tionated under 2 mm. pressure; 12 g. of distillate was obtained from 85 to  90 O, the rest 
boiled a t  90-92' with slight decomposition. The distillate was much darker than the 
crude product. 

Anal. of the crude product. Subs., 0.7263, 0.7836: 32.0, 34.1 cc. of 0.1 N silver 
nitrate. Calcd. for CeHgOzI: I, 52.88. Found: I, 55.92,55.5. 

Anal. of fraction 9@92' under 2 mm. Subs., 0.7936, 0.7740: 32.6, 31.7 cc. of 0.1 
N silver nitrate. Calcd. for CeHsOzI: I, 52.88. Found: 52.14, 51.98. 

The ester is soluble in the usual organic solvents except ligroin. It is lacrymatory 
and causes blisters on the skin. 

Saponification of Ethyl 3-1odocrotonate.-Twenty-five grams of ethyl 3-iodo- 
crotonate (b. p. 90-92' a t  2 mm.) was suspended in 250 cc. of 25% alcohol and was 
treated with 16 g. of finely powdered barium hydroxide below 0" as is described in the 
case of ethyl 3-chlorocrotonate under (c). After fifteen hours' stirring a sticky mass 
deposited in the flask; the solution was now decanted, 250 cc. of ether-saturated water 
added and the stirring continued for about five to six hours, etc., as usual. The yield 
was 8.5 g. of yellow crystals (m. p. 104-105') from 250 cc. of ligroin (80-110") or 53% 
of the theoretical. RecrystaUiaation yielded 7.5 g. of yellowish crystals, m. p. 108'; 
a mixed melting point with 3-iodocrotonic acid (m. p. 108") made from 3-chlorocrotonic 
acid was 108'. Seven grams of ester was recovered. 

(2) 3-Iodocrotonic Acid.-To a cold solution of 40 g. of sodium iodide in 120 cc. of 
acetone, 24 g. of 3-chlorocrotonic acid (m. p. 83 ") was added. In about half an hour the 
solution became clear. After one hour the sodium chloride was separated by filtration, 
etc., as in the case of ethyl 3-iodocrotonate; 11.2 g. of sodium chloride was separated 
(96%). From the crude crystalline residue of the ethereal solution (39.0 g.), 36.5 g. of 
yellow crystals (m. p. 108') was obtained from ligroin (86%). 

Anal. Subs., 0.2353, 0.6163 : 11.05, 28.75 cc. of 0.1 N silver nitrate. Calcd. for 
C4H6021: I, 59.8. Found: I, 59.6, 59.21. 

The 3-iodocrotonic acid (m. p. 108-108.5") crystallizes in yellow needles. I t  has 
approximately the same solubility as the 3-bromocrotonic acid. The compound is 
stable and may be stored for months. 

IV. Reduction of 3-Chlorocrotonic Acid (m. p. 83 O )  with Palladium and 
Hydrogen 

Two and four-tenths grams of 3-chlorocrotonic acid was dissolved in 20 cc. of water 
and cooled until much ice appeared in the solution; then 40 cc. of 1 N sodium hydroxide 
and 2.5 g. of palladium-norit (0.05 g. of Pd) was added and the mixture violently 
shaken in a hydrogen atmosphere. When approximately 460-480 cc. of hydrogen was 
consumed in the reduction (the hydrogen necessary for the saturation of palladium- 
norit must be taken into account), the solution contained the theoretical amount of 
sodium chloride and the reduction was interrupted immediately (the reduction does not 
stop a t  this point but would have gone further to  the complete saturation of the com- 
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pound). The products of three experiments were united and the palladium-norit was 
separated by filtration. The filtrate contained according to analysis the theoretical 
amount of sodium chloride and 4.8 g .  of crotonic acid. The solution was now acidified 
with sulfuric acid and extracted with ether, etc. The residue of the ethereal solution 
was dissolved in low-boiling ligroin and the residue from this weighed 4.9 g. and was a 
semi-crystalline mass (95% of the theoretical). From this, 1.9 g. of recrystallized product 
(m. p. 71 ") was obtained from low-boiling ligroin; a mixed m. p. with crotonic acid 
(m. p. 71.5') was 71.5". 

Reduction of 3,3-Dichlorocrotonic Acid.-Nine and three-tenths grams of 3,3-di- 
chlorocrotonic acid (m. p. 42-43 ") was dissolved in 180 cc. of 1 N sodium hydroxide a t  
-3 O. Then 1.6 g. of palladium-norit was added and the mixture violently shaken in a 
hydrogen atmosphere. The reaction was controlled by titration for chloride and for 
acidity. In  about six hours, when about 1500 cc. of hydrogen was taken up, the amount 
of sodium chloride corresponded exactly to one mol and the titration for acidity 
showed that one mol of sodium hydroxide was neutralized. The reaction mixture was 
now worked up as before in the case of the reduction of 3-chlorocrotonic acid. The 
residue of the ligroin solution was 7 g. of yellow sirup, which deposited about 2 g. of 
crystals from low-boiling ligroin a t  -15'. The crystals after recrystallization from 
ligroin melted a t  58-60 O ;  from water also a t  58-60 ". 

Three and four-tenths grams of the mother liquor of the crystals was dissolved in 
10 cc. of a saturated solution of sodium iodide in acetone and the solution was allowed 
to stand for twenty-four hours. The sodium chloride was separated by filtration, etc., 
as usual. Two-tenths gram of sodium chloride was obtained. The ethereal filtrate 
gave 0.1 g. of yellow crystals (m. p. 108"); a mixed melting point with pure 3-iod0- 
crotonic acid gave 108 O. 

The author wishes to thank Dr. J. Stieglitz for valuable suggestions, 
Dr. J. W. I$. Glattfeld for help in the prosecution of this work and the 
International Education Board for partial financial support. 

Summary 
1. An improved method of preparation of 3-chlorocrotonic acid (m. p. 

83") is reported. The acid is prepared from 2-hydroxy-3-chloro-n-butyro- 
nitrile in the following manner. The nitrile is esterified in absolute alcohol 
with hydrogen chloride and the resulting ethyl 2-hydroxy-3-chlorobutyrate 
is treated with phosphorus pentoxide. The ethyl 3-chlorocrotonate thus 
obtained is saponified with alkali in order to obtain the 3-chlorocrotonic 
acid (m. p. 83'). The yield of this acid from the nitrile is 32% of the 
theoretical. 

A new method for the preparation of 2-hydroxy-3-chlorobutyronitrile 
is reported which involves the treatment of dichlorohydrin with sodium 
cyanide in aqueous suspension. 

I t  is shown that in the treatment of ethyl 2-hydroxy-3-chlorobutyrate 
with phosphorus pentoxide, two isomeric unsaturated esters are obtained. 
The main product is ethyl 3-chlorocrotonate; the by-product is very prob- 
ably ethyl 3-chloro-vinylacetate. 

Saponification of ethyl 3-chlorocrotonate with barium hydroxide below 
0" is reported. The yield is as high as 85%. 
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2. The preparation of 3-bromocrotonic acid (m. p. 74') is reported. 
This acid is prepared from 2-hydroxy-3-bromobutyronitrile in the same 
manner as in the case of 3-chlorocrotonic acid. The yield of acid, taking 
the nitrile as a basis, is about 12y0 of the theoretical. 

A greatly improved method of preparation of dibromohydrin is reported. 
This product may be obtained now from glycerin with 54% yield. 

The preparation of 2-hydroxy-3-bromobutyronitrile from dibromohydrin 
is described. 

The preparation of ethyl 2-hydroxy-3-bromobutyrate (b. p. 94-96' a t  
2 mm.) and ethyl 3-bromocrotonate (b. p. 80' under 2 mm.) is reported. 

3. The preparation of ethyl 3-iodocrotonate (b. p. 92-93' a t  2 mm.) 
and that of the 3-iodo-crotonic acid (m. p. 108') are described. 

4. The structure of the 3-halogenocrotonic acids is proved. The 3- 
chloro acid may be reduced to crotonic acid (m. p. 72') ; the 3-chloro- and 
3-bromocrotonic acids may easily be converted into 3-iodocrotonic acid. 

5. It is shown that the 3-chlorocrotonic acid is an intermediate product 
in the reduction of 3,3-dichlorocrotonic acid to crotonic acid. 

6. An improved method of preparation of 3,3-dichlorocrotonic acid is 
described. The reduction of 3,3,3-trichlorocrotonic acid with zinc in acetic 
acid yields the 3,3-dichlorocrotonic acid in 80-85yo yield. 
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In the study of hydroxylation of double bonds, undoubtedly fumaric and 
maleic acids have the most prominent place. Their structure was deter- 
mined with a considerable degree of assurance2 and the structure of their 
hydroxylated products-that of the tartaric acids-was proved with 
the greatest accuracy. Because the configurations of both starting and 
end products are known, it would be a comparatively simple matter to 
study the mechanism of the hydroxylation and the nature of the oxidizing 
agent in the oxidation of fumaric and maleic acids. Unfortunately these 
acids have a very inactive double bond. As a matter of fact i t  is possible 
to get satisfactory results only with the strongest hydroxylating agents, 

International Research Fellow in organic chemistry from Hungary, 1926-1928. 
Although there might be objections, it is generally accepted that fumaric acid 

is the "trans" and maleic acid is the "cis" form. 
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such as potassium permanganate, and with osmic acid-activated chlorates. 
With these reagents fumaric acid always yields racemic acid and maleic 
acid always gives mesotartaric acid. The other group of hydroxylating 
agents-which would yield the ethylene oxide derivatives as intermediate 
products and which would give the tartaric acids isomeric with those ob- 
tained in the chlorate oxidations-cannot be used successfully in the oxi- 
dation of fumaric and maleic acids. These agents are hypochlorous acid 
and peracids. The reaction of hypochlorous acid with these acids was 
completely cleared up by Kuhn and Ebel,3 but the reaction is very com- 
plicated and there does not seem to be any general rule in the oxidation, 
and the peracids, such as perbenzoic and peracetic acids, etc., proved to  be 
unsuitable for the oxidation of fumaric and maleic acids3j4 In  contrast 
to this, another pair of unsaturated acids-crotonic and isocrotonic acids- 
may easily be oxidized in such a manner that each of the isomeric acids, 
by application of different oxidizing agents, gives both of the theoretically 
possible dl-1,2-dihydroxybutyric acids in high  yield^.^ To use the results 
of these oxidations as a basis of comparison in the study of the hydroxyl- 
ation of double bonds, i t  was necessary to prove the configuration of the 
dl-1,2-dihydroxybutyric acids only, because the structure of the crotonic 
acids is known from Auwers and Wissebach's w0rk.j 

The proof of configuration of dl-1,2-dihydroxybutyric acids is presented 
in this paper. The proof is accomplished by an indirect method and is 
based on the fact that the dl-threo-1,2-dihydroxy-3-chlorobutyric acid may 
be converted into racemic acid through the intermediate formation of 
threonic acid; on the other hand, i t  may be reduced to the dl-1,2-dihydroxy- 
butyric acid (m. p. 74-75"). This shows clearly that the dl-1,2-dihydroxy- 
butyric acid (m. p. 74-75') has the same configuration as racemic acid and 
the other possible acid-the dl-1,2-dihydroxybutyric acid (m. p. 81.5') 
--must have a configuration corresponding to mesotartaric acid. 

I. Oxidation of 3-Chlorocrotonic Acid 

The 3-chlorocrotonic acid may be prepared now in 32y0 yield from the 
2-hydroxy-3-chlorobutyronitrile.'j'I'he acid can be oxidized with osmic 
acid-activated chlorates to dl-threo-1,2-dihydroxy-3-chlorobutyric acid 
according to Hofmann's m e t h ~ d , ~  modified by Milas and T e r r ~ . ~  The 
reaction proceeds just as well as in the case of fumaric or maleic acids. 
There is no change in the acidity during the oxidation; consequently no 

Kuhn and Ebel, Ber., 58, 925 (1926). 
Boeseken, Rec. trau. chim., 45, 838 (1926); G6za Braun, THIS JOURNAL, 51, 

228 (1929). 
Auwers and Wissebach, Ber., 56, 715 (1923) 
G6za Braun, THIS JOURNAL, 52, 3167 (1930). 
Hofmann, Ehrhart and Schneider, Ber., 46, 1657 (1914). 
Milas and Terry, THIS JOURNAL, 47, 1412 (1925). 
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addition of hypochlorous acid to the double bond occurs as it does in the 
case of crotonic and isocrotonic acids.4 As there is no formation of oxalic 
or volatile acids, it was concluded that no side reaction whatsoever oc- 
curred. The yield of oxidized, pure product (m. p. 97-98") is as high as 
75-78% of the theoretical. The purest product melts at  100". 

The analytical data indicate a formula C4H704Cl. Considering the 
method of preparation of this compound, there are two possibilities for its 
structure 

I. dl-Threo-1,2-dihydroxy-3-chlorobutyric 11. dl-Erythro-l,2-dihydroxy-3-chloro- 
acid, or, briefly. 3-chlorothreonic acid butyric acid, or 3-chloro-erythronic acid 

Assuming that there is no inversion in the chlorate oxidations, the 
formula I would be expected to be correct. This was definitely proved by 
conversion of the compound into the racemic acid by oxidation with dilute 
nitric acid. Because the chloro compound cannot be oxidized directly, 
i t  was necessary first to remove the chlorine with silver acetate and then 
to  oxidize the resulting product with nitric acid. The oxidation yielded, 
except for a small amount of oxalic acid, exclusively racemic tartaric acid. 
As the above reaction does not involve the asymmetric carbon atoms, no 
change in configuration can be assumed in this procedure and the oxidation 
definitely proves that the compound has the formula I. 

The 3-chlorothreonic acid in all its reactions closely resembles the chloro- 
hydroxy acids obtained from unsaturated acids by addition of hypochlorous 
acid. The organic chlorine is rapidly ionized in alkaline solution and the 
compound is converted into an ethylene oxide compound. In this case 
only one of the two asymmetric carbon atoms is involved in the reaction, 
whereas for instance in the case of the 1-chloro-2-hydroxybutyric acids the 
reaction takes place between both of the asymmetric carbon atoms. A 
comparison of these reactions offers interesting conclusions in regard to 
their mechanism. Work on these reactions is now in progress. 

11. Synthesis of dl-Threonic Acid 

Among the sugar acids that have been thoroughly studied only the dl- 
threonic acid has been unknown up to the present time. Nef

g 
reported a 

mixture of dl-threonic and erythronic acids-obtained from 1-arabinose by 
alkali-but the pure dl-threonic acid could not be isolated. 

The dl-threonic acid is prepared by treatment of dl-threo-l,2-dihydroxy- 
3-chlorobutyric acid with silver oxide. According to this procedure the 
dl-threonic acid is obtained in 46% yield as a free acid (m. p. 98'). The acid 
according to analysis has a formula corresponding to C4H805. Its configura- 
tion was proved by oxidation to racemic tartaric acid in the usual manner. 

Nef, Ann., 357, 233 (1907). 
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Thus both of the theoretically possible dl-tetronic acids are known. 
'I'he main difference between &he two acids is that the dl-threonic acid does 
not form a lactone under the conditions in which the erythronic acid can 
be isolated only as a lactone. The characteristic derivatives of dl-threonic 
acid will be reported separately. The acid will be studied with special 
attention because of the fact that the 1-threonic acid, which was thoroughly 
investigated by Anderson, lo was reported as a lactone. 

111. Proof of Configuration of dl-1,Z-Dihydroxybutyric Acids 

As was mentioned before, the dl-threo-l,2-dihydroxy-3-chlorobutyric 
acid has a prominent place as i t  makes a connection between the 1,2-di- 
hydroxybutyric and the tartaric acids. After its configuration had been 
determined by conversion into racemic tartaric acid, i t  was only necessary 
to reduce the acid to one of the two theoretically possible 1,2-dihydroxy- 
butyric acids in order to find which of these has the configuration corre- 
sponding to racemic acid. 

The reduction was accomplished by palladium and hydrogen in the pres- 
ence of alkali. The result of the reduction was the dl-1,2-dihydroxy- 
butyric acid (m. p. 74'). Unfortunately the alkali causes a side reaction 
by formation of ethylene oxide compound, which lowers the yield of the 
desired product to about 50y0, when all of the necessary sodium hydroxide 
is added a t  once. However, by gradual addition of sodium hydroxide 
during the reduction, i t  is possible to raise the yield of dl-1,2-dihydroxy- 
butyric acid (m. p. 74') to 70y0 of the theoretical. The reduction of the 
3-chlorothreonic acid in acid solution has been thus far unsuccessful. 

Bearing in mind that the result of reduction in alkaline solution is a dl- 
1,2-dihydroxybutyric acid, there are two possibilities for the course of the 
reaction: (1) the 3-chlorothreonic acid may be reduced directly t o  the 
dihydroxybutyric acid, or (2) the reduction may go through the ethylene 
oxide compound. In  the latter case one of the asymmetric carbon atoms 
would be involved in the reaction and there would be a possibility of un- 
controllable inversion, which would made the result indecisive. Although 
this is very improbable, a control reduction was made as follows: the 3- 
chlorothreonic acid was treated first with alkali in order to convert i t  into 
the ethylene oxide compound, and then this solution was added to  an 
aqueous suspension of palladium on charcoal in a hydrogen atmosphere. 
The reduction proceeded in this case extremely slowly; the reaction mix- 
ture took up one molecule of hydrogen in about forty hours, whereas the 
direct reduction of the 3-chlorothreonic acid required only three to  four 
hours. From the reduction product only about 15% of impure crystals of 
dl-1,2-diiydroxybutyric acid (m. p. 74") was obtained, The great differ- 
ence in the duration of the reduction and the quantity of acid obtained 

lo Anderson, Am. Chem. J., 42,425 (1909). 
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strongly supports the idea that Reaction 1 took place, and hence the asym- 
metric carbon atom was not involved in the reaction. It may be said, 
therefore, that the configuration of dl-1,2-dihydroxybutyric acid (m. p. 
74O) corresponds to the racemic acid and that of dl-1,2-dihydroxybutyric 
acid (m. p. 81.5') to the mesotartaric acid. 

These results are a complete confirmation of the predictions made in a 
former p~blication.~ In order to put an end to the last doubts on this 
subject, the reactions of 3-bromothreonic and 3-iodothreonic acids will be 
studied. These acids undoubtedly have much more active halogens and 
will be reducible in acid solution. Work on these reactions is in progress. 

A general summary of all the reported reactions and the connection 
between the unsaturated and hydroxylated acids is shown in the chart. 

COOH 
I 

Fumaric acid 

Na a 
78% am alg. 

COOH 
I 
I 1.2-dihy- 

AgClOa, Os04 82% - H-C-OH dl-Threo- 

C-H Perbenzoic OH-C-H droxy- 
butyric acid 

CHa (74-75') 
Crotonic acid 

(720) 

COOH COOH COOH 
I 1 

H-C 

I' AgC1O1, OsO, 82% H-C-OH droxy- H-C OH-C-H 
I I butyric acid 

CH, (81.5') 
I 

CHa CHzOH 
Isocrotonic acid dl-Threonic 

(15.5") acid (98O) 

Thus the structure of the dl-1,2-dihydroxybutyric acids having been 
established, the oxidation of crotonic and isocrotonic acids may be used as 
a basis of comparison in the study of hydroxylation of double bonds and 
especially for the study of the nature of any oxidizing agent. The final ex- 
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perimental data necessary to this purpose are supplied by the accomplish- 
ment of the separation of these acids from each other. The separation is 
based on the fact that the sodium salt of the "erythro" acid is about fifteen 
times as soluble in hot absolute alcohol as the corresponding salt of the 
"threo" acid. The separation is almost quantitative." 

Experimental Part 
Materials 

Palladium Catalyst.-The catalyst was prepared by precipitating palladium on 
charcoal in the usual manner. The apparatus used in the reduction was a calibrated 
pyrex tube of suitable size which was connected with the reaction flask-a 250-cc. suc- 
tion flask-and a leveling bulb. The reaction flask was connected with a dropping fun- 
nel and a Y-tube for the addition of any solution necessary during the reduction. The 
reaction flask was violently shaken on a shaking machine. For the neutralization of the 
organic and hydrochloric acids the purest sodium hydroxide (made from metallic sodium) 
was used. I n  this manner it was possible to use the palladium catalyst many times 
without any loss of catalytic power. 

Oxidation of 3-Chlorocrotonic Acid.-One hundred and twenty grams of 3-chloro- 
crotonic acid (m. p. 81.5") was dissolved (partially suspended) in 1.5 liters of water 
which contained 0.5 g. of osmic acid and 60 g. of barium chlorate and the mixture was 
allowed to stand a t  room temperature. The mixture was frequently shaken a t  the be- 
ginning and cooled if the temperature rose over 30". In  about four t o  five hours all of 
the acid went into solution and in twenty hours all of the chlorate was used up  and the 
solution became black. Then 4 g. of chlorate was added and the solution again allowed 
t o  stand for eighteen hours. The clear solution was now extracted twice with 500 cc. 
of benzene and the aqueous solution concentrated a t  reduced pressure (temperature of 
the bath not over 50") t o  a thin sirup, which was dissolved in absolute alcohol and the 
solvent again removed a t  reduced pressure until the residue became a thick sirup. This 
was dissolved in about 1.5 liters of ether, when all of the inorganic matter precipitated 
and the solution became clear. The ethereal solution was thoroughly dried with much 
sodium sulfate, etc., as  usual. The residue of the ethereal filtrate was a thick, colorless 
sirup which soon crystallized t o  a semi-crystalline mass. This was dissolved in about 
100 cc. of warm ethyl acetate and, after addition of 50 cc. of chloroform, cooled t o  -15'. 
The crystals were separated by filtration and washed with a cold mixture of 25% ethyl 
acetate and 75% chloroform (by volume). The mother liquor of the crystals was con- 
centrated a t  reduced pressure and the crystallization was repeated as above. After 
three successive crystallizations there was obtained 109 g. of crystals (m. p. 97-98'). 
The residue was now dissolved in 500 cc. of ether, filtered and the residue of the ethereal 
filtrate dissolved in 75 cc. of ethyl acetate-chloroform mixture I n  two hours' standing 
a t  - 15'. 7 g. of crystals was obtained making a total of 116 g or 75% of the theoretical. 

When the oxidation was made with gradual addition of barium chlorate and the 
excess of the barium chlorate was reduced with sulfur dioxide, etc , just as  in the case 
of the oxidation of crotonic acid with chlorates, the desired product was obtained in 78% 
yield. There was no change in the acidity during the oxidation. 

The crude crystals were recrystallized from 250 cc. of hot ethyl acetate and yielded 
in two crops a total of 105 g. of crystals (m. p. 100 "). The residue of the mother liquor 
was a crystalline mass. 

Titration. Subs., 0.2870, 0.4308: 18.1, 27.4 cc. of 0.1 N alkali for free acid; 18.47, 
27.5 cc. of 0.1 N alkali and 18.5, 27.5 cc. of 0.1 N silver nitrate for organically bound 

Glattfeld and Braun, unpublished results. 
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chlorine after saponification on the water-bath for fifteen minutes. Calcd. for C4H704CI: 
mol. wt., 154.52; C1,22.95. Found: mol. wt., 158.6, 157.2; Q22.85, 22.64. 

Anal. Subs., 0.005875: COz, 0.006817; HzO, 0.002388. Calcd. for C4H704CI: 
C, 31.06; H, 4.57. Found: C, 31.64; H, 4.55. Subs., 0.4223: 27.0 cc. of 0.1 N silver 
nitrate (after treatment with sodium in absolute alcohol). Calcd. for C4HrOaCI: 
C1, 22.95. Found: C1,22.67. 

The substance is very soluble in water, acetone, ether, hot ethyl acetate, etc., 
moderately soluble in cold ethyl acetate, insoluble in chloroform and benzene. 

Oxidation of 3-Chlorothreonic Acid with Nitric Acid.-Three and one-tenth grams 
of the acid was dissolved in 50 cc. of water and after addition of 5 g. of silver acetate 
the mixture was heated for ten hours a t  60 with frequent shaking. The filtrate from 
the silver chloride, from which the excess silver was quantitatively removed with hydro- 
chloric acid, was concentrated at reduced pressure to a thick sirup. This was dissolved 
in 15 cc. of nitric acid (sp. gr. 1.21) and the solution kept a t  55" for fifty-six hours. 
Then the nitric acid was removed at  reduced pressure in the usual manner and the white 
crystalline residue dissolved in the necessary amount of 20% potassium hydroxide. 
After neutralization of this solution, 1.5 cc. of glacial acetic acid was added, whereupon 
the potassium acid tartrate crystallized immediately; 2.65 g. of crude crystals was ob- 
tained, which gave 2.1 g. of pure crystals (dried a t  100") from 70 cc. of water. 

Anal. Subs., 0.5036: 26.28 cc. of 0.1 N alkali. Calcd. mol. wt. for C~H~OOK: 
188.1. Found: 191.6. 

0.5036 g. of potassium acid tartrate gave 0.66 g. of air-dried calcium tartrate. 
Anal. Subs., 0.6570: loss in weight a t  180°, 0.1812; ash, 0.1425. Calcd. for 

C4H406Ca.4H20: H20, 27.70. Found: HzO, 27.58. Calcd. for C4H40BCa: CaO, 
29.81. Found: Ca0,29.94. 

The filtrate from the potassium acid tartrate was diluted to 200 cc. and the oxalic 
acid was precipitated with a small amount of calcium acetate in the hot; 0.2 g. of cal- 
cium oxalate was obtained. 

Anal. Subs., 0.2079: Ca0,0.0803. Calcd. for CaCa04.HzO: Ca0,38.34. Found: 
CaO, 38.62. 

The filtrate from the calcium oxalate, after addition of more calcium acetate, de- 
posited 0.3 g. of crystals; reprecipitated, 0.23 g. 

Anal. Subs., 0.2245: loss in weight, 0.0605 (at 180'); ash, 0.0496. Calcd. for 
C4H40sCa.4Hz0: H20, 27.70. Found: H20, 26.95. Calcd. for C4H406Ca: Ca0,29.81. 
Pound: CaO, 30.2. 

Treatment of 3-Chlorothreonic Acid with Silver Oxide; Preparation of dl-Threonic 
Acid.-Twenty grams of the 3-chlorothreonic acid was dissolved in 200 cc. of water and 
neutralized with barium carbonate a t  low temperature. After the carbon dioxide was 
removed a t  reduced pressure, the solution was filtered and in the course of about fifteen 
hours freshly precipitated silver oxide from 23 g. of silver nitrate was added very slowly 
a t  3G-35" while the solution was violently stirred. Then the precipitate was removed 
by filtration and the filtrate treated with silver oxide again until the solution did not 
contain any more organic chlorine. This was the case after about twenty hours' stirring. 
(The temperature a t  the end of the reaction was about 40°.) Then the barium and 
silver were quantitatively removed in the usual manner. 

One tenth of the filtrate (corresponding to 2 g. of 3-chlorothreonic acid) was con- 
centrated to dryness and the residue was oxidized with dilute nitric acid as previously 
described. One gram of pure recrystallized potassium acid tartrate, 0.24 g. of calcium 
oxalate and 0.18 g. of calcium racemate (27.25% HzO, 30.5% CaO) were obtained. 
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No trace of mesotartaric acid was found, proving that the treatment with silver oxide 
did not cause any inversion. 

The remaining portion of the iiltrate (18 g. of 3-chlorothreonic acid) was concen- 
trated to dryness and the residue dried for four hours under 2 mm. pressure a t  40°. 
Thus 14.7 g. of colorless sirup was obtained. This sirup crystallized spontaneously in 
about twelve hours. I t  was found to be more practical to dissolve the sirup in 25 cc. 
of acetone before the crystallization and then seed the solution with the crystals. The 
crystallization started immediately: 7.15 g, of white crystals was obtained. Recrys- 
tallization from absolute alcohol yielded 3.1 g. of crystals (m. p. 98'). 

Titration. Subs., 0.3000, 0.2054 (from different preparations): 20.45 (directly) 
$0.55 (after heating), 14.65 + 0.14 cc. of 0.1 N alkali. Calcd. for C4H805: mol. wt., 
136.06. Found: mol. wt., 142.8, 138.9. 

Anal. Subs., 0.003876, 0.003884 (from different preparations): H20, 0.002094, 
0.00205; COz, 0.005109, 0.00514. Calcd. for Ca804: H, 5.93; C, 35.3. Found: 
H, 6.04, 5.90; C, 35.94,36.1. 

One gram of the crystals (m. p. 98') was dissolved in 6 cc. of nitric acid (sp. gr. 
1.21) and the solution kept a t  56' for fifty hours, etc., as is described in the case of 
3-chlorothreonic acid. The white, crystalline oxidation product gave 0.95 g. of recrys- 
tallized potassium acid tartrate. 

Titration. Subs., 0.5200: 27.18 cc. of 0.1 Nalkali. Calcd. mol. wt. for C4H60a.K: 
188.1. Found: mol. wt., 191.3. 

Fifty-two hundredths of a gram of potassium acid tartrate gave 0.7 g. of calcium 
tartrate (air dried). 

Anal. Subs., 0.6760: loss in weight a t  180°, 0.1852; ash, 0.1468. Calcd. for 
C4H406Ca.4Hn0 : H20, 27.70. Found: H20, 27.40. Calcd. for C4H40~Ca: Ca0,29.81. 
Found: CaO, 29.91. 

The filtrate from the potassium acid tartrate gave 0.05 g. of calcium oxalate (CaO. 
38.12; calcd., 38.34) and 0.07 g. of calcium tartrate (HzO, 27.48; CaO, 30.03). No 
mesotartaric acid was found. 

The dl-threonic acid was obtained therefore as a free acid (m. p. 98"). It is very 
soluble in water, in hot glacial acetic acid, in hot absolute alcohol; insoluble in acetone 
or ethyl acetate. 

Reduction of 3-Chlorothreonic Acid with Palladium and Hydrogen. (a) Sodium 
Hydroxide Added in One Operation.-Three and one-tenth grams of 3-chlorothreonic 
acid was dissolved in 40 cc. of water and cooled in a freezing mixture until much ice 
appeared. Then gradually, under effective cooling, 40 cc. of 1 N sodium hydroxide and 
5 g. of palladium-norit (corresponding to 0.1 g. of palladium) was added. The tem- 
perature during the neutralization should never rise above - 1 ". Then the mixture 
was violently shaken in a hydrogen atmosphere. The operation must be carried out as 
quickly as possible and the temperature must be very low at the beginning. The re- 
duction was practically complete in two hours but it was continued for four hours, when 
no more hydroge-n was taken up. The reaction mixture took up approximately the 
theoretical amount of hydrogen (the hydrogen necessary for the saturation of palladium- 
norit-in this case about 180 cc.-must be taken into'account). The materials from 
three experiments were united (9.3 g. of 3-chlorothreonic acid); to the filtrate of the 
palladium-norit, which contained the theoretical amount of sodium chloride, 57 cc. of 1 
N sulfuric acid was added and the solution concentrated to a thick sirup a t  reduced pres- 
sure. The residue was dried completely at  40' under 2 mm. pressure and extracted 
several times with hot ethyl acetate (altogether 250 cc.). The residue of ethyl acetate 
solution weighed 4.0 g. (55% of theoretical); this crystallized after considerable warming 
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when the walls of the flask were scratched. The hard crystalline mass gave 3 g. of 
crystals (ni. p. 73-74') from ethyl acetate. The mother liquor of these crystals de- 
posited crystals again a t  Oo, showing the purity of the starting product. For identifica- 
tion see below under (b). The residue of the ethyl acetate extraction was treated with 
absolute alcohol. Three grams of a pale yellow sirup was obtained, which would not 
crystallize. 

(b) Reduction with ~ r a d u i l  Addition of Sodium Hydroxide.-Three and one- 
tenth grams of 3-chlorothreonic acid was dissolved in 60 cc. of water, neutralized with 
20 cc. of 1 N sodium hydroxide below 0" as under (a) and after addition of 10 g. of 
palladium-norit (0.2 g. of palladium) the mixture was violently shaken in hydrogen 
atmosphere in the apparatus previously described. After half an hour, when the 
solution was saturated with hydrogen, 22.5 cc. of 1 N sodium hydroxide was added very 
slowly in about three hours. The mixture was shaken for two hours further, when 
approximately the theoretical amount of hydrogen was taken up. The products of 
two experiments were united (6.2 g. of 3-chlorothreonic acid) as under (a). The residue 
of the ethyl acetate solution, which crystallized a t  once to a hard crystalline mass, 
weighed 3.4 g. (70% of the theoretical) dried over phosphorus pentoxide under 2 mm. 
pressure. From this, 2.9 g. of crystals (m. p. 74") was obtained in two crops (60% of the 
theoretical). The filtrate from the crystals (0.4) still deposited crystals. 

A mixed melting point of the product with pure dl-1,2-dihydroxybutyric acid (m. p. 
74-75 ") was 74 ". 

One gram of this product was dissolved in 10 cc. of absolute alcohol and 0.9 cc of 
phenylhydrazine was added; 1.6 g. of hydrazide was obtained which yielded, after 
recrystallization from absolute alcohol, 1.25 g. of crystals (m. p. 132-133 ") ; a mixed 
melting point with the phenylhydrazide of dl-1,2-dihydroxybutyric acid was 132-133". 

Anal. Subs., 0.00456: Nz, 0.49 cc. (23.5", 742 mm.). Calcd. for CIOHI~O~N~-H~O:  
N, 12.28. Found: N, 12.30. 

(c) Reduction of 3-Chlorothreonic Acid after Treatment with Sodium Hydroxide.- 
Three and one-tenth grams of 3-chlorothreonic acid was dissolved in 20 cc. of water and 
treated with 42 cc. of 1 N sodium hydroxide below 0" as described before. The solution 
was allowed to stand for three hours a t  - 1 "; then for two hours a t  room temperature. 
By this time 94-95% of the organic chlorine was ionized. This solution was now added 
to  an aqueous suspension of 10 g. of palladiam-norit (0.2 g. Pd)-which had been pre- 
viously saturated with hydrogen-and the mixture was shaken in a hydrogen atmos- 
phere. The theoretical amount of hydrogen (one mol) was taken up in about forty 
hours. The reaction mixture was worked up as under (a). The residue of ethyl 
acetate solution (1.6 g.) deposited impure crystals a t  -15" (about 0.6-0.7 g.) which 
gave 0.3 g. of crystals (m. p. 68") from ethyl acetate. This product undoubtedly 
contained a large percentage of dl-1,2-dihydroxybutyric acid (m. p. 74"), formed by the 
reduction of unchanged 3-chlorothreonic acid which remained after the sodium hy- 
droxide treatment. 

The author wishes to thank Dr. J. Stieglitz for valuable suggestions, 
Dr. J. W. E. Glattfeld for help in the prosecution of this' work and the 
International Education Board for partial financial support. 

Summary 

1. The oxidation of 3-chlorocrotonic acid (m. p. 83") with barium 
chlorate is reported. The oxidation yields the dl-threo-l,2-dihydroxy-3- 
chlorobutyric acid (m. p. 100°) in 78% yield. The structure of the hy- 
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droxylated product is proved by conversion of the compound into the 
racemic tartaric acid in acid solution. 

2. The treatment of the dl-threo-1,2-dihydroxy-3-chlorobutyric acid 
with silver oxide gives the dl-threonic acid in 46% yield. It is shown that  
in this reaction no inversion occurs. 

3. The preparation and properties of dl-threonic acid (m. p. 98O) are 
reported. The dl-threonic acid is a free acid and does not form a lactone 
under the conditions in which the dl-erythronic acid can be isolated only as 
a lactone. 

4. The proof of configuration of the dl-1,2-dihydroxybutyric acids is 
reported. The proof is based on the fact that the dl-threo-1,2-dihydroxy- 
3-chlorobutyric acid may be converted into racemic acid, and on the other 
hand it may be reduced to the dl-1,2-dihydroxybutyric acid, m. p. 7 4 E 0 ,  
with a yield of 70%. This shows clearly that the dl-l,2-dihydroxybutyric 
acid, m. p. 74", has the same configuration as racemic acid and the other 
possible acid-the dl-1,2-dihydroxybutyric acid m. p. 81.5"-has a con- 
figuration corresponding to mesotartaric acid. 

The assignment of the prefixes "threo" and "erythro" which were previ- 
ously suggested for the dl-1,2-dihydroxybutyric acids of melting points 
74.5 and 81.5" respectively, is therefore justified. 

CHICAGO, ILLINOIS 

[CONTRIBUTION FROM THE KENT CHEMICAL LABORATORY, UNIVERSITY O S  CHICAGO] 

OXIDATION OF UNSATURATED COMPOUNDS. IV. 
OXIDATION OF CROTONIC ACID W T H  HYPOCHLOROUS AND 

PERBENZOIC ACIDS 

The oxidation of crotonic acid with hypochlorous acid was first reported 
by Melikoff .2 After the configuration of the dl- 1,2-dihydroxybutyric 
acids had been e~tablished,~ it was important to investigate Melikoff's 
work quantitatively. The oxidation of crotonic acid with hypochlorous 
acid to the dl-erythro-l,2-dihydroxybutyric acid (m. p. 81.5O) involves 
three operations: (a) addition of hypochlorous acid to crotonic acid, which 
yields the 1-chloro-2-hydroxybutyric acid; (b) treatment of l-chloro-2- 
hydroxybutyric acid with alkali in order to obtain the 2-methylglycidic 
acid; (c) hydrolysis of 2-methylglycidic acid to the dl-1,2-dihydroxybu- 
tyric acid. 

1 International Research Fellow in organic chemistry from Hungary, 1926-1928. 
2 Melikoff, Ann., 234, 197 (1886); see also Glattfeld and Woodruff, THIS JOURNAL 

49, 2309 (1927). 
3 Geza Braun, ibid., 52, 3176 (1930). 
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In  the first operation (a) it was found that the reaction between the 
crotonic and hypochlorous acids may be indicated by the equation 

CH,CH=CHCOOH + Clz + Hz0 -+ CH3CHOHCHC1COOH + HCl 

The pure potassium salt of 1-chloro-2-hydroxybutyric acid was obtained 
from alcohol with 80% yield and the free acid, without isolation of a pure 
salt, with 30% yield. 

The preparation of 2-methylglycidic acid (b) has been greatly improved 
and simplified. The pure acid (m. p. 88.5") was obtained from the crude 
reaction mixture in 64% yield. 

The dl-erythro-1,2-dihydroxybutyric acid (m. p. 81.5') (c)  was obtained 
from the crotonic acid, without the isolation of the intermediate products, 
in J0-72% yield. The pure 2-methylglycidic acid (m. p. 88.5") hy- 
drolyzes quantitatively to the above acid. 

In  order to obtain comparative results, the crotonic acid was oxidized 
with perbenzoic acid in non-aqueous solution. The result was the 2- 
methylglycidic acid (m. p. 88.5O) with about 20% yield. It was found 
therefore that the perbenzoic acid yields the same ethylene oxide compound 
that  is obtained in the oxidation with hypochlorous acid. 

The oxidation of pure isocrotonic acid with hypochlorous acid and the 
proof of configuration of the intermediate compounds is in progress. 

Experimental Part 
1. 1-Chloro-2-hydroxybutyric Acid.-Twenty grams of crotonic acid was dis- 

solved in one liter of water which contained 500 g. of chopped ice. Then, under ef- 
fective stirring and ice cooling, a slow stream of chlorine was conducted into the solution 
until absorption was complete (about three hours). The slight excess of chlorine was 
removed a t  reduced pressure in the cold. 

(a) Potassium Salt of the Acid.-The solution was neutralized with 43 g. of potas- 
sium bicarbonate a t  0' and the water removed a t  reduced wessure. The crystalline 
residue was washed with cold absolute alcohol and then treated with 150 cc. of hot 
alcohol. The filtrate from the potassium chloride deposited 15.5 g. of crystals after 
cooling; after addition of an equal volume of ether a further crystallization occurred 
(20.5 g.) making a total yield 36.0 g. of potassium salt or 80% of the theoretical. The 
salt contained only a trace of potassium chloride. 

A d ,  Subs., 0.4952: 2528 cc. of 0.1 N AgNO,. Calcd. for C~HBO~KC~.HZO: 
C1, 18.22. Found: C1, 18.13. 

(b) Free Acid.-Another chlorinated solution of 20 g. of crotonic acid was neutral- 
lized with 43 g. of potassium bicarbonate and the solution concentrated a t  reduced 
pressure to small volume. After the neutral solution had been extracted with ether, 
the theoretical amount of dilute hydrochloric acid was added to the solution and the 
chlorohydroxybutyric acid thus freed extracted with ether, etc., as usual. The residue 
of the united ethereal solutions was 33.0 g. of a pale yellow sirup, which was dissolved in 
10 cc. of ethyl acetatecarbon tetrachloride mixture, cooled to O 0  and seeded. After 
ten hours' standing on ice the solution yielded 9.5 g. of crystals (m. p. 62-63 "), or 30% 
of the theoretical (Melikoff's acid melted a t  62-63'). The seeding crystals were ob- 
tained by letting the sirupy acid stand for several weeks in a desiccator. 

2, 2-Methylglycidic Acid. (a) Potassium Salt.-To a chlorinated solution of 
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20 g. of crotonic acid an ice cold dilute solution of 45 g. of potassium hydroxide was 
added under stirring in the presence of much ice. The solution was then allowed to 
stand overnight a t  0" and afterward for three to four hollrs a t  room temperature. 
The slight excess of potassium hydroxide was neutralized with hydrochloric acid, the 
solution distilled to dryness a t  reduced pressure, the residue dehydrated with absolute 
alcohol and treated with 100 cc. of hot absolute alcohol. To the filtrate from the 
potassium chloride 100 cc. of absolute ether was added, whereupon the potassium 
methylglycidate crystallized immediately (25.5 g.). From the mother liquor a second 
crop of 2.6 g. of crystals was obtained, making a total yield of 28.1 g. of crystals (dried 
over phosphorus pentoxide in vacuo to constant weight) or 86% of the theoretical. 
The crystals are very soluble in hot absolute alcohol and are very hygroscopic. 

(b) Free Acid.-To the concentrated aqueous solution of potassium methylglyci- 
date-prepared from three times 20 g. of crotonic acid as described above-the theo- 
retical amount of dilute hydrochloric acid was added and the solution extracted several 
times with ether. The aqueous solution was further concentrated a t  reduced pressure 
and the solution was again extracted with ether. The residue of the united ethereal 
solutions weighed 69 g. and was a pale yellow sirup which crystallized immediately. 
This was dissolved in 15 cc. of warm ether and then 45 cc. of warm carbon tetrachloride 
was added and the solution was put on ice. The yield was 46 g. of crystals (m. p. 86 "), 
or 64% of the theoretical. The crystals were dissolved in 45 cc. of hot carbon tetra- 
chloride and 20 cc. of warm ether was added. The solution deposited in the course of 
several hours at  room temperature 40 g. of crystals (m. p. 88.5"). 

Titration. Subs., 0.3620: 34.34 cc. of 0.1 N alkali. Calcd. mol. wt. for C4H603: 

102.05. Found: 105.4. 

Hydrolysis of 2-Methylglycidic Acid.-Four grams of acid (m. p. 88.5') was dis- 
solved in 200 cc. of water and allowed to stand for six weeks a t  room temperature. Then 
the water was removed a t  room temperature and the residue dried for several hours a t  
40". The hard, crystalline residue weighed 4.6 g. or 97% of the theoretical; this gave 
4.0 g. of crystals (m. p. 81.582") from ethyl acetate; mixed m. p. with dl-erythro-1,2- 
dihydroxybutyric acid (m. p. 81.5") obtained from crotonic acid with perbenzoic acid, 
81.5'. 

3. dGErythro-1,2-dihydroxybutyric Acid.-(a) A chlorinated solution of 20 g. of 
crotonic acid was treated with 45 g. of potassium hydroxide below 0"  as is described 
under 2(a). The excess of potassium hydroxide was neutralized and then 80 g. of 10% 
hydrochloric acid was added and the solution kept at  98" for six hours in a water-bath. 
The water was removed a t  reduced pressure and the residue treated with ethyl acetate 
until no more precipitation occurred; the ethyl acetate solution was dried, filtered, etc. 
The yield was 24 g. of sirup, which gave 16.65 g. of crystals (m. p. 81 ") or 60y0 of the 
theoretical; m. p. of the phenylhydrazide, 103". 

(b) From 20 g. of crotonic acid, 23.7 g. of crude 2-methylglycidic acid was pre- 
pared as described under 2(b), and dissolved in 2 liters of water. After six weeks' 
standing a t  room temperature, the solution was worked up in the usual manner. The 
yield was 25.4 g. of a pale yellow sirup which gave 19.8 g. of crystals (m. p. 80.5-81 O) 
from ethyl acetate, or 71% of the theoretical. 

Oxidation of Crotonic Acid with Perbenzoic Acid in Non-aqueous Solution.- 
Twenty grams of crotonic acid was dissolved in 280 cc. of dry chloroform which contained 
43 g. of perbenzoic acid. After about three months' standing in a cool place only a 
small amount of peracid was present; the bromine titration showed about 8 g. of un- 
changed crotonic acid. The chloroform was then removed at reduced pressure, the 
residue treated with 250 cc. of water and the benzoic acid separated and washed with 
water. The aqueous solution was distilled to dryness at  reduced pressure, the residue 
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dissolved in water, the solution filtered and the filtrate again distilled to dryness. This 
operation was repeated several times in order to remove the benzoic and crotonic acids. 
The final residue was 10 g. of crystalline mass, which gave 4.7 g. of crystals (m. p. 88.5") 
from a mixture of ether and carbon tetrachloride, or 20% of the theoretical. A mixed 
m. p. with 2-methylglycidic acid (m. p. 88.5") obtained from crotonic acid with hypo- 
chlorous acid gave 88.5". 

Anal. Subs., 0.008885: H20, 0.00479; COz: 0.01542. Calcd. for C4H6Ot: H, 
5.93; C, 47.04. Found: H, 6.03; C, 47.33. 

Summary 
1. An improved method of oxidation of crotonic acid with hypochlorous 

acid is reported. The 1-chloro-2-hydroxybutyric acid (m. p. 62-63') 
is obtained in 30% yield, its potassium salt in 80% yield; the 2-methyl- 
glycidic acid (m. p. 88.5') in 64%) and its potassium salt in 86y0 yield. 
The hydrolysis of the crude 2-methylglycidic acid gives the dl-erythro-1,2- 
dihydroxybutyric acid (m. p. 81.5') in 60% yield a t  100' and in 71% yield 
a t  room temperature. 

2.  It is shown that the 2-methylglycidic acid (m. p. 88.5') hydrolyzes 
in dilute aqueous solution quantitatively to dl-erythro- 1,2-dihydroxy- 
butyric acid (m. p. 81.5"). 

3. The oxidation of crotonic acid with perbenzoic acid in non-aqueous 
solution is reported. The oxidation yields the same 2-methylglycidic acid 
(m. p. 88.5") that is obtained from the crotonic acid with hypochlorous 
acid. 

CHICAGO, ILLINOIS 

[CONTRIBUTION FROM THE KENT CHEMICAL LABORATORY, UNIVERSITY O F  CHICAGO] 

OXIDATION OF UNSATURATED COMPOUNDS. V. STUDIES 
I N  THE OXIDATION OF CONJUGATED SYSTEMS. 

OXIDATION OF PENTENOIC AND HEXENOIC ACIDS 

All the previous publications in this series were made preliminary to a 
systematic study of oxidation of conjugated systems. The investigation of 
vinylacrylic and sorbic acids was begun years ago. It was found that the 
vinylacrylic acid is easily oxidizable with hypochlorous acid but suffers 
partial decomposition in the oxidation with chlorates and perbenzoic acid. 
In  contrast to this, sorbic acid is smoothly oxidizable with all these agents 
with good yield. The oxidation of sorbic acid with perbenzoic acid es- 
pecially offers interesting results because it takes up the first molecule of 
peracid much more easily than the second, so there seems to be a possibility 
of a successful study of the mechanism of the oxidation. 

But before this can be made i t  is necessary to study all the theoretically 
International Research Fellow in organic chemistry from Hungary, 1926-1928. 
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possible valeric and caproic acids as well as the corresponding derivatives 
of the glycidic acid. With this idea in mind the preparation of all the 
theoretically possible dl-1,2-dihydroxyvaleric and caproic acids was ac- 
complished by the oxidation of a,@-pentenoic and a,@-hexenoic acids. 
The oxidations were carried out in the same manner that was reported in 
the case of crotonic and isocrotonic acids.2 

The a,@-pentenoic acid (m. p. 9.5-lo0) gave by oxidation with silver 
chlorate the d2-1,2-dihydroxyvaleric acid (m. p. 75') with 80% yield, where- 
as with perbenzoic acid i t  yielded the dl-1,2-dihydroxyvaleric acid (m. p. 
106') with 75% yield. 

The a,@-hexenoic acid (m. p. 33-34') gave with silver chlorate the dl- 
1,2-dihydroxycaproic acid (m. p. 108.5O) with 86% yield and with per- 
benzoic acid the dl-1,2-dihydroxycaproic acid (m. p. 99.5O) with 46% yield. 

Proof of the configuration of these acids is in progress. 

Experimental Part 
Materials.--The a,&pentenoic acid (m. p. 9.5") and the a,p-hexenoic acid (m. p. 

34 ") were prepared according to Doebner's method.5 

Oxidation of a,P-Pentenoic Acid (m. p. 9.5") 

1. With Silver Ch1orate.-Ten grams of pentenoic acid was dissolved in 500 cc. of 
water which contained 0.05 g. of osmic acid and 7.6 g. of silver chlorate was gradually 
added while the solution was kept in an ice-bath as described in the case of crotonic acid 
under I11 (B). The crude reaction product was 13.2 g. of a crystalline mass, which 
gave in two crops 10.7 g. of crystals (m. p. 75") from ethyl acetate or 80% of the theo- 
retical. The m. p. of the product could not be changed by further crystallization. 

Titration. Subs., 0.3824: 28.67 cc. of 0.1 N alkali. Calcd. mol. wt. for C6H1004: 
134.08. Found: 133.4. 

Anal. Subs., 0.00898: 8 0 ,  0.00613; COz, 0.01488. Calcd. for C6H1004: H, 
7.52; C, 44.79. Found: H, 7.64; C, 45.19. 

The acid has almost identical properties with the dl-threo-1.2-dihydroxybutyric 
acid, m. p. 74-75'. 

Pheny1hydrazide.-One gram of acid gave 1.4 g. of phenylhydrazide (m. p. 140.5O) 
from absolute alcohol. The salt is insoluble in cold absolute alcohol. 

Anal. Subs., 0.00546: 0.551 cc. of NZ (22', 750 mm.). Calcd. for CIIHI~O~-~J~.H~O:  
N, 11.57. Found: 11.52. 

The substance partially loses its water of crystallization over phosphorus pentoxide 
in oacuo. 

2. With Perbenzoic Acid.--Ten grams of pentenoic acid was dissolved in 500 cc. of 
water and oxidized with 25 g. of perbenzoic acid in 125 cc, of chloroform under continu- 
ous shaking a t  10 o in the usual manner. The yield was 12.5 g. of sirup which gave 10.2 
g. of crystals (m. p. 105-106°) from ethyl acetate or 75% of the theoretical. The re- 
crystallized product melts a t  106 '. 

Titration. Subs., 0.4114: 31.09 cc. of 0.1 N of alkali. Calcd. mol. wt. for CSHIOOI: 
134.08. Found: 132.3. 

G&za Braun, THIS JOURNAL, 51, 228 (1929). 
Auwers, Ann., 432, 46 (1923); Goldberg, J. Chem. Soc., 2343 (1928). 
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Anal. Subs., 0.009023: HzO, 0.00616; COe, 0.01496. Calcd. lor C6H1004: H, 
7.52; C,44.79. Found: H,7.64; C,45.21. 

The acid has almost the same properties as the dl-erythro-1,2-dihydroxybutyric 
acid (m. p. 81.5"). 

Pheny1hydrazide.-One gram of acid gave 0.75 g. of recrystallized phenylhydra- 
zide (m. p. 119-119.5") from absolute alcohol. The salt is moderately soluble in cold 
absolute alcohol. 

Anal. Subs., 0.00431: N, 0.471 cc. (21.5", 754 mm.). Calcd. for CIIH~~O~NZ: 
N, 12.49. Found: N, 12.54. 

Oxidation of or$-Hexenoic Acid (m. p. 34") 

1. With Silver Ch1orate.-Twenty grams of acid was suspended (partially dis- 
solved) in one liter of water and oxidized by gradual addition of 13.6 g. of silver chlorate 
in the presence of 0.1 g. of osmic acid a t  0' in the usual manner. The yield was 25.2 g. 
of a crystalline mass which gave 22.6 g. of crystals (m. p. 10SO) from ethyl acetate, or 
86% of the theoretical. The residue from ethyl acetate crystallized again. The re- 
crystallized product melted a t  108.5 ". 

Titratwn. Subs., 0.4354: 29.67 cc. of 0.1 N alkali. Calcd. mol. wt. for CsHlzOl: 
148.1. Found: 146.7. 

Anal. Subs., 0.009572: H20, 0.0 0693; C02,0.0172. Calcd. for CeHizOr: H, 8.17; 
C,48.61. Found: H,8.1; C,49.00. 

The acid was found to be very soluble in hot water and hot ethyl acetate, mod- 
erately soluble in cold water and ether, insoluble in chloroform. 

Pheny1hydrazide.-One gram of acid gave 1.5 g. of phenylhydrazide (m. p. 141.5- 
142 ") from absolute alcohol. The salt is insoluble in cold absolute alcohol. 

AmZ. Subs., 0.00471: 0.450 cc. of N2 (20.5O, 740 mm.). Calcd. for C~ZHI~O&Z.- 
H20: N, 10.93. Found: N, 10.82. 

2. Perbenzoic Acid.-Ten grams of acid was dissolved in 125 cc. of chloroform . 
which contained 25 g. of peracid and after addition of 500 cc. of water the mixture was 
shaken at  lo0, etc., as usual. The yield was 8.9 g. of a yellowish sirup which gave 6.0 
g. of crystals (m. p. 98.5') from ethyl acetate or 46% of the theoretical. The re- 
crystallized product melted a t  99.5O. 

Titration. Subs., 0.3666: 24.95 cc. of 0.1 N alkali. Calcd. mol. wt. for CeH1z04: 
148.1. Found: 147.0. 

Anal. Subs., 0.00884: H20, 0.00638; C02, 0.01586. Calcd. for C&&zO4: H, 8.17; 
C, 48.61. Found: H, 8.08; C, 48.93. 

The acid is very soluble in water, hot ethyl acetate and alcohol, moderately soluble 
in cold ethyl acetate or in ether, insoluble in chloroform. 

Pheny1hydrazide.-One gram of acid gave 0.75 g. of recrystallized phenylhydra- 
zide (m. p. 120-121 ") from absolute alcohol. The compound is moderately soluble in 
cold absolute alcohol. 

Anal. Subs., 0.004367: Nz, 0.454 cc. (24O, 752 mm.). Calcd. for CizH~sOzNz: 
N2,11.76. Found: Nz, 11.82. 

Summary 
The preparation of all the theoretically possible dl-1,2-dihydroxyvaleric 

and caproic acids is reported. The a,O-pentenoic acid (m. p. 9.5') gives 
by oxidation with silver chlorate the dl-1,2-dihydroxyvaleric acid (m. p. 
75') with 80% yield and with perbenzoic acid the dl-1,2-dihydroxyvaleric 
acid (m. p. 106') with 75% yield. 
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The a,P-hexenoic acid (m. p. 33-34') gives with silver chlorate the dl- 
1,2-dihydroxycaproic acid (m. p. 108.5') with 86% yield and with perben- 
zoic acid the dl-1,2-dihydroxycaproic acid (m. p. 99.5') with 46y0 yield. 

CHICAGO, ILLINOIS 
- 

[CONTRIBUTION FROM THE DEPARTMENT OF CI~MISTRY, IOWA STATE COLLEGE] 

STRUCTURE OF THE CHLORALOSES. BETA-XYZOCHLORALOSE 
BY I,. D. GOODKUE, ANNE WHITE AND R. M. HIXON 

RECEIVED h T o v e ~ n e ~  27, 1929 PUBLISHED A u c u s ~  5, 1930 

In a preceding paper1 it has been shown that the available evidence 
indicates an acetal type of linkage for the union of chloral with glucose in 
P-glucochloralose rather than the carbon-carbon linkage depicted by the 
older formulas in the literature. The attempt to determine the configu- 
ration of the P-glucochloralose by means of methylation failed due to the 
resistance to hydrolysis of the partially dechlorinated trimethyl-P-gluco- 
chloralose. 

In the literature2 it  has been shown that 8-xylochloralose (formula 111) 
yields chloralic acid (Formula 11), which is identical with the acid obtained 
by oxidation of P-glucochloralose (Formula I), the formulas being used with 
the limitations of the preceding report.' The 0-xylochloralose was ac- 
cordingly drawn into these investigations in the hope that its greater range 
of solubility would make it possible completely to remove the chlorine, or on 
failure of this to hydrolyze the partially dechlorinated compound. Other 
than the chloralic acid,2 the only definite derivative of P-xylocl~loralose 
reported in the literature is the diben~oate.~ 

The p-xylochloralose was prepared according to the method of Hanriot. 
By further treatment with chloral hydrate and sulfuric acid, j3-xylochlo- 
ralose was converted to a crystalline dichloralxylose which could not be 
acetylated. This would indicate the absence of a free hydroxyl group in 
the dichloralxylose and could only be interpreted in terms of the acetal type 
of linkage as was the case with the conversion of P-glucochloralose to  the 
dichloralglucoses. The possible Structures for the dichloralxylose would 
accordingly be analogous to the corresponding acetone derivatives reported 
by Freudenberg and S~anbe rg .~  Experimental evidence indicates the 
existence of at  least two isomeric dichloralxyloses. 

Dimethyl /3-xylochloralose was obtained by methylation of P-xyfo- 
chloralose with dimethyl sulfate. Repeated methylatioi~s failed to in- 
crease the methoxy content above that for the di- derivative. Attempts to 

1 Coles, Goodhue and Hixon, THIS JOURNAL, 51,519 (1929). 
2 Hanriot, Compt. rend., 120, 153 (1895); 148, 487 (1909); Bull. soc. chim., [41 5 ,  

819 (1909); Ann. chim. phys., [8] 18,466 (1909). 
3 Hanriot, ibid., [8] 18, 466 (1909). 

Freudenberg and Svanberg, Ber., 55, 3239 (1922). 
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acetylate the dimethyl-p-xylochloralose yielded a sirup whose chlorine 
analysis indicated slightly more acetylation than that required for mono- 
acetyl-dimethyl-P-xylochloralose. Acetylation of trimethyl-P-glucochlo- 
ralose also gave a sirup whose chlorine analysis was within 1% of that 
calculated for the introduction of one acetyl group. These two compounds 
have not been obtained crystalline and are very difficult to distil, rendering 
further purification difficult. 

The chlorines were partially removed from the dimethyl-P-xylochloralose 
by the use of sodium amalgam. It was not possible to obtain a preparation 
free from chlorine, and hydrolysis of the partially dechlorinated sirup in- 
troduced the same difficulties encountered with the corresponding glucose 
derivative. No attempt was made to isolate the intermediate dechlori- 
nated compounds. 

In  working with the partially dechlorinated sirup, it was observed that 
alcoholic potassium hydroxide removed some of the chlorine. Hanriot 
and Kling5 in working with the chloraloses were able to  remove one chlorine 
atom by alcoholic ammonia but stronger alkalies were discarded because 
of the decomposition of the sugar molecule. Using B-glucochloralose, it 
has been found that refluxing with alcoholic potassium hydroxide yields 
a sirup very easily hydrolyzed by acids. The intermediate compound does 
not reduce Fehling's solution to any extent. The glucosazone is easily 
obtained after the acid hydrolysis. 

Acetylation of B-xylochloralose by means of pyridine and acetic an- 
hydride yields a beautifully crystalline diacetyl-0-xylochloralose. As 
Hanriot2 reports, acetylation by means of acetyl chloride and zinc chloride 
yields an indefinite sirup. Distillation of this sirup in a high vacuum is 
accompanied by some decomposition. Chlorine analyses indicate a degree 
of acetylation greater than that of the diacetyl derivative. 

A similar condition is encountered in acetylating p-glucochloralose. In  
the absence of zinc chloride, triacetyl-8-glucochloralose only is obtained. 
Refluxing with acetyl chloride and zinc chloride gives a mixture from which 
Hanriot2 reports a tetra-acetyl-P-glucochloralose. Repeated fractional 
crystallization of this mixture yields the above triacetyl-8-glucochloralose, 
with a melting point (108') which is almost identical with that reported by 
Hanriot for the tetra- derivative (log0). The analyses of the higher- 
melting compound (151') correspond to a penta-acetyl-B-glucochloralose. 
Determinations of the acetyl groups by saponification are not possible, 
due to the above reported action of the alkali on the chlorines. 

Repeated efforts have failed to give the tetra-acetyl-P-glucochloralose. 
The keto-en01 isomerization postulated in the former paper1 would not be 
necessary for the explanation of the tri- and penta-acetyl derivatives. 

5 Hanriot and Kling, Bull. soc. chim., [4] 11, 207 (1912); Comfit. r e d . ,  152, 1398 
(1911). 
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The triacetyl-P-glucochloralose would be formed by the acetylation of the 
free hydroxyl groups in the P-glucochloralose (Pormula I). The penta- 
acetyl-P-glucochloralose could be explained as due to  the rupture of the 
oxide ring, as shown in Pormula IV. 

H H 
I I 
$\O>cHccl ,  

C- \ O>CHCC,, 
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Experimental Part 
P-Xylochloralose was prepared according to the method of Hanriot. Attempts to 

isolate an or-xylochloralose in analogy with or-glucochloralose were unsuccessful. It was 
found that the p-xylochloralose could be crystallized from hot benzene and from hot 
water. The yield was low, 100 g. of xylose giving only 60 g. of p-xylochloralose. The 
oxidation of the p-xylochloralose to  chloralic acid identical with t h a t  from P-gluco- 
chloralose was repeated for confirmation. p-Xylochloralose is optically inactive in 
chloroform. 

Preparation of Dichlora1xylose.-The method is essentially the same as that  used 
by Ross and Payne for the preparation of dichloralglucose. Fifty grams of xylose was 
stirred into a mixture of 200 cc. of sulfuric acid and 100 g. of chloral hydrate which was 
cooled to 12-15' under the tap. The mixture is allowed to come t o  room temperature 
and is stirred with a mechanical stirrer for six hours. The compound forms a rubber- 
like layer a t  the surface of the solution; transferred to  cold water i t  was broken up  t o  
give a granular solid of lavender color. More compound is precipitated when the 
sulfuric acid mixture is poured into one liter of cold water. Heating the sulfuric acid 
solution to boiling precipitates about 10 g. of p-xylochloralose, which was crystallized 
in the usual manner from benzene. The combined portions of dichloralxylose were 
warmed with dilute sodium hydroxide solution until the excess of chloral was decom- 
posed; yield, 90 g. of crude product. After repeated recrystallization from acetic acid 
and alcohol the melting point remained constant a t  202". By treating 6-xylochloralose 
as described above, the same crystalline dichloralxylose was obtained. 
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Anal. (Carius). Calcd. for CsHsOaCle: C1, 52.08. Found: C1, 52.15. 52.32. 
The rotation in acetone (6.7 g. per 100 cc.) was [or]: +25.2". 
Attempts to acetylate the compound with acetyl chloride and zinc chloride were 

without results. It is unchanged by dissolving in fuming nitric acid and allowing t o  
stand for twenty-four hours. The compound is soluble in all common organic solvents. 

Evaporation of the mother liquors used to recrystallize the above compound gave 
an oily sirup that will distil a t  200 " in a high vacuum to give a solid resin-like substance 
which softens at  100'. Analysis for chlorine is within 1% of that  calculated for di- 
chloralxylose. This is presumably an isomeric dichloralxylose: 

Dimethyl-fi-xylochlora1ose.-The method of preparation is essentially the same as 
tha t  previously reported for the methylation of p-glncochloralose.l p-Xylochloralose 
is more soluble in dimethyl sulfate and is therefore more easily methylated. The 
product is sirupy, but is easily distilled a t  135' under 2 mm. pressure. On long standing 
crystals form. They are oily and melt a t  about 53". Attempts to  introduce another 
methyl group by repeated treatment with dimethyl sulfate and by the silver oxide 
method of Purdie and 1rvine"ere unsuccessful. 

Anal. (Carius). Calcd. for C9H1306C13: Cl, 34.60; MeO, 20.15. Found: C1, 
34.68, 34.70; MeO, 19.70, 19.65. 

The rotation in cldoroform (8.7 g. per 100 cc.) was [or]: -41.08". 
Reduction of Dimethyl-p-xylochloralose was carried out in a dilute alcoholic solu- 

tion a t  60' with sodium amalgam; 17 g. was treated in this manner for six days with 600 
g. of 3% amalgam. The amalgam was added in small portions and the precipitate of 
sodium bicarbonate formed by passing in carbon dioxide was filtered off from time to 
time. At times the carbon dioxide was shut off and the mixture became strongly 
alkaline. Evaporation and extraction with ether gave 6-7 g. of a sirup boiling from 90 
t o  135" a t  2 mm. pressure. The first fraction up to 115' gave an analysis for 5.5% 
chlorine. That calculated for one chlorine left in the molecule is 14.90. It reduced 
Fehling's solution on boiling. 

The first fraction was hydrolyzed with 2 N hydrochloric acid and the aldehyde dis- 
tilled out. I ts  water solution reduced Fehling's solution but the amount was too small 
t o  identify. An unsuccessful attempt was made to prepare a phenylhydrazine deriva- 
tive ~f the sugar part of the molecule, the product forining a resin as does the methyl- 
glucose obtained from p-glucochloralose. 

Action of Alkalies on Chlora1ose.-Seven grams of p-glucochloralose was refluxed 
for one-half hour with 50 cc. of alcoholic potassium hydroxide consisting of 25 cc. of a 
saturated solution of potassium hydroxide in 95% alcohol diluted with 25 cc. of alcohol. 
The alkali was partially neutralized and most of the alcohol evaporated under reduced 
pressure. Extraction with ether gave a compound that did not reduce Fehling's solu- 
tion t o  any extent but which reduced very strongly after hydrolysis with dilute acid. 
An abundance of glucosazone separated after treatment with phenylhydrazine. The 
intermediate compound has not been obtained in a form suitable for analysis as yet. 

Diacetyl-fi-xylochloralose was prepared by dissolving 8 g. of P-xylochloralose in 50 
cc. of pyridine and adding 20 cc. of acetic anhydride. The mixture was stoppered and 
kept a t  60' for three hours. About an equal volume of water is added, which causes 
the acetylated product to  crystallize. It is filtered, washed with warm water and de- 
colorized in alcohol with charcoal. The compound crystallizes as beautiful leaflets 
and after three recrystallizations melts sharply a t  142 '; yield, about 8 g. 

Anal. (Carius). Calcd. for CllH1307Cb: C1, 29.26. Found: C1, 29.32, 29.43. 
The rotation in chloroform (3.3 g. per 100 cc.) was [el2$ -7.61 O. 

6 Purdie and Irvine, J. Ckem. Soc., 83, 1021 (1903); 85, 1049 (1904). 
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Triacetyl-j3-glucochloralose was prepared from 8-glucochloralose by the method 
given in the preceding paragraph for diacetyl-8-xylochloralose. I t  can also be pre- 
pared by treating p-glucochloralose with acetyl chloride without the addition of zinc 
chloride. It crystallizes well from dilute alcohol and melts at 108'. 

Anal. (Carius). Calcd. for CI~HI~O~CI~:  C1, 24.42. Found: C1, 24.52, 24.64. 

The rotation in chloroform (5.47 g. per 100 cc.) was [a]Y +22.72'. 
Penta-acetyl-B-glucochlora1ose.-Fifteen grams of p-gIucochloralose was refluxed 

for two hours with 100 cc. of acetyl chloride and 1 g. of zinc chloride. After evaporation 
of the acetyl chloride the sirup was dissolved in chloroform and extracted repeatedly 
with water. The chloroform was evaporated under reduced pressure and one volume 
of absolute alcohol added to the sirup. After long standing crystals form. The time 
required to crystallize the compound is much shortened if the solution is seeded. 

Anal. (Carius). Calcd. for ClsH~~0~~Cla: C, 40.25; H, 4.13; C1, 19.82. Found: 
C,40.14,40.05; H, 4.02,4.12; C1, 19.89, 19.90. 

The rotation in chloroform (12 g. per 100 cc.) was [crj2; f46.12 O. 

If more than three acetyl groups can be introduced into the 8-glucochloralose mole- 
cule, it would seem probable that trimethyl-@-glucochloralose could be acetylated. 
Trimethyl-B-glucochloralose is very markedly changed by treatment with acetyl chloride 
and zinc chloride but the resulting compound is a sirup that is very difficult to distil 
and so far has not been obtained sufficiently pure to warrant analysis. 

Summary 

1. Dichloralxylose was prepared from xylose and from /3-xylochloralose. 
2. Dimethyl and diacetyl derivatives of P-xylochloralose are reported. 
3. Triacetyl and penta-acetyl-P-glucochloralose are described. The 

tetra-acetyl-/3-glucochloralose reported by Hanriot could not be obtained. 
4. The reactions of 0-xylochloralose, like those of P-glucochloralose, 

indicate an acetal linkage between the sugar and chloral molecules. 
5. Chlorine may be removed from P-g1ucochloralose by the action of 

alcoholic potassium hydroxide without decomposition of the molecule. 
The glucose can then be regenerated by dilute acids and identified as the 
osazone. The intermediate compound has not been isolated sufficiently 
pure for analysis. 

A w s .  IOWA 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OR KITASATO INSTITTJTF] 

SKRAUP'S REACTION WITH PARA-AMINORESORCIN 
DIMETHYL ETHER 

In the course of the study upon the physiological action of certain 
quinoline compounds, I attempted the synthesis of 6,8-diinetl~oxyquino- 
1ine.l For this purpose, p-aminoresorcin dimethyl ether was submitted 
to  the Skraup reaction for quinoline synthesis, and a small amount of 
crystals was isolated by means of benzene. I t ,  however, could neither be 
a derivative of 6-methoxyquinoline nor any compound having any phenolic 
hydroxyl substituent. After a further purification, it formed colorless 
needles, m. p. 173O, being in coincidence with that of p-phenanthroline 
(6,8-dimethoxyquinoline has been reported to melt at  56') . l  

From the analytical figures and the determination of molecular weight, 
the molecule formula C12HsN2 could be assigned to it, and the characteristic 
constants of several derivatives of this compound were found to be gen- 
erally in close agreement with the descriptions for those of p-phenanthro- 
line given by the previous  investigator^.^ Finally, the identification was 
fairly established by a mixed melting point with an authentic specimen 
of p-phenanthroline which had been prepared by a known method. 

Experiments under a variety of conditions to obtain G,8-dimethoxy- 
quinoline or G,8-dihydroxyquinoline failed to reveal any of these com- 
pounds; moreover, the formation of p-phenanthroline also resulted when 
9-benzene-azo-resorcin dimethyl ether or p-benzene-azo-resorcin was sub- 
jected to the Skraup reaction, which will be reported in a subsequent 
paper. 

This reaction might be explained on the assumption that quinoline com- 
pound (11) might have been formed a t  an intermediate stage and that 
i t  might, a t  the instant of its formation, undergo ring rupture at  the indi- 
cated place, followed by the condensation of two moles of such a compound, 
giving pphenanthroline (111) in accordance with the equation 

1 During the investigation, the preparation of 6,8-dimeth~x~quinoline through 
another course of synthesis has been reported by I. G. Farben Industry [Chem. Zentr., 
I, 2109 (1929) ; English Patent 301,9471. 

2 Skraup, Monatsh., 5, 569 (1884); Kaufmann, Beu., 42, 2612 (1909). 
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If the suggested mechanism be admitted, concerning the final conden- 
sation, the following four possible courses which might be taken would 
be conceivable. 

On subjecting benzoin to the Skraup reaction, benzil was formed in a 
good yield and a mixture of a-picoline and benzaldehyde, or a-picoline 
only, was also subjected to the Skraup reaction and in these cases a-picoline 
could be recovered without any notable loss. The possibility of the con- 
densation through the course I, IT or I V  seems to be excluded by these 
experiments. On the other hand, the Skraup reaction with benzyl alcohol 
led to the formation of much resinous matter and neither stilbene nor phe- 
nanthrene could be isolated. This last failure appears also to rule out the 
course 111, but recalling the fact that in case of a-methanol-pyridine the 
hydrogen atom in the side chain would be far more reactive than that  of 
benzyl alcohol, in the case of pyridine series, therefore, such a conden- 
sation as through the course I11 might not be altogether impossible. 

Experimental 
Skraup's Reaction with p-Aminoresorcin Dimethyl Ether.-A mixture of @-amino- 

resorcin dimethyl ether (6 g.), glycerin (18 g.), arsenic acid (9 g.) and concd. sulfuric 
acid (18 g.) was refluxed on an oil-bath (bath temperature, 170-180°) for nine hours. 
The reaction mixture was digested with hot water and the filtered liquid, after being 
made alkaline, was shaken with benzene. On evaporating the solvent, 0.5 g. of colorless 
needles was obtained. I t  was best purified through a recrystallization of its sulfate 
from alcohol and a subsequent recrystallization of the free base regenerated from ben- 
zene in the presence of animal charcoal. I t  formed colorless needles melting a t  173". 
I t  is easily soluble in alcohol and hot water, moderately in benzene and chloroform and 
rather difficultly in ether. The alcoholic solution, in case of only a concentrated solu- 
tion, gives a reddish-brown color with ferric chloride. The absorption spec%a of its 
1/10,000 molar alcoholic solution shows the maximum absorption a t  2696 A. The 
mixed melting point of this substance and p-phenanthroline showed no depression. 

Anal. (Water of crystallization). Subs., 0.0930: HzO, 0.0213. Calcd. for C12HsNz.- 
3Hz0: H20, 23.08. Found: HzO, 22.90. Mol. wt. Subs., 0.0542, in 12.6100 g. of 
CsHe: At, 0.130°. Subs., 0.374 mg., in 3.189 mg. of camphor: At, 25.1 O.  Calcd. for 
C12HsN2: mol. wt. 180. Found: mol. wt. 165, 187. 
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Anal. Subs., 3.718 mg. : C02, 10.933; HzO, 1.556. Subs., 4.656: COz, 13.634; 
HzO, 1.983. Subs., 2.350: N2, 0.336 cc. (32". 761.5 mm.). Subs., 0.0462: Nz, 6.1 cc. 
(13.5', 760 mm.). Calcd. for C I ~ H ~ N ~ :  C, 80.00; H, 4.44; N, 15.56. Found: C, 80.02, 
79.86; H, 4.65,4.73; N, 15.36; 15.55. 

CHARACTERISTIC CONSTANTS Of THE DERIVATIVES O F  THE COMPOUND ClzH&z 
Derivative Crystal form M. p., OC. 

Picrate Yellow needles from acetone 255-256 
Chloroplatinate Orange-yellow needles > 310 
Hydrochloride Colorless prisms from alcohol > 315 
Sulfate Colorless prisms from alcohol 233-234 
Chromate Orange-yellow needles. Black tar a t  225-230 
Monomethyl iodide Light yellow needles from water 268-269 
Dimethyl iodide Garnet colored prisms from water 271 
j3,O'-Dipyridyl-a,al-dicarboxylic acid Short columns 215 (dec.) 
Sulfate Colorless prisms from alcohol 218 

Formula 
C-- Analytical data, %- - 
Calcd. Found Calcd. Found 

I hereby desire to express my hearty thanks to Professor Hata for the 
interest which he has kindly taken in this work. 

Summary 

In  the Skraup reaction with p-aminoresorcin dimethyl ether, the for- 
mation of p-phenanthroline has been established. 

TOKYO, JAPAN 
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[CONTRIBUTION PROM TRE CHEMICAL ~ABORATORY OF KITASATO INSTITUTE] 

THE FORMATION OF A PHENAZINE COMPOUND FROM A 
DIPHENYL ETHER DERIVATIVE 

I. Nitration of Diphenyl Ether.-On treating diphenyl ether with con- 
centrated sulfuric acid and potassium nitrate in exactly the same manner as 
that described for the preparation of 2,4,8,10-tetranitrodiphenylmethanell 
tetranitrodiphenyl ether (m. p. 195-197') was obtained, as was expected, in 
80% yield. The melting point and other properties of this substance are in 
close agreement with those of 2,4,8,10-tetranitrodiphenyl ether (m. p. 195 O) 
which was prepared by C. Willgerodt by the reaction of potassium dinitro- 
phenolate and chlorodinitrobenzene,2 and diqering from tetranitrodiphenyl 
ether (m. p. 216O) which was isolated by W. Borsche as a by-product when 
he prepared m-dinitrophenol from m-dinitrochl~robenzene.~ The struc- 
ture of this compound was further confirmed by the fact that on alkaline 
hydrolysis it gave 2,4-dinitrophenol in quantitative yield. 

The nitration of diphenyl ether has been studied previously by Mailhe 
and Murat4 and recently by Suter5 but no satisfactory method of prepar- 
ing this compound has been indicated. 

11. Reduction of 2,4,8,10-Tetranitrodiphenyl Ether.-According to 
M. Schijpff, on reduction by stannous chloride and concentrated hydro- 
chloric acid, 2,4,8,10-tetranitrobenzophenone gave 3,6-diamino-acridone in 
good yield.6 This was also confirmed by the author.' In the hope of form- 
ing diaminophenoxazine in an analogous way, 2,4,8,10-tetranitrodiphenyl 
ether was reduced in exactly the same manner that was described for tetra- 
nitrobenzophenone. But this is not the case, and 2,4,8,10-tetramino- 
diphenyl ether, which was identified as such by its analysis, insolubility 
in caustic soda and the determination of molecular weight for its tetra- 
benzoyl derivative, was formed nearly exclusively, accompanied by a 
small quantity of a phenazine compound as a by-product. Special efforts 
to convert the tetraminodiphenyl ether to the corresponding phenoxazine 
compound were all fruitless. 

To  return to the problem of the phenazine compound, whose method 
of isolation will be given in the experimental part, this substance formed 

1 Matsumura, THIS JOURNAL, 51, 815 (1929). 
2 Willgerodt, Ber., 13, 887 (1880). 
3 Borsche, ibid., 50, 1349 (1917). 
4 Mailhe and Murat, Compt. rend., 154, 715 (1912); Mailhe, Bull. soc. chim., 

[IV] 11, 1011 (1912). 
6 Suter, THIS JOURNAL, 51, 2581 (1929). 

Schopff, Ber., 27, 2318 (1894). 
Matsumura, THIS JOURNAL, 51, 815 (1929). 
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dark red crystals from alcohol, and i t  is characterized by a beautiful green 
color reaction with concd. sulfuric acid, this being a common color reaction 
of amino derivatives of phenazine compounds. 

The analytical figures of this compound and its sulfate showed the - compound to have a molecular formula agreeing with diaminophenazine. 
Finally, a phenazine base (m. p. 171') was isolated from it  by the diazo 
method, and the absorption maxima in visible and ultraviolet spectra 
were found to be in close agreement with those given for several amino 
derivatives of phenazine by F. Kehrmann and M. Sandozs (Pig. 1 and 
Table I). From these facts, i t  may be concluded that the compound in 
question must be diaminophenazine. 

Frequency in mm. 

2000 2500 3000 3500 4000 

5000 A. 2860 8. 
1/10,000 mole alcoholic solution of diaminophenazine. 

Fig. 1. 

Concerning the problem of the positions of two amino groups, the 
following proposed interpretation for the mode of formation of this com- 
pound may serve in the solution of this problem. According to this 
explanation, the reaction involves formation of an intermediate seven- 
membered ring, dehydration and subsequent intramolecular rearrange- 
ment. 

N O ~ - ~ - ~ N O ~  + (')-z-C 
N 0 2  

NH2 -N~H-HIN- NHI 

. N024 J. 
N H ~ ~ - o - C > N H ~  N H 2 - o : l l r  I11 

NHz NH2 

On the basis of this reaction, the substance must have the structure 
* Kehrmann and Sandoz, Helet. Chim Actn, 3, 109 (1920). 
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of 2,6 diarninophenazine (1111, an unknown isomer of diamin~phenazine.~ 
A further fact of value in the elucidation of the structural problem is found 
in comparisons of the characteristic constants given by earlier investi- 
gators with the known phenazine compounds and those of the compound 
in question. 

COMPARISON OF THE CONSTANTS OF PHENAZINE COMPOUNDS 

Compound Crystal 

Absorption max. 
Visible Ultra- 

M. p., OC. spectra violet 

3,6-Diaminophcnazine Dark yellow needles 280 447 265 
2,3-Diaminophenazine Brown-yellow needles 265 454 265285  
Author's diaminophenazine Dark red columns > 320 506 285 
2-Aniinophenazine Red needles 290-291 472 265 

All compounds give a green color reaction with concd. sulfuric acid. 

Experimental Part 
2,4,8,10-Tetranitfodiphdnyl Elher.--One hundred and thirty grams of finely- 

powdered potassium nitrate was dissolved in 700 g. of concd. sulfuric acid below 30° 
during about three-quarters of an hour; 50 g. of diphenyl ether (m. p. 28-2g0, b. p. 
253 O )  was introduced into the solution under constant stirring during one and one-half 
hours a t  10-25'. The mixture was then gradually warmed t o  70' on the sand-bath 
and kept a t  that temperature for half an hour with stirring and then allowed t o  stand. 
After being cooled, it  was poured into 5 liters of ice water, when a light yellow precipi- 
tate was obtained which was filtered and washed. After being dried, i t  was boiled with 
200 cc. of alcohol, filtered while hot and recrystallized from 600 g. of boiling glacial 
acetic acid, giving small prisms of light yellow color; m. p. 195-197'; yield, 80 g. 
(about 80%) after recrystallization. After three further recrystallizations from glacial 
acetic acid, no change of melting point was seen. 

Anal. Calcd. for CDH6O9Nd: C, 41.14; H, 1.71; N, 16.00. Found: C,  40.92; 
H,2.04; N, 16.05, 16.10. 

Hydrolysis of 2,4,8,10-Tetranitrodiphenyl Ether.-A mixture of 2 g. of finely 
powdered 2,4,8,10-tetranitrodiphenyl ether and 50 g. of potassium hydroxide solution 
(20%) was heated a t  100° for two hours. After being cooled, water was added and i t  
was filtered from a small quantity of insoluble white prisms (0.4 g.), which was identified 
as the initial substance by its melting point (195-197') and the mixed melting point 
method. On acidifying with dilute hydrochloric acid, the filtrate gave 1.1 g. of yellow 
flat prisms; m. p. 113-114'; 0.3 g. of an additional yield was obtained by  shaking the  
mother liquor with ether. After one recrystallization from hot water, no change of 
melting point was seen. I ts  mixed melting point with 2,4-dinitrophenol (m. p. 111- 
112 O )  of Kahlbaum was 112-113 ". 

Anal. Calcd. for C~Ha06N2: N, 15.22. Found: N, 15.30. 

Reduction of 2,4,8,10-Tetranitrodiphenyl Ether.-On the gradual addition of 35 g. 
of 2,4,8,10-tetranitrodiphenyl ether to the solution of 270 g. of stannous chloride in the 
same quantity of concd. hydrochloric acid (sp. gr. 1.9) a t  100". a vigorous reaction took 
place with spontaneous elevation of temperature to 115--120°, and the main reduction 

The study of absorption spectra of sulfate of 2,6-diaminophenazine has been 
reported by Kehrmann, Ref. 8, but s s  fqr 3s 1 am aware the description of its synthesis 
bas not been given in the literature. 



3202 KONOMU MATSUMURA Vol. 62 

appeared to be finished after a few minutes. The violet colored viscous fluid obtained 
was heated for a further half hour a t  the same temperature with a constant agitation. 
On being cooled, after the addition of water, tin was removed by repeated treatments 
with hydrogen sulfide. The earlier portion of the precipitates of tin sulfide assumed a 
violet color, on account of being admixed with phenazine compound (perhaps in the 
form of quinhydrone salt). 

The filtered liquid, after being concentrated to a small volume under reduced pres- 
sure, was saturated with hydrogen chloride gas, when the liquid became filled with 
colorless crystals of the hydrochloride of tetraminodiphenyl ether. 

The crystalline material was dried in a vacuum over sodium hydroxide; yield, 
25 g. It forms colorless prisms and is extremely hygroscopic. It became light gray 
a t  230" and dark violet at 280°, ammonium chloride subliming to the upper part. It 
does not melt at 310'. The aqueous solution, on the addition of ferric chloride, assumed 
a dark red color and afterward gave a dark brown precipitate. The aqueous solution, 
in contact with air, became brown after two days, and sooner on warming. The aqueous 
solution, on the addition of ammoniacal silver solution or gold chloride solution in the 
cold, gave precipitates of the corresponding metals. The aqueous solution, on the addi- 
tion of concd. ammonia, assumed a beautiful blue color; the color faded after some time 
and brown precipitates appeared. 

Anal. Calcd. for ClzH140N4.4HC1: C1, 38.83. Found: C1, 39.32. 

The free base was best prepared in the following way. On the addition of an excess 
of caustic soda solution (10 yo) to 1 g. of the hydrochloride, in a separating funnel, light 
colored oil drops separated out. It was quickly shaken with a large quantity of chloro- 
form. On concentrating the solvent, after drying with sodium sulfate, light brown 
crystals separated out. As it is extremely sensitive to air and alkali, treatment of more 
than 1 g. a t  a time is not desirable. It gives a colorless prism with light brown surface 
from benzene; m. p. 129". The sample thus purified keeps well in the air for a long 
time. It is moderately soluble in hot chloroform, hot alcohol and hot benzene, but 
almost insoluble in ether, and somewhat soluble in cold water. 

Anal. Calcd. for ClzH140Na: C, 62.61; H, 6.09; N, 24.35. Found: C, 62.44; 
H, 6.40; N, 24.39. 

2,4,8,10-Tetrabenzoylaminodiphenyl Ether.-To the solution of 1 g. of 2,4,8,10- 
tetraminodiphenyl ether hydrochloride in 10 g. of pyridine, 4 g. of benzoyl chloride was 
added gradually with stirring. After being allowed to cool, water was added and the 
solution acidified with dilute hydrochloric acid, when the reaction product separated 
in a colorless and resinous form. The water was decanted and the material repeatedly 
washed. The resinous matter, on repeated treatment with ether, turned to white 
crystals. It gives colorless needles from nitrobenzene; m. p. 232-233". It is easily 
soluble in hot chloroform, hot alcohol and cold acetone but d icul t ly  in boiling benzene 
and almost insoluble in ether. 

Anal. and mol. wt. Subs., 1.261 mg. in 9.445 mg. of camphor: At, 8.0 ". Calcd. 
for C40&006N4: mol. wt., 646; C, 74.30; H, 4.64; N, 8.67. Found: mol. wt., 668; 
C, 74.68; H, 4.86; N, 8.84. 

Various efforts to convert the tetraminodiphenyl ether to the corresponding oxazine 
compound were fruitless; for instance, (1) heating the hydrochloride alone or in the 
presence of fused zinc chloride in carbon dioxide atmosphere a t  200" for twenty hours, 
or (2) heating it with glacial acetic acid a t  140' for six hours, gave no definite substance, 
(3) heating it with hydrochloric acid (13y0) a t  160" appeared to have caused hydrolysis 
of the phenolic ether and gave, on further working, nothing but a black tar. 

Diamin0phenazine.-The first portion of the precipitate of tin sulfide which assumed 
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a violet color, after thoroughly washing, was treated with an excess of caustic soda t o  
complete dissolution of the tin sulfide, when a red substance remained undissolved. 
This was dissolved in dilute hydrochloric acid and the filtered bluish-violet solution, on 
making alkaline with ammonia, gave a dark red precipitate. It was recrystallized from 
alcohol; yield, 1.5 g. Jt forms hexagonal plates or columns of dark red color with a 
metallic luster. No change was seen at  320". The absorption spectra of its 1/10,000 
molar alcoholic solution is given in Fig. 1. 

I t  is moderately soluble in boiling and cold alcohol, with orange-red color and 
yellow fluorescence, sparingly soluble in water and insoluble in benzene. It is fairly 
soluble in cold acetone with orange-yellow color and yellowish-green fluorescence, some- 
what difficultly in warm chloroform with intense green fluorescence and sparingly soluble 
in ether with yellowish-green fluorescence. The solution in concd. sulfuric acid is bright 
green and on the addition of water becomes bluish-violet, and orange on the addition of 
a great excess of water. I t  dissolves in dilute hydrochloric acid with a purple-red color 
and on the addition of water the color becomes bluish-violet. 

Anal. Calcd. for C12H1&4: C, 68.57; H, 4.76; N, 26.67. Found: C, 68.60, 
68.60; H, 4.84,4.92; N, 26.24, 26.39. 

Sulfate.--On addition of sulfuric acid (50%) to the alcoholic solution of the base 
violet needles of the sulfate (C~ZHI&CHZSO~) separate. 

Anal. Calcd. for C ~ ~ H ~ ~ N C H ~ S O ~ :  HzSOa, 31.82. Found: HzS04, 32.35. 

When it was recrystallized from hot water, after being allowed to stand for several 
days, large black-violet crystals of the sulfate ((CIZHI~N~)~.H~SO~) separated. The water 
of crystallization was removed a t  130 O in a vacuum. 

Anal. Water of crystallization. Calcd. for (C12HloN40~)2-H2S04'7.5H~0: HzO, 
20.67; C,55.60; H,4.63. Found: Hz0,20.77; C,55.83; H,4.80. 

Triacety1diaminophenazine.-A mixture of 0.2 g. of diaminophenazine, 1.2 g. of 
acetic anhydride and 0.2 g. of fused sodium acetate was heated for two hours on the 
boiling water-bath. On cooling, water was added and the yellow crystals obtained were 
collected. I t  forms yellow prisms from alcohol; no change was observed a t  320°. 
I t  is soluble in alcohol and acetone with yellow color and green fluorescence, very diffi- 
cultly in hot chloroform, and almost insoluble in hot benzene and ether. The solution 
in concd. sulfuric acid is Bordeaux red; the color fades after a few minutes and a pure 
green color develops. Contrary to the expectation of obtaining a diacetyl compound, 
the analysis shows the presence of three acetyl groups. 

Anal. Calcd. for ClsHl7OsNd: C, 64.09; N, 5.04; N, 16.62. Found: C, 64.14; 
H, 5.27; N, 16.92. 

Phenazine.-On the gradual addition of an excess of finely powdered sodium nitrite 
to the cooled solution (-5') of 0.4 g. of diaminophenazine in 24 g. of concd. sulfuric acid 
with vigorous agitation, the initial green solution became a dark violet, viscous mass. 
Then 120 cc. of alcohol was added and the clear brown solution obtained was refluxed 
for two hours on the water-bath. After evaporating the alcohol, the reaction mixture 
was made alkaline with caustic soda solution (25%) and shaken with ether. On evapo- 
rating the solvent, 0.2 g. of a yellow crystalline mass was obtained. It was sublimed in 
Kemp's apparatus under a diminished pressure; yield, 0.1 g. I t  gives yellow needles 
from alcohol, m. p. 170-171 O. The solution in concd. sulfuric acid is blood red and on 
the addition of water becomes clear yellow. 

Anal. Calcd. for CIZH~NZ: N, 15.56. Found: N. 15.49. 

I hereby desire to express my hearty thanks to Professor Hata for the 
interest which he has kindly taken in this work. 
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Summary 

1. The preparation of 2,4,8,10-tetranitrodiphenyl ether by the nitra- 
tion of diphenyl ether has been described. 
2. In  connection with the reduction of 2,4,8,10-tetwnitrodiphenyl ether 

by stannous chloride and concd. hydrochloric acid, the formation of diamino- 
phenazine and 2,4,8,10-tetraminodiphenyl ether has been observed. 

TOKYO, JAPAN 

SOME REACTIONS OF QUINOL AND A CONTRIBUTION TO THE 
CONSTITUTION OF QUINHYDRONE 

When an iodate reacts with q ~ i n o l , ~  quite diverse effects are produced 
when the solutions are acid, neutral or alkaline. In general, quinhydrone 
or a dye or a mixture of these two is obtained. 

I n  equal aqueous solutions the following products were obtained 
Quinol, g. NaIO3, g. CHaCOOH, g. NaOH, g. Product 

10 6 5 0 7 g. of quinhydrone 
10 6 0 0 9 g. of quinhydrone 
10 6 0 5 Only the dye 
40 25 0 0 39 g. of quinhydrone 

Preparation of Quinhydrone.-The following is the most convenient 
and satisfactory method for the preparation of quinhydrone. To 40 g. of 
quinol suspended or dissolved in 200 cc. of water, add a cold saturated 
solution of 25 g. of sodium iodate. The mixture is shaken and kept cold by 
tap water. Almost immediately long glistening prisms begin to separate 
and in less than one-half hour a 90% yield and in 2-3 hours practically a 
quantitative yield can be filtered off as brassy black prisms melting a t  171'. 
The reaction is in accordance with 

6CaHe02 + 2NaI03 -+ 3C8H402.CaH602 + 2NaI + 6H20 

Since hydriodic acid3 reduces quinone to  quinol, acid solutions give 
smaller yields. 

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. 

2 For the oxidation of quinol to oxalic acid, see Hesse, Ann., 114, 300 (1860); 
nitrogen oxides to nitranilic acid, Nietzki, ibid., 215, 138 (1883); silver sulfate and per- 
sulfuric acid to maleic and formic acid, Kempf, Ber., 39, 3717, 3726 (1906); by other 
oxidants, Wohler, Ann., 51, 151 (1844). 

8 Wohler, Ref. 2. For the reaction of iodine in KHCO, solutions, see Valeur, Ann. 
chim., [7] 21, 529 (1900). 
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Yield of quin- 
Oxidant Quinol, g. hydrone, etc , g. 

29 g. KMnO4 + 3.2 g. acetic acid 10 3 
30 g. KaFe(CN)o + 5.5 g. KOH 10 6 

The persulfate4 method gives beautiful crystals in practically quantita- 
tive yields, but requires many hours of standing for complete reaction. 
The bromate required one to two weeks to complete the reaction. 

Quinone by the Iodate Method.-Varied conditions were employed 
and the mixtures were distilled with steam to separate the quinone. 

Yield of 
Manner of treatment Reactions quinone,s % 

Quinhydrone + mole NaIOP Neutral 4 1 
Quinol to hot mole NaI03 Alkaline 0 
Quinol to hot mole NaI03 Neutral 36 
Quinol to hot mole N d 0 3  Neutral 40 
l /3  Mole of NaI03 to hot quinol Neutral 40 

Here and elsewhere i t  is observed that alkaline solutions give little or no 
quinone; when alkaline oxidants react, a dye which yields a brown color 
on silk was formed. This dye can be salted from its solutions and is easily 
soluble in ammonium hydroxide. It will be investigated. 

It is usually held that quinhydrone is first formed and is then completely 
oxidized to quinone. Whereas this is substantially true when aniline or 
quinhydrone is oxidized by chromate6 solutions it was found that  quin- 
hydrone, by further oxidation with sodium iodate, did not yield additional 
quinone, but the quinol portion was oxidized to the dye. Since, on the one 
hand, numerous experiments with different aqueous reagents, even with 
water alone, directed to splitting quinhydrone into its constituent mole- 
cules, always gave less than 50% of quinone and no residual quinol but 
only the dye; and since, on the other hand, anhydrous solvents such as 
chloroform, toluene, etc., do produce dissociation into quinone and quinol, 
i t  seems that hot water and quinone have a profound effect on quinhydrone. 
These observations may bear upon the question of quinhydrone constitu- 
tion. However, a more important contribution to this problem is the 
formation of the following compound. 

Compare Kempf, Ber., 39, 3717 (1906), 
Notwithstanding that only 40% yields are obtainable by the iodate method, it is 

very convenient for the preparation of quinone, since the materials need only be mixed 
and distilled with steam to obtain a pure product. The yields reported above did not 
include additional quinone which was contained in the aqueous filtrates. 

Nietzki, Ber., 19, 1468 (1886). 
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Quino1dioxane.-When 1-2 equivalents of dioxane are added to  a 
saturated solution of quinol in dry ether, a precipitate of thick, transparent 
glistening rectangular plates, or the same with one, or with two opposite 
truncated comers, is formed. 

Anal. Calcd. loss (of dioxane), when heated to 100°, from C ~ H ~ ( O H ) Y  
C4H402: 44.45. Found: loss, 44.48, 44.49. 

The residue of quinol melted a t  170'. Quinoldioxane melts in a sealed 
capillary a t  93-100°. It is soluble in most organic solvaits, difficultly 
soluble in chloroform and insoluble in petroleum ether, benzene and other 
hydrocarbons. A sample kept for six months in a stoppered vial lost 4%. 
It is soluble in water; such solutions precipitate quinhydrone when treated 
with quinol. A rapid method for the preparation of quinoldioxane is as 
follows. Dissolve quinol in a small volume of hot dioxane and then care- 
fully add dry ether or petroleum ether. 

Since all the atoms of dioxane are saturated, except its oxonium valencies, 
i t  seems very probable that Richter's formulas7 as applied to the quin- 
hydrones are the most valid. Thus quinoldioxane can be formulated 

H  

/CH-CH 
\COH < ~ ~ ~ ~ > = ~ - c \ c H = c H /  H  

The second formula seems the more probable because the compound 
decomposes readily, and if these formulas are valid for quinoldioxane, then 
the analogous oxonium formulas depicted by Richter are the most probable 
for quinhydrone. Numerous experiments by the above method, with 
dioxane and phenols, amino derivatives, etc., to obtain other dioxane addi- 
tive compounds were strictly negative; hence i t  is concluded that dioxane 
and quinol bear a unique structural or affinity relation in quinoldioxane, 
and i t  seems probable that a similar relation exists between quinol and 
quinone in quinhydrone. The uniqueness of this compound also makes i t  
useful as an extremely characteristic test for quinol and dioxane. 

Summary 

Some new oxidations of quinol to quinhydrone and quinone are given. 
The additive compound of dioxane and quinol contributes to the theory 
of constitution of the quinhydrones. 

SEATTLE, WASHINGTON 

7 See Ber., 43, 3603 (1910). For other formulas for quinhydrone see Wichelhaus, 
ibid., 12, 1500 (1879); Jackson and Oenslager, &id., 28, 1614 (1895); Valeur, Ann. 
chim., [7] 21, 560 (1900); Posner, Ann., 336, 85 (1904); Urban, Monatsh., 28, 299 
(1907); Willstatter and Piccard, Ber., 41, 1463 (1908). 
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ROTENONE. VII. THE STRUCTURE OF TUBANOL AND TUBAIC 
ACID 

BY H. I,. HALLER AND F. B. LAFORGE 
RBCEIVBD MARCH 10,1930 PUBLISHED AUGUST 5.1930 

Tubaic acid, which corresponds to about half the rotenone molecule, is 
obtained from rotenone by the action of alcoholic potash. I n  recent ar- 
ticles, Takei, Koide and Miyajima' have proposed the tentative structural 
formulas I and I1 for this acid. 

I I1 

Butenandt and Hildebrandt2 in a recent paper have also advanced argu- 
ments in favor of formula 11. 

In their latest communication3 the Japanese investigators seem to prefer 
formula I, probably because an attempted synthesis4 of a substance having 
the structure I1 did not meet with success. They state, howeyer, that the 
position of the isoallyl (isopropylene) group may also be in the furan ring 
in which case this ring is hydrogenated. 

Tubaic acid is converted by fusion with potassium hydroxide into an 
isomeric compound called rotenic acid for which Takeil has advanced the 
structural formulas I11 and IV. In formula IV also the isopropyl group is 

/\ 
CHB CH3 

I11 IV 
in the furan ring. Rotenic acid can also be prepared by fusing rotenone 
with solid potassium hydroxide, by dissolving tubaic acid in concentrated 
sulfuric acid and diluting the resulting solution with water, or by con- 
verting rotenone into isorotenone and then refluxing this compound with 
alcoholic potassium hydroxide solution. 

1 S. Takei and S. Miyajima, Bull. Inst. Phys. Chem. Res., [8] 6, 61 (1929); S. 
Takei and M. Koide, ibid., [8] 6,64 (1929). 

A. Butenandt and F. Hildebrandt, Ann., 477,245 (1930). 
S. Takei and M. Koide, Ber., 62,3030 (1929). 
Takei and Koide, Bull. Inst. Phys. Chem. Res., [8] 6,64 (1929). 
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Since rotenic acid can be obtained on isomerization of tubaic acid or 
from isorotenone, the change which takes place is the same in both cases. 
The difficulty with which isorotenone and rotenic acid are reduced cata- 
lytically leads to the conclusion that the isomerization is due to the shifting 
of a double bond, the mechanism of which is illustrated in the structures 
shown above. 

A recent paper by Butenandt and Hildebrandt2 presents some interest- 
ing experimental results on rotenone and its derivatives. They conclude 
from their data that structure I1 explains the properties of tubaic acid 
better than does structure I and that IV represents the structure of rotenic 
acid. They base their conclusion principally on the fact that they have 
succeeded in reducing rotenic acid to a dihydro derivative, V, and in 

resolving this compound into its enantiom~rphs,~ thus excluding the 
structural formula I for tubaic acid and I11 for rotenic acid since in these 
structures the dihydrorotenic acid would not possess an asymmetric 
carbon atqm. Butenandt and Hildebrandt, probably inadvertently, have 
overlooked the fact that Takei has suggested that the isoallyl (isopropylene) 
group might also be in the furan ring. 

On being heated to 190-200' tubaic and rotenic acids give off carbon 
dioxide, and neutral substances result which are considered to  be phenols 
by Takei and by Butenandt and Hildebrandt. Takei has named the com- 
pound derived from tubaic acid by the elimination of carbon dioxide 
tubanol and the corresponding compound from rotenic acid rotenol. The 
name rotenol had already been proposed by Butenandt6 for the reduction 
product obtained by the action of zinc and potassium hydroxide on 
rotenone. It is very desirable that this original name be retained for 
Butenandt's product, but in this paper, in order to avoid confusion, we 
shall use the term "rotenol" to designate the compound obtained from 
rotenic acid. A new name for this compound is desirable. 

Tubaic acid in alcoholic solution gives a violet color with ferric chloride, 
and rotenic acid produces an intensely blue color with this reagent. 
Tubanol does not give a color with ferric chloride whereas "rotenol" gives 
a violet-red color. l 

Takei has proposed the structural formulas VII and VIII for tubanol 
Butenandt and Hildebrandt do not claim to have resolved the acid to its maxi- 

mum nor has the dextro enantiomorph been resolved as much as the levo. The im- 
portant point which has been established is that the compound can be resolved. 

A. Butenandt, Ann., 464,253 (1928). 
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and "rotenol," respectively. As in the case of tubaic and rotenic acids, 
the isoallyl and isopropyl groups may also be in the furan ring. The results 

VII  VIII 

of Butenandt and Hildebrandt, however, limit the position of the isoallyl 
and isopropyl groups to the furan ring. 

A substance having the structure of tubanol, VII, would be expected to 
give a color with ferric chloride, particularly since "rotenol," for which the 
structure VIII is advanced, produces a color. It is, of course, possible 
for the hydroxyl group to occupy one of four positions in the benzene ring 
if the side chain is in the furan ring. A compound, 2-methyl-5-hydroxy- 
coumarone, which may be regarded as a lower homolog of one having the 
structure VIII but with the side chain in the furan ring, has been prepared 
by Karrer and Widmer.' It is a solid melting at  103' and in alcohol solu- 
tion gives a brown-red color with ferric chloride which changes to blue on 
the addition of water. It polymerizes readily on the addition of dilute 
sulfuric acid. Rotenol is quite stable to dilute sulfuric acid and melts at  
60'. 

On reduction with sodium and alcohol 2-methyl-5-hydroxycoumarone 
gives 2-methyl-5-hydroxycoumarane, which is a lower homolog of a sub- 
stance having the structural formula VI, the proposed structure of dihydro 
"rotenol." 2-Methyl-5-hydroxycoumarane is a solid melting a t  96O 
and in alcohol solution produces only a slight change with ferric chloride, 
which on the addition of water changes to a pale yellow. "Rotenol" has 
not yet been reduced to dihydrorotenol, which should correspond to the 
isopropyl homolog of 2-methyl-5-hydroxycoumarane. If, as Butenandt 
and Hildebrandt seem to believe, dihydrotubaic and dihydrorotenic acids 
are identical, then it must follow that dihydrotubanol and dihydrorotenol 
are also identical. Dihydrotubanol prepared by Takei has a melting point 
of 59O and does not give a color with ferric chloride. 

Rotenic acid is fairly stable on fusion with potassium hydroxide. Ber- 
gapten8 and xanthotoxin

g 
also contain the furan ring, but in these it is 

opened on fusion with alkali. 
I t  has been generally assumed that the carboxylic acid group in tubaic 

acid arises from the ketone group present in rotenone and the hydroxyl 
7 P. Karrer and Fr. Widmer, Helv. Chim. Acta, 2,454 (1919). 

C. Pomeranz, Molzatsh., 12,379 (1891); 14,29 (1893). 
W. Thoms, Ber., 44,3325 (1911); 45,3705 (1912). 



3210 H. I,. HALI,E$R AND F. B. LAFORGE$ vol. 52 

group is the result of the opening of the lactone ring. The lactone ring in 
rotenone is readily opened on catalytic hydrogenation to give an acid, 
whereas isorotenone in which the lactone ring is still present does not give 
an acid on catalytic hydrogenation. Purthermore, the double bond in 
rotenone which is readily reduced has disappeared in isorotenone. In the 
formula proposed by Takei and by Butenandt and Hildebrandt one would 
not expect any difference in behavior of the lactone ring on catalytic hydro- 
genation of rotenone and isorotenone. 

It seems reasonable to assume that the shifting of the double bond is 
responsible for the difference in behavior of the two lactones but if the OH 
group is assumed to be attached to the benzene ring as it is in the formulas 
of Takei and of Butenandt and Hildebrandt, this difference would not be 
expected. 

If as stated above the other half of the rotenone molecule was joined 
through the hydroxyl group and the carbonyl group, it would give a sub- 

-c-C F H 2  

stance having in its molecule a I 'CHJ group in rotenone and a 
\ 0PHn 

- H/CHa 
C-C 

II in isorotenone. Both types of groupings are very sensi- 

tive to sulfuric acid, giving rise to polymerization products. Rotenone is 
converted to isorotenone with sulfuric acid and isorotenone is very stable 
to sulfuric acid. 

Also the fact that tubanol does not give a color with ferric chloride, 
and its stability toward sulfuric acid, lead us to believe that the structural 
formula IX or X more nearly represents all the known reactions of tubanol. 

A substance having one of these two structures would not be expected to 
give a color test with ferric chloride, would be optically active and would 
be expected to be fairly stable toward sulfuric acid. 

The structural formula XI or XI1 is proposed for "rotenol." 
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The questionable hydroxamic acid which Takei1° obtained from rotenic 
acid methyl ether and hydroxylamine hydrochloride may be the oxime 
obtained by saponification of the methoxyl group and subsequent reaction 
with hydroxyl amine. Substances of the type X I  react with hydroxyl- 
amine to give oximes." 

"Rotenol" gives a violet-red color with ferric chloride, which would be 
expected of a substance having the structure X I  or XII. 

The structural formula XI11 or XIV is proposed for tubaic acid, and 
XV or XVI is suggested for rotenic acid. These structures satisfactorily 

XIV 
H -- 

I CH3 
C-OH [ ~ - ' ~ C ! H 3  

CHs \, \ P - O H  
COOEI COOK 

xv X V I  

account for all the known facts. They would be expected to lose carbon 
dioxide readily on heating and their chemical behavior would be similar 
to that of tubanol and "rotenol." Attempts to synthesize some of these 
compounds are now under way. 

In the course of our experimental work we have succeeded in simplifying 
the preparation of tubaic and rotenic acids and in improving the yields. 

Experimental 
Tubaic Acid.lLTen grams of rotenone was added to a solution of 5 g. of potassium 

hydroxide in 100 cc. of 95% alcohol. The solution was refluxed in a boiling water-bath 
for three hours and then poured into 500 cc. of water. Carbon dioxide was passed into 
the turbid solution until precipitation was completed. The solution was filtered and 
allowed to stand a t  room temperature overnight. By morning usually another amor- 
phous product had settled out. This was filtered off and the filtrate was acidified to  
congo red with 20% sulfuric acid. The resulting precipitate was filtered off and dis- 
solved in ether. The filtrate was extracted three times with ether and the combined 
ether extracts were washed with water and then dried over anhydrous sodium sulfate. 
The ether was removed and the remaining tubaic acid was recrystallized from ether- 
petroleum ether. The yield was 1.5 g. Tubaic acid melts at 129" and when heated to 
185-200° gives off carbon dioxide. In alcohol solution it gives a violet color with ferric 
chloride. 

S. Takei, Ber., 61, 1003 (1928). 
ll K. v. Auwers and W. Miiller, ibid., 50, 1149 (1917). 
l2 S. Takei (a) Biochem. Z., 157, 1 (1925); (b) S. Takei and M. Koide, Ber., 62, 

3030 (1929). 
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Tubano1.-The procedure for the preparation of this compound was the same as 
that  described by T a k e i . ~ ~ ~  It is a thick viscous liquid: n y  1.5623. 

Rotenic Acid.-Rotenic acid was prepared from isorotenone by the same procedure 
employed in the preparation of tubaic acid. I t  melted a t  186" with decomposition. 
I n  alcohol solution it gives an intensely blue color with ferric chloride. 

Summary 

An improved procedure for the preparation of tubaic and rotenic acids 
is given. Structural formulas are proposed for tubanol, "rotenol" and 
tubaic and rotenic acids. 

WASHINGTON, D. C. 

[A COMMUNCATION PROM THE LABORATORY OR ORGANIC CHEMISTRY O P  THE UNIVERSITY 

OP WISCONSIN] 

THE ALCOHOLYSIS OF CERTAIN 1,3-DIKETONES IN THE 
PRESENCE OF HYDROGEN CHLORIDE 

BY HOMER ADKINS, WALTER KUTZ AND DONALD D. COFFMAN 

RECEIVED MARCH 11, 1930 PUBLISHED AUGUST 5, 1930 

In  the course of a study of the relationship of the constitution of the 
reactan6 to the point of equilibrium attained in the Claisen or acetoacetic 
ester condensation it seemed advisable to determine the rate of alcoholysis 
of a number of 1,3-diketones in the presence of hydrogen chloride. A 
typical reaction is as follows 

0 0 0 0 
ll I/ II II 

CH~CCH~CCHS f CzHpOH = CH3COC2H5 f CHsCCH3 
(1) 

The alcoholysis of the diketones and analysis of the resultant solution 
for ethyl acetate were carried out as follows. Approximately 1 X 
mole of the diketone was dissolved in dry ethanol, and a normal alcoholic 
solution of hydrogen chloride added so that the volume of the reaction 
mixture was 40 ml. and the desired amount of catalyst was present. If the 
amount of ethyl acetate expected in a reaction mixture was less than about 
2 X moles, the amounts of the reactants were increased so that a t  least 
that much ester would be present in the solution to be analyzed. 

The reaction mixture contained in a 50-ml. tightly stoppered flask was 
placed in a thermostat and held a t  60' for the desired length of time. The 
reaction was'stopped by adding 2 ml. of phenylhydrazine. The mixture 
was then thoroughly shaken and cooled. The reaction flask, which bore 
on its side a Vigreux fractionating column 15 cm. in length, was then placed 
in an oil-bath whose temperature was slowly raised to 120' during the 
course of an hour or until the flask was dry. Three successive 10-ml. 
portions of dry ethanol were added to the residue in the flask and distilled 
out. The total time for the distillation was from two to three hours. An 
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excess of an aqueous sodium hydroxide solution and a few drops of a phenol- 
phthalein solution were added to  the distillate and saponification allowed 
to proceed a t  60' for three hours in a stoppered flask. The excess of alkali 
was then titrated and the amount of ester calculated. Determinations on 
samples containing from 1 X 10 -3 to 1 X mole of ethyl acetate showed 
that 1.5 X mole of ethyl acetate was unaccounted for by the saponi- 
fication value. This was presumably due to mechanical losses and saponi- 
fication of the ester in the reaction flask before distillation. This correction 
was added to  the amount of ester calculated from the saponification value. 
I t  was demonstrated that the recovery of ethyl acetate was the same ir- 
respective of whether or not the mixture analyzed contained a monoketone, 
a diketone, other reaction products with phenylhydrazine, or an excess of 
phenylhydrazine. The above procedure was modified in those cases in 
which ethyl benzoate was to be determined. The distillation was then 
carried out a t  16 mm. and three 10-ml. portions of tetrahydronaphthalene 
were used for boiling out the ester. 

The rate of alcoholysis is, of course, a function of the temperature of the 
reaction mixture. In this investigation a temperature of 60' was selected 
as one a t  which alcoholysis proceeded at a reasonable rate, and one a t  which 
the vapor pressure of the alcol~olic solution of hydrogen chloride was not 
large enough to complicate the experimentation. Another reason for 
avoiding higher temperatures is the probability of the reaction under such 
conditions of the ethanol and the hydrogen chloride. 

The extent of alcoholysis of acetylbenzoylmethnne at the end of seventy 
hours was found to be 32% a t  50°, 56% at  60° and 67% at  70° using a 
reaction mixture containing 9.85 X molls of the diketone, 3.29 X 

mole of hydrogen chloride and 40 ml. of ethanol. 
It is necessary to have a rather high concentration of hydrogen chloride 

in order to secure a reasonably rapid rate of alcoholysis. In most of the 
experiments (see Figs. 2 and 3) described in this paper one mole of hydrogen 
chloride was used for three moles of the diketone. Even with this high 
concentration of catalyst more than four days were required for complete 
aIcoholysis a t  60' of diacetylmethane, the most reactive of the diketones 
studied. In  Fig. 1 is shown the variation in the amount of alcoholysis of 
three diketones determined a t  the end of forty-eight hours, the ratio of 
diketone to hydrogen chloride being varied from 0.6 : 1 to 28 : 1. It may be 
seen that the reaction is practically complete within forty-eight hours in 
the presence of a molecular excess of hydrogen chloride, while with de- 
creasing amounts of catalyst the amount of alcoholysis falls off rapidly 
to 10 or 20% of its former value. 

A discussion of the role of the catalyst in the alcoholysis of 1,3-diketones 
will be reserved for a later paper, which will consider the alcoholysis in both 
acid and alkaline media, It should be pointed out at this time, however, 
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that although the hydrogen chloride in all probability forms an addition 
compound with one or more of the reactants and is thus lost as a catalyst, 
i t  is still titratable as an acid and as a chloride, and in fact becomes active 
as a catalyst for alcoholysis if transferred to a fresh reaction mixture. 

The condensation of an ester with a ketone does not occur to a detectable 
extent in the presence of hydrogen chloride, although this well-known 
Claisen or acetoacetic ester condensation does occur if sodium, sodamide 

100 or sodium ethoxide is present. 
The non-reversibility of the 

90 alcoholysis of five diketones 
was demonstrated for the re- 

80 action of ethyl acetate with 
acetone, methyl isopropyl ke- 

70 tone, methyl isobutyl ketone, 

methyl phenyl ketone and n- 
$60 propyl phenyl ketone. This 
m .- rn was done by making up mix- 
> 50 o tures of ethyl acetate, the * 
4 40 monoketone, ethanol and hy- 

drogen chloride and allowing 

30 them to stand a t  60' for some 
days. The amount of ester 

20 determined by the method of 
analysis described above was 

10 always equivalent to that used 
in making up the mixtures. 

The extent of alcoholysis for 
l2 l6 20 24 28 a given length of time was not Ratio, diketonejHC1. 

Fig. 1.-The percentage of alcoholysis of 9.8 a function of the ratio of di- 

X moles of diacetylmethane, diacetylethyl- ketone to alcohol when the 
methane and a~etylbenzo~lmethane in forty-eight ratio was varied from approxi- 
hours at  60' in 40 ml. of ethanol is plotted against mately 1:1 to 1~40. For ex- 
the moles of diketone per mole of hydrogen chlo- ample 1 x 10-2 mole of di- 
ride in the reaction mixture. acetylmethane was allowed to 
undergo alcoholysis for forty-eight hours a t  60' in the presence of 3.6 X 

mole of hydrogen chloride. The extent of alcoholysis was 19.0 to 
19.2% for 4 X 10-I mole of ethanol, 17.7 to 18.2% for 5 X mole 
and 17.4 to 18.1% for 8.6 X mole. In a similar fashion 1 X 
mole of acetylbenzoylmethane with 1.4 X mole of hydrogen chlo- 
ride showed 31.8% alcoholysis with 4 X 10-l mole of ethanol and 30.4% 
with 8.6 X mole of alcohol. Thiophene-free benzene was added 
so that all reaction mixtures had a volume of 40 ml. An attempt was made 
to determine whether the extent of alcoholysis varied with different alco- 
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hols. It was found that under comparable conditions the extent of alco- 
holysis after forty-eight hours a t  60' using 9.9 X mole of diacetyl- 
methane, 3.9 X 10-I mole of ethanol and 3.6 X 10-4 mole of hydrogen 
chloride was 21.7%, while with butanol i t  was 20.8%. Tertiary butyl and 
isopropyl alcohols showed 11.1 and 18.3% alcoholysis, respectively, but 
this decrease in alcoholysis was no doubt due to the fact that  89% of the 
hydrogen chloride had reacted to  form an alkyl chloride in the case of the 
tertiary alcohol, only 7% in the case of the secondary alcohol and t o  no 
measurable extent with the primary alcohols. 

The rate of alcoholysis of the following list of diketones was investigated: 
diacetylmethane, ethyldiacetylmethane, n-propyldiacetylmethane, iso- 
propyldiacetylmethane, n-butyldiacetylmethane, benzyldiacetylmethane, 
diethyldiacetylmethane, dibenzyldiacetylrnethane, acetylbenzoylmethane, 
ethylacetylbenzoylmethane, isopropylacetylbenzoylmethane, benzylacetyl- 
benzoylmethane and dibenzoylrnethane. 

Nine of these thirteen diketones contain two identical acyl groups in 
the same molecule, so that only one set of alcoholysis products are possible. 
On the other hand, such a diketone as acetylbenzoylmethane might give 
rise upon alcoholysis to two sets of products as shown in Equations 2 and 3, 
but fortunately the experimental work shows that only one pair of products 
is produced, Reaction 3 not taking place. 

0 0 0 0 
I I  I I  II II 

CH3C-CHZC-C~HK f CzH60H = CHaC-OC~HK f CH3C-CeH6 
(2) 

0 0 0 0 
II II I1 I I  

CHaC-CH2C-C6H5 + CzHsOH = CsHsC-OCzHs + CHaC-CH.s 
(3) 

The fact that benzoylacetylmethane suffers decomposition according to  
Equation 2 and not a t  all according to Equation 3 was established by Dr. 
A. E. Broderick in the following manner. A mixture of 25 ml. of ethyl 
alcohol containing 1.6 X mole of hydrogen chloride and 3.3 g. of acetyl- 
benzoylmethane was placed in a pressure bottle and heated a t  80' for 
thirteen hours. The mixture was then distilled and the alcoholic distillate 
saponified. The distillate showed a saponification number corresponding 
to 1.3 X mole of ethyl acetate. The alcohol was removed by dis- 
tillation, the residue of sodium salts was taken up in water, treated with 
sulfuric acid and a little potassium permanganate to oxidize the hydrogen 
chloride. This was distilled and a Duclaux determination made upon the 
distillate showed acetic acid to be present. Acetophenone was isolated 
and identified and the absence of acetone shown. 

Benzylacetylbenzoylmethane in the presence of hydrogen chloride under- 
goes alcoholysis in a similar fashion, i. e., the products of the reaction are 
ethyl acetate and benzylbenzoylmethane (benzylacetophenone). The 
diketone (2 X mole) was refluxed with 1 X mole of hydrogen 
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chloride in 75 ml. of ethanol for fifty hours. The reaction mixture was then 
distilled on an oil-bath (120') and 2 ml. of phenylhydrazine added to the 
distillate. This was then redistilled and yielded 6 X mole of an ester. 
A Duclaux determination upon a solution of the acid from the ester gave 
values of 5.9, 6.4 and 6.0'; these indicate acetic acid. The residue from 
the first distillation was dissolved in 200 ml. of dry ether and treated with 
2 X lob2 mole of sodium ethoxide a t  O O .  The salt of the unchanged dike- 
tone precipitated out and was filtered off. After evaporating off the 

100 ether, the residue was re- 
fluxed for two hours with 5 X 

90 mole of sodium hydrox- 
ide in a solution containing 

80 equal parts of water and alco- 
hol. The alcohol was dis- 

70 tilled off and the water solu- 

$ 60 
tion extracted with ether. 

6 The ether extract yielded 
.- 
B 50 1.3 g. of a ketone melting a t  
0 
2: 71-72' and its oxime melted 
0, 
2 40 

a t  80-81'. The ketone CeH5- 
CH2CH2COC6H5 is reported 

30 to melt a t  7 3 O  and its oxinie 
a t  82O.l Tests for the pres- 

20 ence of benzoic acid gave 
negative results. Similar de- 

10 terminations upon the split- 
ting of ethylacetylbenzoyl- 

0 16 32 48 64 bO 96 112 methane and of isopropyl- 

Time in hours. acetylbenzoylmethane were 
Fig. 2.-The percentage of alcoholysis of 1 X not made- 

10-2 mole of diacetylmethane and seven alkyl de- The relative rates of ~ C O -  

rivatives determined in the presence of 40 ml. of holysis of diacetylmethane 
ethanol, and 3.33 X moles of hydrogen chlo- and seven of its derivatives in 
ride a t  60' is plotted against the time in hours. 

which substitution has been 
made on the methane carbon atom are shown in Fig. 2. These reactions 
were carried out a t  60' in a reaction mixture containing the reactants in 
the ratio of 1 X lop2 mole of the diketone, 3.3 X mole of hydrogen 
chloride and 40 ml. of ethanol. A consideration of these data shows that 
substitution in the diketone decreases the rate of alcoholysis. Among the 
three purely aliphatic primary radicals the retarding effect decreases with 
the weight of the radical. The secondary propyl group is much more 

"International Critical Tables," McGraw-Hill Book Co., New York City, 1926, 
Vol. I, p. 256; Perkin, J .  Chem. Soc., 59, 1007 (1891). 
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effective in retarding alcoholysis than is the normal group. The benzyl 
group is very effective and disubstitution even more so. 

In Fig. 3 are shown the relative rates of alcoholysis of acetylbenzoyl- 
methane and three of its derivatives. It is evident that the replacement of 
a methyl group in diacetylmethane by a phenyl group greatly reduces the 
rate of alcoholysis. However, the effects of substituting an ethyl, benzyl 
or isopropyl group in this unsymmetrical diketone are quite similar to  
their effects when substituted in diacetylmethane. 

The alcoholysis of diben- 
zoylmethane was also studied 100 

but even when a molecular 
90 

excess of hydrogen chloride 
was used the extent of alco- 

EO 
holysis was not greater than 
7%. In view of the difficul- 70 
ties attendant upon the deter- 
mination of such small quan- &< ,360 
tities of ethyl benzoate as are .g 
here involved it is question- 2 50 
able whether the diketone 5 
undergoes an appreciable al- 2 40 
coholysis in the presence of 
hydrogen chloride a t  60'. 30 

The stabilizing influence of 
one benzoyl group as in ben- 20 

zoylacetylmethane is very 
marked so that i t  is not sur- 10 

prising that a diketone con- 
taining two benzoyl groups 0 16 32 48 64 eo 96 112 
should be quite stable to alco- Time in hours. 

holysis in the presence of by- Fig. 3.--The percentage of alcoholysis of 1 X 

drogen chloride. mole of acetylbenzoylmethane and three alkyl 
derivatives determined in the presence of 40 ml. of 

ne significance of these ethanol and 3.33 X 10-3 mole of hydrogen chloride 
facts in connection with the a t  60' is plotted against the time in hours. 
mechanism of alcoholysis of 
the diketones will be considered further in a forthcoming paper describing 
the result of an experimental study, already completed, upon alcoholysis 
of these same diketones in the presence of sodium ethoxide. It will suffice 
for the present to point out that the relative rates of alcoholysis in the 
presence of hydrogen chloride are roughly proportional to  the extent of 
enolization of the diketones in an alcoholic so lu t i~n .~  Isopropyldiacetyl- 

K. V. Auwers, Ann., 415, 169 (1918); K. H. Meyer, Ber., 45, 2843 (1912); 
W. H. Perkin, J. Chem. Soc.,  61, 800 (1892); Ida Smedley, ibid., 97, 1493 (1910). 
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methane forms no copper salt,3 gives no coloration with ferric chloride and 
shows a very slow rate of alcoholysis. 

It is obvious from an inspection of the curves given in Figs. 2 and 3 that 
the reaction velocity "constant" is a steadily decreasing value. For ex- 
ample, in the case of diacetylmethane the constant calculated on the basis 
of a monomolecular reaction (since there is a great excess of alcohol) is a t  
one hour 0.24, three hours 0.11, five hours 0.09. twelve hours 0.06 and 
a t  twenty-three hours 0.04. This is not suprising in view of the fact that 
the rate of alcoholysis had previously been shown to be independent of 
the concentration of alcohol and also in view of the high concentration of 
"catalyst" required. 

Preparation of the Diketones 

The substituted diacetylmethanes were prepared through the reaction 
in a gIass or steel bomb of the monosodium salt of diacetylmethane with 
the proper alkyl halide. The sodium salt was prepared by adding di- 
acetylmethane to the calculated amount of powdered sodium suspended 
in benzene or ether. The solid was filtered and used without purification.* 
The substituted acetylbenzoylmethanes were made in a similar manner. 
There is given in Table I for the preparation of each of the substituted 
diketones the following information: the amounts of reactants, the time 
and temperature for reaction, the yield, boiling range (or melting point) 
and density of the product, and the names of the authors who have re- 
ported the preparation of the compound under consideration. The analy- 
sis of the diketone not previously reported is given a t  the bottom of Table I. 

Diacetylmethane was prepared by Claisen and Erhardt6 through the condensation 
of ethyl acetate (3 moles) and acetone (1 mole) with sodium (1 mole) or with sodium 
ethoxide (1 mole). They reported a yield of 50% in the tirst case and 30 to 40% in the 
latter. Several runs were made in this Laboratory in which both catalysts were used in 
varying amounts. The result of this study indicated that the maximum yields for the 
two catalysts were the same and were obtained by using 2 moles of sodium or 1 mole of 
sodium ethoxide per mole of acetone. In  this connection it is of interest to note that 
Claisena reports the use of two moles of sodamide per mole of ketone and then compares 
the yield with that obtained when one mole of sodium and one mole of ketone were used. 

A typical preparation was made as follows. A 5-liter, three-necked flask was fitted 
with a stirrer, a dropping funnel and an efficient condenser. Into the flask was poured 
4 moles (92 g.) of sodium along with two or three hundred ml. of xylene. Twelve to 
fifteen hundred ml. of dry, alcohol-free ethyl acetate was now added and the flask im- 
mediately surrounded by a plentiful supply of ice. The stirrer was started and after 
ten or fifteen minutes dry acetone was added through the dropping funnel. Seventy 
ml. was added at  once but no more added until it was certain that the reaction was under 
way. This was evidenced by the evolution of a large amount of heat and the separation 

a Morgan and Thomason, J. Chem. Sac., 125, 755 (1924). 
4 Cf.  Combes, Ann. chim. phys., 161 12, 207 (1887). 

Claisen and Erhardt, Ber., 22, 1011 (1889). 
6 Claisen, ibid., 38, 696 (1905). 
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TABLE I 
PREPARATION AND PROPERTIES OF VARIOUS ALKYLATED DIKETONES 

Preparations1 reagents Time, Tcp~p., 
AIkyl halide Moles Sodium-( )-methane Mole hours C. 

Ethyl iodide 2.5 Diacetyl- 0.5 3 150 
n-Propyl iodide 0.75 Diacetyl- .25 12 150 
Isopropyl iodide 2.0 Diacetyl- .5 3 160 
n-Butyl iodide 2.0 Diacetyl- .5 3 180 
Benzyl chloride 2.0 Diacetyl- .5 12 180 
Ethyl iodide 0.75 Ethyldiacetyl- .2 10 150 
Benzyl chloride 0.5 Benzyldiacetyl- .1 10 250 
Ethyl iodide 1.25 Acetylbenzoyl- .3 6 145 
Isopropyl iodide 0.75 Acetylbenzoyl- .2 10 150 
Benzyl chloride 2.0 Acetylbenzoyl- .25 6 180 

Methane compound 

Diacetylethyl-7 
Diacetylpropyl-8 
Diacetylisopropyl-8 
Diacetyl-n-butyl-9 
Diacetylbenzyllo 
Diacetyldiethyl-" 
Diacetyldibenzyl-lo 
Acetylbenzoylethyl-12 
Acetylbenzoylisopropyl 
Acetylbenzoylbenzyl-14 

Yield, O/o 
52 
30 
35 
38 
48 
32 
25 
26 

-13 12 
47 

Boiling point 
OC. Mm. 4: 

175-178 740 0.9365 
192-194 740 .9328 
180-183 740 .9205 
90-94 10 .9312 

155-160 5 1.0125 
95-lOO 10 0.9448 

111-112 (melting point) 
135-138 10 1.057 
146-149 10 1 .043 
5556 (melting point) 

' of a light yellow solid in the reaction mixture. After the reaction had slowed down the 
remainder of the acetone (total amount, 116 g., 2 moles) was added a t  such a rate that 
only a gentle refluxing took place. After the addition of the acetone the reaction mix- 
ture was stirred for two hours and then allowed to stand in a refrigerator for a t  least ten 
hours. The reaction mixture was poured into ice water with vigorous stirring and suffi- 
cient water added to dissolve the sodium salt completely. The upper layer of ethyl 
acetate and xylene was removed and the water layer acidified with glacial acetic acid. 
To this acid solution was added a concentrated ammoniacal aqueous solution containing 
200 g. of copper acetate. The copper salt of the diketone separated a t  once. After 
standing for an hour it was filtered off with suction, washed with water and the copper 
salt decomposed with 500 ml. of a cold 25y0 solution of sulfuric acid. A small portion of 
the solid was not decomposed by this treatment and was filtered off and discarded. 
The acid solution was extracted twice with ether, first with 500 ml. and then with 300 
ml. The ether solution was dried over calcium chloride, the ether distilled and the 
residue fractionated. The fraction between 130 and 142" was saved, dried over calcium 

! Morgan and Rawson, J. Soc. Chem. Ind., 44,462 (1925). 
Morgan and Thomason, J. Chem. SOC., 125, 754 (1924). 

9 Morgan and Holmes, ibid., 125, 760 (1924). 
10 Morgan and Taylor, ibid., 127, 797 (1925). 
11 Combes, Ann. chim. phys., [6]  12, 250 (1887). 
l2  Claisen and Lowman, Ber., 21, 1151 (1888). 
l3  Kutz: Acetylbenz~yli~~pr~pylmethane. Anal. Calcd. for Cl,Hl,Oz: C, 76.5; 

H,8.0. Found: C,76.4; H, 7.8. 
l4 Trotman, J. Chem. Soc., 127, 94 (1925). 
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chloride, decanted and then allowed to stand for two or three days with 3 4  g. of an- 
hydrous potassium or sodium carbonate. The treatment with carbonate gave a final 
product which after distillation has remained colorless for over a year. After filtering 
off the carbonate the crude acetylacetone was fractionated. The fraction from 136- 
139" (uncorr.) was 120 g. or 60% of the theoretical based on the acetone introduced. 

Acetylbenzoylmethane was obtained in the best yields by using two moles of 
sodium or one mole of sodium ethoxide per mole of acetophenone.15 The procedure 
for the preparation was similar to that described for diacetylmethane up to the point 
where the reaction mixture was poured into water. At this point the sodium salt of 
acetylbenzoylmethane was filtered with suction, washed with benzene, dried in air, 
ground in a mortar and dissolved in water. The crude diketone was precipitated by 
acidification of the solution with acetic acid, filtered, dried and distilled under reduced 
pressure, 120-122" a t  3 mm. or 12&130° a t  10 mm. The yield was 208 g. or 64% based 
on the acetophenone. After recrystallization in an ethanol-water mixture the melting 
point was 56-67 O (uncorr.). 

Dibenzoylmethane was prepared as described in "Organic Syntheses"l6 and had a 
melting point of 76-78' (uncorr.). 

Summary 

The rate of alcoholysis a t  60' of thirteen 1,3-diketones in the presence of 
hydrogen chloride has been studied. It has been shown that the rate of 
alcoholysis was independent of the ratio of diketone to alcohol when the 
latter was varied from 1:l to 1:40. It was also independent of whether 
ethanol or butanol was used but fell off markedly with secondary propyl or 
tertiary butyl alcohol, due no doubt to the reaction of the latter with 
hydrogen chloride a t  60' The alcoholysis of the diketones was not a 
reversible reaction in the presence of hydrogen chloride. 

Acetylbenzoylmethane and benzylacetylbenzoylmethane which might 
split to give ethyl acetate or ethyl benzoate gave only the former ester. 

The rate of alcoholysis and the apparent extent was a function of the 
amount of hydrogen chloride in the reaction mixture. A high ratio of 
catalyst to diketone (I: 1) was necessary to secure practically complete 
alcoholysis of the most reactive of the diketones a t  60' in forty-eight hours. 
The rate of alcoholysis of substituted diacetylmethanes fell off as the sub- 
stituent was varied from n-butyl to n-propyl, ethyl, isopropyl, benzyl, 
diethyl and dibenzyl. Acetylbenzoylmethane underwent alcoholysis more 
slowly than did diacetylmethane. The introduction of a third substituent 
on the "methane carbon atom" still further inhibited alcoholysis. 

Dibenzoylmethane underwent little or no alcoholysis under the cpndi- 
tions used for the alcoholysis of the other diketones investigated. 

?'he maximum yields (60-65%) of diacetylmethane and acetylbenzoyl- 
methane were obtained when the ratio of ketone to condensing agent was 
1: 1 for sodium ethoxide and 1:2 for sodium. 

l5 Cf. Claisen, Ann., 291, 51 (1896). 
l6 "Organic Syntheses," John Wiley and Sons, New York City, 1928, Vol. VIII,  

p. 60. 
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The preparation of isopropylacetylbenzoylmethane is reported for the 
first time. 

MADISON, WISCONSIN 

THE MECHANISM OF THE FORMATION OF HIGHER 
HYDROCARBONS FROM WATER GAS1 

BY DAVID F.  SMITH,^ CHARLES 0. HAWK$ AND PAUL L. GOLDFN~ 

Introduction 
In April, 1926, Fischer and Tropsch5 announced that higher homologs of 

methane are formed when mixtures of hydrogen and carbon monoxide are 
passed a t  atmospheric pressure over catalysts of iron or cobalt mixed with 
various supporting materials, a t  temperatures from 250 to 300°. The 
catalysts were stated to have been prepared by reduction from the oxides 
with hydrogen a t  350'. It was said that no oxygen-containing organic 
compounds were found. The mechanism of the process was thought to  be 
through formation of metallic carbides, although i t  was found impossible 
to obtain the higher paraffins by passing hydrogen alone over the supposed 
carbides. Upon further examination, Pischer and Tropsch6 announced 
the product to consist of ethane, propane, butane and higher homologs up 
to solid paraffin, with only inappreciable amounts of olefins. It was said 
that a wide range of space velocities and CO-H2 mixtures were used. 
Elvins and Nash7 reported the formation of oily material on a cobalt- 
manganese oxide-copper catalyst a t  atmospheric pressure and tempera- 
tures from 245 to 284'. The yields were small, however. In  July, 1926, 
Elvins and Nashs reported the presence of oxygen-containing compounds 
in addition to hydrocarbons in this product. Fischer and Tropsch

g 
stated 

that oxygen-containing compounds were present in their product in only 
very small quantities compared to the amounts of hydrocarbons produced. 
At the September, 1927, Meeting of the American Chemical Society, 
Smith, Davis and Reynolds gave results of preliminary work in which olefin 
as well as paraffin hydrocarbons were obtained. Full details of this work 

Published by permission of the Director, U. S. Bureau of Mines. (Not subject 
to copyright.) 

Supervising chemist, Physical Chemistry Section, U. S. Bureau of Mines. 
a Assistant physical chemist, U. S. Bureau of Mines. 
4 Assistant scientific aid, U. S. Bureau of Mines. 
6 Fischer and Tropsch, Brennstoff-Chemie, 7, 97 (1926); Ber., 59, 830, 832 (1926). 

Fischer and Tropsch, ibid., p. 923. 
7 Elvins and Nash, Fuel, 5, 263 (1926). 

Elvins and Nash, Nature, 118, 154 (1926). 
9 Fischer and Tropsch, Brennstoff-Chemie, 7, 299 (1926). 
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were published later.1° In December, 1927, Elvinsll published the results 
of further work. The catalyst preparation received further attention and 
the products were examined more closely. Olefin and paraffin hydro- 
carbons were found as well as oxygen-containing compounds. Tempera- 
tures of 280-320' were used. In  January, 1928, Fischer and Tropsch12 
gave the results of extensive examination of the gaseous and liquid hydro- 
carbons obtained. They report the presence of oxygen-containing com- 
pounds in small amounts and of only olefin and paraffin hydrocarbons. 
They stated that their products were obtained a t  reaction temperatures of 
around 190' on a cobalt-copper catalyst. Several hydrocarbons were 
identified. The presence of acetone and aldehydes in the water layer was 
claimed. Later, Smith, Hawk and Reynolds13 presented complete results 
of the formation of olefin and paraffin hydrocarbons on a cobalt-manganese 
oxide-copper catalyst a t  temperatures of 200-260'. Good conversions 
were obtained, the lower hydrocarbons were completely analyzed, and 
complete information on the procedure was presented. The catalyst used 
here was much more active than the one used by Elvins and Nash. Since 
Fischer and Tropsch have not presented complete details of their work, 
it is not known just how active their catalysts were. Further examination 
of the hydrocarbon product by Tropsch and Kochl* resulted in identifica- 
tion of various olefin and paraffin hydrocarbons. It showed the absence of 
naphthenes, but small quantities of benzene and toluene were found. 

Nature of the Reactions 

Mvins and NashS suggest that the formation of oxygen-containing com- 
pounds is an intermediate step in the formation of hydrocarbons. Mvinsll 
suggests that carbonyls are intermediate products. The latest presentation 
of the ideas of Fischer and Tropsch12 on the possible mechanism of the 
process is outlined under (I), (2)) (3) and (4) as follows. (I) Methylene 
(CHZ) may be formed primarily from hydrogen and carbide carbon, which 
is in turn a t  once polymerized to  higher hydrocarbons. (2) Complex 
molecules of three and four carbon atoms may form as primary reaction 
products which also may in turn suffer polymerization. This possibility 
is discussed since propylene and butylene are the principal products when 
iron carbide is decomposed by acids, but the presence of ethylene and 
ethane in the synthetic product argues against this. (3) High molecular 
weight hydrocarbons may be formed in a primary act. These may under- 
go cracking on the catalyst. Thermodynamic relationships, Fischer and 

to Smith, Davis and Reynolds, Ind. Eng. Chem., 20,462 (1928). 
11 Elvins, J. SOC. Chem. Ind., 46, 4731' (1927). 
12 Fischer and Tropsch, Brennstoff-Chemie, 9, 21 (1928). 
l3 Smith, Hawk and Reynolds, Ind. Eng. Chem., 20, 1341 (1928). 
l4 Tropsch and Koch, Brennstoff-Chemie, 10, 337 (1929). 
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Tropsch think, argue for this. (4) Secondary hydrogenation of olefins 
always occurs. 

Passage of hydrogen alone over the supposed carbides produces no higher 
hydrocarbons, so that the "carbide theory" receives no support from this 
source. However, if the "carbides" are supposed to exist only transitorily 
and in the relatively small amounts which would be necessary to explain 
the catalysis, this theory becomes difficult to prove or disprove. In regard 
to possibility (3) above, obviously the fact that thermodynamically the 
formation of the very high hydrocarbons from water gas is possible, can 
have no bearing on the question of the mechanism. Before thermodynamic 
information was available it had been shown possible to derive these prod- 
ucts from water gas under the experimental conditions of the process. 

Evidently a reaction such as 

which is known to represent an over-all experimental result, can scarcely 
be imagined to take place in one step and at a rapid rate. In this sense, the 
reaction is a quite remarkable one. In an attempt to explain the mecha- 
nism of the reactions and to find means of better controlling them, the 
experimental work to be described herein was undertaken. 

Experimental Work Using Cobalt-Copper-Manganese Oxide Catalysts 
The general nature of the apparatus and method has been described elsewhere.'" 

The possibiiity that cracking of the heavier hydrocarbons might occur on the catalyst 
during the process of their synthesis was first investigated. Using the cobalt-copper- 
manganese oxide catalyst previously described, a sample of our synthetic hydrocarbon 
oil (from which the products below pentane and amylene had been removed) was 
Bushed over the catalyst at  20G0 with 137 liters of pure nitrogen in three hours. The 
original oil had a density of 0.7031, an iodine number (Wijs) of 42.5 and weighed 20.83 
g. The product collected after passage over the catalyst had a density of 0.7024, an 
iodine number of 42.0 and weighed 19.56 g. Only very small amounts of gaseous 
hydrocarbons were found in the nitrogen passing through. Thus no considerable 
amount of cracking (or polymerization) of these heavy hydrocarbons occurs and Fischer 
and Tropsch's suggestion, Number 3 above, seems to be excluded as far as forming any 
large part of the mechanism. 

Next, it was desired to determine whether polgmerization of the lower olefins 
occurred. Accordingly, pure ethylene was passed over the catalyst. No reaction 
whatever was observed. Similarly, a mixture of ethylene and hydrogen produced 
only ethane. Thus it seems that polymerization of ethylene is not a factor in the 
mechanism. 

Mixtures of ethylene and carbon monoxide, when passed over the catalyst, gave no 
reaction. Likewise, ethylene and water vapor gave no reaction. 

Since acetone was found by Fischer and Tropsch12 to be a principal organic oxygen- 
containing compound, some experiments were undertaken to determine whether acetone 
might be an intermediate product in the formation of hydrocarbons. When a mixture 
of nitrogen and acetone vapor was passed over the catalyst at  206O, 4 to 7% of the 
acetone was converted tb an oily product insoluble in water. Small amounts of hydro- 
gen and methane appeared in the gas. The oil contained no acid or aldehyde. I t  was 
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unsaturated. When a mixture of hydrogen and acetone was passed over the catalyst 
a considerable amount of hydrogen entered into reaction and considerably more methane 
was produced than was the case without hydrogen. A considerable amount of the 
product boiled in the range of ethyl alcohol, gave qualitative tests for primary and sec- 
ondary alcohols, and contained no acid or aldehyde. About 0.1 cc. of heavy oil was 
produced. It melted from -2 to +15" and was unsaturated. Some ethane appeared 
in the gas. Then, 55 g. of acetone was passed over the catalyst a t  206' with 77 liters 
of water gas during the course of one and one-half hours. About 12 g. of the acetone 
entered into reaction. The product, aside from the usual hydrocarbons obtained from 
water gas alone, gave qualitative tests for primary, secondary and tertiary alcohols. 
Apparently, hydrocarbons may be produced from acetone. The hydrocarbons so 
formed, however, are different in character from those obtained from water gas. Al- 
though i t  is possible that some hydrocarbons arise through intermediate formation of 
acetone, the latter is practically never found in appreciable amount in the products and 
the results about to be described furnish a much better picture of the mechanism. 

Although ethylene did not produce higher hydrocarbons either alone or 
in the presence of hydrogen or carbon monoxide, it was thought that in the 
presence of both hydrogen and carbon monoxide, this reaction might take 
place. Table I shows the results of the first experiments with ethylene- 
water gas mixtures. In the table it is to  be noted that all gas volumes are 
reduced to  standard conditions of temperature and pressure. In  the data 
in this and following tables on products formed, g./l. Hz, etc., means grams 
of product obtained per liter of Hz, etc., converted in the process. The 
experiments were carried out in the order in which they are recorded in the 
table and with the same sample of catalyst (cobalt-copper-manganese 
oxide). They were all run a t  the same temperature and approximate rate 

Flow 
T%mp., rate Gas entering, liters Gas leaving, liters Gas converted, liters 

Expt. C. liters/min. Hz CO CzHa Nz HZ CO CzH4 Hz CO CzHa 

1 2 0 4  1.18 126 111 0 0 99 93 0.3 27 17 0 
2 204 1.15 78 67 81 0 14 52 29 64 15 52 
3 204 1.21 79 66 0 8 4  64 55 0.2 16 11 0 
4 204 1.15 122 104 0 0 98 91 0.2 25 13 0 

Products formed 
---Pentane and higher---- Sp. gr. Iodine 

CzHe 1 1 1 COz Hz0 of oil no. of 
Expt, liters g. Hz CO H2 + CO (g.) (g.) 200/260 oil 

1 0.32 4.40 0.16 0.26 0.10 2.62 10.73 0.7120 73 
2 40.5 12.69 .20 .86 .16 2.57 9.53 .7320 73 
3 0.28 3.31 .21 .30 .12 1.98 7.87 .7219 79 
4 . . 4.38 .18 .34 .12 3.07 10.10 .7192 73 

for purposes of comparison. The straight water-gas experiments (the first 
and last in the table) were made in order to determine whether the activity 
of the catalyst was changing. Evidently the activity had remained sub- 
stantially constant. The catalyst was flushed out with pure hydrogen 
overnight between experiments in order to assure that i t  remained free of 
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accumulated products and was completely reduced. Of course, oxidation 
of the catalyst by a trace of oxygen in the gas requires subsequent treat- 
ment with hydrogen a t  a higher temperature in order to reduce the catalyst 
completely. Analyses of the hydrocarbon products between ethane and 
pentane are not presented since they are not important for the present 
purposes. This fraction, however, was considerable in amount in a n  
ethylene experiment as compared with that in a water-gas experiment. 
The yields are expressed in total liters or grams and in grams per liter of 
reactants converted in the process. 

The original oil yield was separated from the water layer and carefully 
fractionated in a small apparatus to remove hydrocarbons lower than 
those of five carbon atoms. 

In  comparing Expts. 2 and 3, in which the partial pressures of carbon 
monoxide and hydrogen are the same but nitrogen has replaced ethylene, 
the striking thing is the large yield of oil in the presence of ethylene. 
Naturally, a large amount of ethylene is hydrogenated to ethane but about 
11 liters of ethylene has been converted to oil. Due t o  the removal of 
hydrogen to form ethane, the yield of oil per liter of hydrogen converted is 
small, but the yield per liter of carbon monoxide converted is very large in 
Expt. 2. The larger consumption of carbon monoxide in Expt. 2 (reflected 
in the larger amounts of carbon monoxide and water appearing in the prod- 
ucts) indicates that more of i t  enters into oil formation in the presence of 
ethylene. As was discovered later, the "oil" contains a considerable 
amount of oxygen-containing compounds. Recalling that ethylene does not 
react either alone or in the presence of either hydrogen or carbon monoxide, 
we find, however, when both carbon monoxide and hydrogen are present 
with ethylene, the latter enters into a reaction which produces heavier 
products. Thus, i t  seems that hydrogen and carbon monoxide react t o  
produce substances on the catalyst surface with which ethylene is capable 
of reacting. 

Upon examination of the product obtained from ethylene-water gas 
mixtures, i t  was found to contain 25 to 35% of water-soluble material 
(oxygen-containing compounds). This accounts for the higher density of 
the oil in Expt. 2. Of course, some of the water-soluble material was in 
solution with the water produced in the experiment, so that the total yield 
of organic products recorded in Expt. 2 should be increased by the amount 
which was removed with the water layer and the recorded amount of water 
should be decreased a corresponding amount. In an experiment a t  210° 
in which the flow rate was 1.84 liters/minute and the ethylene concentra- 
tion was 20 to 25010, the following results were obtained: original oil layer, 
15.0 cc. (containing 30y0 of water-soluble material) ; original aqueous layer, 
18.5 cc. Fractionation of this material gave: water, 14.0 cc.; hydrocarbon 
oil, 10.0 cc.; water-soluble organic material, 9.1 cc. Of course, due t o  
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possible existence of constant-boiling mixtures of water-soluble material 
with the water, the separation of the latter probably is not complete. 
I n  an ordinary experiment with water gas alone no appreciable amounts of 
water-soluble material were found in the oil, although a trace of aldehyde 
was usually present. 

Comparison of Expts. 3 and 4 shows the effect of changing the partial 
pressures of carbon monoxide and hydrogen when the ratio CO:H2 remains 
the same. At the lower partial pressures the amount of hydrogenation 
is less, as shown by the larger iodine number of the product in Expt. 3, 
and is reflected in the slightly increased yield of oil per liter of hydrogen 
converted. The presence of more unsaturated material in Expt. 3 is re- 
flected in the higher density of the oil. 

The results in Table I1 are presented in order to show the composition 
and amount of the intermediate hydrocarbon fraction in an ethylene ex- 
periment as compared with that in an experiment with water gas alone. 
Analysis of the intermediate hydrocarbon fraction was made using a modi- 
fied Shepherd-Porter apparatus. l5 

Flow 
Temp., rate, Gas entering (liters) Gas leaving (liters) Gas converted (liters) 

Expt. OC. liters/min. Hz CO CzH4 Hz CO C2H4 Hz CO CeH4 

1 245 1.22 87 75 0 70 61 1 . 4  16 14 0 
2 245 1.37 69 58 65 31 55 24 37 3 41 

- Products formed, grams 
CaHlo Sp. gr. Iodine 
and of oil number 

Expt. CH4 CzHs CaHs CsHa C4Ne CaHlo higher COe Hz0 20°/200 of oil 

1 1 . 0  0 . 7  0.13 0.10 0 .14  0.07 1.91 1.48 7.40 0.7041 116 
2 2 .0  45 0.88 0.22 1.15 0.17 3.70" 1.22 5.22Q.7107 111 

" This product contains 25% by volume of water-soluble material. This product 
contains water-soluble organic material in large amount. 

In  order to show how the reaction of ethylene varied with its partial 
pressure and with the partial pressure of water gas present, the experi- 
ments recorded in Table 111 were performed. In comparing Expts. 1 and 
2, i t  is noted that with lower partial pressure of water gas, the unsaturation 
of the product is increased and the total amount of reaction is less. The 
marked increase in oil yield when 22% of ethylene is added, keeping the 
partial pressure of water gas constant, is noted in comparing Expts. 2 and 3. 
The yield of oil in Expt. 4 is still large, even when the ethylene concentra- 
tion is reduced to 12%, keeping the water-gas concentration constant. 
I n  fact, the yield of oil seems not to change rapidly in this concentration 
range with change in the ethylene concentration. The percentage of 

'5 See Frey and Yant, Ind. Eng. Cham., 19, 492 (1927). 
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water-soluble organic material in the oil of Expts. 3 and 4 was not deter- 
mined accurately, although i t  definitely contained some-probably around 
5%. In Expt. 5, when the water-gas concentration is increased keeping 
the ethylene a t  220/0, an increase is noted in the amount of reaction over 
that obtained in Bxpt. 3, as evidenced by increased yields of oil, carbon 
dioxide and water. The striking thing in the comparison of Expts. 3 and 
5, however, is the large increase in amount of water-soluble organic material 
as the concentration of water gas is increased. It should be pointed out 
that the presence of ethylene in the water gas largely increases the yield of 
hydrocarbons excluding the water-soluble organic material. This is evi- 
dent from the data in Table 111. 

TABLE 111 
DATA SHOWING THE DEPENDENCE OP THE REACTION 08 ETHYLENE ON PARTIAL PRES- 

SURE (250 CC. OP CATALYST) 
Gas entering, liters 

Flow Composition in % Gas Gas 
Temp. rate Water leaving, liters converted, liters 

Expt. "C. i./min: HZ CO C2H4 NZ gas CzH4 NZ Hz CO CzHh H Z  CO CZHI 

Products formed 
Pentane and higherb Sp. gr. Iodine Water sol. 

CH4, &Ha, g . .  I .  COz, HzO, of oil, number comp 
Expt. I. 1. g. g /I Hz CO Hz + CO g. g. 20°/200 of oil in oil, % 

1 2.9 0.3 2.83 0.29 0.30 0.15 3.40 7.66 0.7155 79 0 
2 2 5 . . 1.68 .25 0.28 .13 1.33 4.44 .7129 94 0 
3 2 6 28 5.67 .15 1.42 .14 2.18 4.82" .7188 131 <8 
4 1.8 24 5.57 .16 0.90 .13 1.98 5 86" .7183 121 <8 
5 3 .1  30 5.76 .14 0.68 .12 2.96 6.78" .7500 130 30 

" These figures include some water-soluble organic material. I n  the  ethylene 
experiments these figures include some water-soluble organic material. 

The results in Table 111 suggested that oxygen-containing organic ma- 
terial originally formed was being converted to hydrocarbons on the 
catalyst. Accordingly, the experiments recorded in Table IV were made. 
In  these experiments a measured amount of a sample of our oil containing 
both hydrocarbons and oxygen compounds was passed over the catalyst in 
a stream of gas. The products were collected in the usual manner. In 
order to vaporize the heavier material the sample was finally heated to  the 
temperature of boiling water while the gas was passing through. The liquid 
produet collected after passage over the catalyst in no case contained ap- 
preciable amounts of water-soluble material. It was far less unsaturated 
than the original material. Probably, elimination of water from the oxy- 
gen-containing compounds had occurred, accompanied by combination of 
the unsaturated residues. Possibly some of the decrease in unsaturation is 
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due to  hydrogen retained on the catalyst surface. The presence of carbon 
monoxide possibly prevents combination of the unsaturated residues of the 
dehydration, resulting in a more unsaturated product. This is further 
evidenced by the appearance of ethylene in the gas in this case. No carbon 
dioxide appeared in the products, so that the carbon dioxide which always 
appears during the synthesis of hydrocarbons from water gas probably 
arises either in a way different from that in which the water does, or the 
elimination of carbon dioxide from intermediate products is so rapid that 
this type of intermediate compound does not persist. 

BEHAVIOR OF THE OXYGEN-CONTAINING COMPOUNDS WHEN CARRIED OVER THE CATA- 
LYST IN A GAS STREAM (250 CC. OP CATALYST) 

A i l  in 
Temp., Gas used W. S., 12 

Expt. "C. as carrier Cc. % no. 

Oilout Hz0 
Gas leaving, liters - Iz formed, 

Expt. CO H z  Nn CH4 CzII4 CnH6 Cc. no. cc. 

1 0.05 0.6 47.5 0.4 0 0 2 3 . 1  6 0.5 
2 0.05 51.3 0 1.4 0 .18 2.2 6 . 6  
3 51.9 1.2 0 0 5 0.03 0 2.8 90 .7 

It may be of interest to consider the effect on the reaction of varying 
ratios of Hz: CO. This is shown in Table V. Experiment 1 shows the use 
of ordinary water gas. As shown in Expt. 2, a t  approximately the same 
temperature an increase of hydrogen concentration causes a largely in- 
creased reaction which, however, results principally in methane formation. 
With approximately this same mixture, when the temperature is lowered as 
in Expt. 3, the methane formation is reduced but the oil yield is still only 
three-fourths of normal. When the hydrogen concentration is lowered 
with corresponding increase in the carbon monoxide concentration, very 
little reaction of any kind takes place. The oil in Expt. 2 is nearly satu- 
rated. However, in Expt. 4 a large decrease in the hydrogen concentration 
over that prevailing in Expt. 3 does not produce a corresponding unsatu- 
ration in the oil. The latter effect is doubtless to be attributed to the fact 
that  the relatively large total consumption of hydrogen in Expt. 3 reduces 
the hydrogen concentration a t  the point where reaction is occurring. In 
Expt. 2, the slower rate as well as the high hydrogen concentration favors 
saturation of the product. The water layer from Expt. 4 was found to 
contain a small amount (about 0.5%) of acetone. This is the only case 
where the presence of acetone was definitely established in an experiment 
with a gas containing only carbon monoxide and hydrogen on a cobalt 
catalyst. 
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TABLE V 
EFPECT ON THE REACTION OP VARYING RATIOS OP H2 : CO (250 Cc. OF CATALYST) 

Composition 
Flow Entering of entering Gas leaving, Gas converted, 

gas, literr gas, % liters liters 
Expt. "??" I.i"ih. I 1 2  CO H2 CO H2 CO EIa CO 

1 225 1 28 123 107 54 42 108 94 15 14 
2 220 1.06 115 28 77 19 52 0 .7  63 28 
3 207 1.25 185 53 75 22 170 42 15 11 
4 207 1.13 50 172 22 77 47 164 3 8 

Products formed 
Pentane and higher Sp. ~ r .  Iodine 

CH4, CzH4 CnHs, 1 .  1 1 COa, Hz0, ofoil, number 
Expt. g. g. g. g. Hz CO Hz + CO g. g. 20°/200 of oil 

1 ... ... . .  3 9 4 0 . 2 6 0 . 2 9  0 1 4  2 6 2  9 0 2 0 7 1 8 2  88 
2 16.7 0.02 1.14 0 98 .16 ,036 .011 10.21 18.6 .7098 4 
3 3 8 .52 0.12 3.00 .20 .29 .12 1.18 7.87 .7090 64 
4 1.0 . I5  . .  0 7 .2 .1 .07 1.15 3.00 . . .  79 

Experimental Results Using Cobalt-Copper CatC1yst.-Cobalt-copper 
catalysts were prepared by the same general method that was used in pre- 
paring the cobalt-copper-manganese oxide catalyst. They showed no 
striking differences in behavior except that they were somewhat less active. 
It is thought, however, that their activity could be increased by improve- 
ments in the method of preparation. In general, a somewhat lighter oil 
and more carbon dioxide relative to water were produced. 

Experimental Results Using Iron-Copper Catalyst.-From the  prac- 
tical standpoint we have found the iron-copper catalysts t o  be the most 
satisfactory we have used. When properly prepared they are very hard 
and strong, relatively insensitive to overheating and produce little or no 
methane in spite of the fact that the temperature required is 30-40' higher 
than is necessary for the same conversion with cobalt-copper-manganese 
oxide catalysts. 

Catalyst Preparation.-A hot solution of ferric and copper nitrates, in which the 
atomic ratio Fe : Cu was 4:1, was precipitated by slowly stirring in a solution of sodium 
hydroxide. The precipitate was thoroughly washed by decantation until i t  began to 
become colloidal. I t  was then dried very slowly until it started t o  form a gel which was 
of suitable consistency for molding by forcing through a grease gun. The molded ma- 
terial was then dried slowly up to a final temperature of 200 ", a t  which point i t  shows a 
metallic luster and fracture. It was then very slowly reduced in place by a mixture of 
hydrogen and nitrogen a t  150°, gradually increasing the partial pressure of hydrogen 
and the temperature until finally pure hydrogen was used at 285O. The reduced ma- 
terial is pyrophoric and its hardness is decreased by the rapid oxidation which takes 
place upon exposure to air. It is necessary to avoid the presence of chlorides since they 
are very difficult to wash out of ferric hydroxide precipitates and if allowed to  remain, 
according to our experience, reduce the activity of the resulting catalyst. Probably 
some small amount of alkali is retained in the catalyst. The effect of this is not definitely 
known. 

Results obtained with the iron-copper catalyst are shown in Table VI. 
The extremely small amount of methane produced is to  be noted as well as 
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the small amounts of the intermediate hydrocarbon fraction and, in con- 
trast to  results with cobalt catalysts, the great preponderance of carbon 
dioxide over water. 

RESUI,TS OBTAINED WITH TWO PREPARATIONS OF IRON-COPPER CATALYST' (200 CC. OF 
CATALYST) 

Flow Gas leav- Gas con- 
Temp., rate, Gas entering, liters ing, liters verted, liters 

Expt. OC. I./min. Hz CO Hz CO Hz CO 

1 256 1.23 142 125 124 93 18 32 
2 266 1.16 129 94 104 50 25 44 

Products formed --- Methaneb . Ethylene-- - 
g.11. g.11. &/I. g.11. g.11. g.11. 

Expt. g. Ht CO Hz + CO g. Hz CO Hz f CO 

1 0.82 0.045 0.026 0.016 1.26 0.068 0.039 0.025 
2 Too small to detect 1.39 .057 .031 .020 

Products formed 
-------Ethane----- - ----Pentane and higher------. 

g.11. g./l. g.11. g.11. g.11. g.11. 
Expt. g. Hz CO Ha -I- CO g. Hz CO Hz f CO 

1 1.49 0.081 0.046 0.030 5.78 0.31 0.18 0.11 
2 1.36 .055 .031 .020 8.37 .34 .19 .12 

Products formed 
SP. gr. Iodine 

COz Hz0 of oil number 
Expt. (g.1 (g.) 20°/200 of oil 

1 35.6 3.1 0.7294 106 
2 48.0 2.7 .7340 119 

a The amount of the intermediate hydrocarbon fraction was too small to analyze 
accurately. The results for methane are not very accurate on account of the small 
amounts obtained and on account of the presence of small amounts of methane in the 
water gas used. 

In  experiments in which the water gas contained ethylene, it was found 
that  the ethylene did not enter into reaction a t  all and that no oxygen- 
containing compounds were obtained. This indicates that if intermediate, 
oxygen-containing compounds are formed, they are quickly decomposed to  
produce hydrocarbons, as was suggested for compounds which tend to 
eliminate carbon dioxide, in connection with the results on cobalt catalysts. 
However, it seems here that the mechanism of hydrocarbon formation 
differs essentially from that obtaining on cobalt catalysts in that ethylene 
does not increase the yield of oil. The small quantities of methane formed 
here, considered with respect to  the considerably larger amounts formed 
on the cobalt catalyst and the methane formed when the oxygen-containing 
compounds decompose on the cobalt catalysts, suggest that the methane 
formation always noted with the cobalt catalyst arises during the dehy- 
dration of these oxygen-containing compounds. Some of the differences in 
behavior of cobalt and iron catalysts may be due, of course, to the difference 
in temperature-particularly some of the difference in the ratio C02:H20, 
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since this has been shown to increase with increased temperature on the  
cobalt catalyst. 

With the iron-copper catalysts used here, the oil formed was heavier 
than that obtained with cobalt catalysts. It contained about 3% of very 
heavy hydrocarbons insoluble in acetone. The product from the cobalt 
catalysts contained none of these. 

Experiments Using Iron-Copper-Manganese Oxide Catalysts.- 
Catalysts consisting of iron, copper and manganese oxide were prepared 
by the same general method used for the iron-copper catalysts. The  
activity of the catalyst, its physical properties and its action were quite 
similar to those of the iron-copper catalyst. One point of interest was a 
test made on its susceptibility to poisoning. Short tests failed t o  show any 
poisoning action when using water gas from which hydrogen sulfide had 
been removed but which retained its original content of organic sulfur. 

Mature of the Oxygen-Containing Compounds Formed on Cobalt 
Catalysts When Using Water Gas Containing Ethylene.-Only recently 
have we obtained larger quantities of the oxygen-containing compounds 
formed from water gas-ethylene mixtures on cobalt catalysts. A careful ex- 
amination of this product should be made. As yet we have only the follow- 
ing qualitative observations: aldehydes and alcohols are present; methyl 
alcohol, acids, esters and acetone are not present; the whole product boils 
below 100'. Boiling points of the pure constituents cannot be deduced 
from this latter fact since constant boiling mixtures are doubtless formed. 

Discussion of Results 

The work presented in this paper shows that cracking of the heavier 
hydrocarbons does not play any considerable part in the formation of the 
mixture of hydrocarbons higher than methane, when the synthesis is carried 
out on a cobalt-copper-manganese oxide catalyst under the conditions 
described. The experiments in which acetone was passed over the catalyst 
with hydrogen, nitrogen or carbon monoxide indicate that acetone likewise 
is not a predominating intermediate. Acetone is almost never present in the 
products from water gas alone. Polymerization of ethylene or of higher 
olefins does not occur. 

Ethylene, a t  least in concentrations over 10%, enters into reaction upon 
the cobalt-copper-manganese oxide catalyst in the presence of water gas, 
forming higher hydrocarbons and large quantities of oxygen-containing 
compounds. The oxygen-containing compounds dehydrate to  a greater 
or less extent, producing hydrocarbons. The dehydration is accompanied 
by some polymerization. The extent to which ethylene enters into these 
reactions does not change largely with the ethylene concentration when this 
is above about lo%, but the formation of these intermediate products 
depends quite markedly upon the concentration of water gas. These facts 
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make i t  seem likely that these oxygen-containing compounds form the 
intermediate products in the synthesis of hydrocarbons under these condi- 
tions from water gas which does not contain added ethylene. Similar 
experiments with still lower concentrations of ethylene would be desirable. 
We have not yet determined whether the higher olefins act similarly to 
ethylene, but presumably they do, to some extent a t  least. The mecha- 
nism by which the hydrocarbons are formed may be regarded as follows. 
There is some association of hydrogen and carbon monoxide on the catalyst 
surface. This complex may either decompose, giving an olefin and water, 
or ethylene or other olefin may combine with i t  to form an oxygen-contain- 
ing compound which may either pass into the products or eliminate water 
to form a higher olefin hydrocarbon. The olefins are to be regarded as the 
primary hydrocarbon products. They may later be hydrogenated to form 
paraffin hydrocarbons or pass on into the products, depending upon the 
experimental conditions of hydrogen concentration, space velocity, catalyst 
and temperature. 

The mechanism of the reactions on the iron catalyst is essentially differ- 
ent from that on the cobalt catalyst, aside from the fact that carbon dioxide 
is predominant instead of water, since ethylene does not enter into the re- 
action in this case. The extremely small amounts of methane ordinarily 
formed on iron-copper catalysts in contrast to the appreciable amounts 
from the cobalt catalyst (which may quite likely arise during dehydration 
of the intermediate oxygen compounds in this case) also suggest a different 
mechanism. I t  is possible that further experiments with iron-copper 
catalysts a t  lower temperatures or higher space velocities may permit isola- 
tion of some intermediate product. 

Summary 
1. It has been shown that in mixture with carbon monoxide and hydro- 

gen, ethylene reacts on a cobalt-copper-manganese oxide catalyst to form 
large quantities of higher hydrocarbons and oxygen-containing compounds. 
The latter may dehydrate to form hydrocarbons. The dehydration may 
be accompanied by polymerization. Alone, or with either carbon monoxide 
or hydrogen, ethylene does not form higher hydrocarbons under the con- 
ditions described. The cracking of heavy hydrocarbons does not form a 
considerable part of the process. Acetone is not an important intermediate 
product. The higher olefins do not polymerize under these experimental 
conditions. 

2. The mechanism of hydrocarbon formation on an iron-copper catalyst 
is essentially different from that on a cobalt-copper-manganese oxide 
catalyst, aside from the relative amounts of carbon dioxide and water 
formed, since in this case ethylene docs not enter into reaction. 

PHYSICAL CHEMISTRY SECTION, PITTSBURGH EXPERIMENT STATION 

U. S. BUREAU OF MINES, PITTSBURGH, PENNSYLVANIA 
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APPLICABILITY OF THE QUINHYDRONE ELECTRODE TO 
UNSATURATED ACIDS 

In the course of studies of the reaction of hydrogen peroxide on organic 
substances, i t  was found necessary to prepare dihydroxymaleic acid, and 
the method used was that of Fenton,' more recently detailed by Nef.2 
The technique of this method after many trials was found to  be so unsatis- 
factory, and experiments performed on the purified product showed such 
conclusive evidence of further reaction with hydrogen peroxide, that  i t  was 
decided to study the mechanism of the Fenton Reaction in this particular. 

Briefly stated, this reaction results from treating tartaric acid with 
dilute hydrogen peroxide in the presence of ferrous sulfate, the dihydroxy- 
maleic acid being precipitated by fuming sulfuric acid later. It was found 
possible to increase the very small yields characteristic of this reaction; 
but, after many experiments involving every possible variation of condi- 
tions governing the reaction, definite data were obtained to  show that  i t  
was the hydrogen-ion concentration of the mixture which prevented more 
than one-third of the theoretical quantity of hydrogen peroxide from 
reacting to form dihydroxymaleic acid. It was planned to  decompose the 
excess peroxide by means of platinum black and to employ the very con- 
venient quinhydrone electrode to determine the hydrogen concentration 
of the mixtures of dihydroxymaleic and tartaric acids produced during the 
course of the reaction. That this method was unsuitable is shown in the 
following data. It should be added, however, that further experiments 
now nearing completion justify the previous ideas as to  the very important 
part played in this reaction by hydrogen ions. 

Biilmann and I,und3 were responsible for the development of the quin- 
hydrone electrode method for PH determination in acid solution, and they 
recommended its use because of the simplicity of its technique and because 
of its superior applicability over the hydrogen electrode to  unsaturated 
compounds. It is shown below that the quinhydrone electrode is not 
applicable when the tendency of the solution to reduce is such that  the ratio 
of hydroquinone to quinone is seriously altered. 

Very often, however, advantage may be taken of the slowness with which 
some such oxidation-reduction potentials attain equilibrium. Such acids 
as maleic and fumaric fall into the class of substances whose PH may be 
thus determined. When the equilibrium is instantaneously or rapidly 

1 Fenton, J. Chem. SOC., 75, 575 (1899). 
Nef, Ann., 257, 290 (1907). 
Biilmann and Lund, Ann, chim., 191 15, 109 (1921); [9] 16, 321 (1921). 
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attained, the method is useless. Such unusual ease of reduction has been 
found in the case of dihydroxymaleic acid. 

Experimental 

Preliminary experiments using dihydroxymaleic acid and the usual 
amount of quinhydrone (approx. 0.01-0.02 g.) showed that no constant 
value could be immediately obtained. The readings were a t  first low, 
increasing to a maximum and then falling off to a constant level. Addition 
of further quinhydrone caused a repetition but a slightly higher final level 
was attained, and so on until addition of still more quinhydrone caused 
no further change. 

TABLE I 
DIWDROXYMALEIC ACID, 0.00825 M 

Quinhydrone added in five portions of 0.02 g. each (0.02 g. of quinhydrone was found 
sufficient to take a second solution of 0.06585 M maleic acid to a constant reading of 
319.5 millivolts in 3045 sec.) 

Time No. 1 No. 2 No. 3 No. 4 NO. 5 

15 Sec. 163 180 233 260 266 
30 Sec. 145 168 243 264 267 
45 Sec. . . .  152 245 264 270 
60 Sec. 132 152 251 264 270 
1 .5  Min. 132 152 251 265 270 
2.5 Min. a b c 

15 Min. 132 152 251 265 270.5 

" Quinhydrone gone in 45 sec. Soln. then colorless. * Soln. colorless in 60 sec. 
Faint yellow color remaining a t  end of 2 min. 

Confirmation of Assumption that the Dihydroxymaleic Acid is Re- 
duced to Tartaric Acid by the Hydraquinone.-0.0376 g. of dihydroxy- 
maleic acid on reduction would give 0.0376 X (150/184) = 0.03065 g. 
of tartaric acid. 

TABLE I1 
TARTARIC ACID. CONCN. 0.03065 G. IN 24.84 Cc. 

Time, see. No. 1 No. 2 Time, min. No. 1 No. 2 

15 260 263 1 .5  270 271 
30 265 267 2.5 270.5 271 
45 268 270 5 270.5 271 
60 268.5 271 15 270.5 271 

Discussion of Results 

The results with dihydroxymaleic acid show that the quinhydrone elec- 
trode cannot be used in the case of this unsaturated acid; 0.02 g. of quin- 
hydrone is sufficient to produce a uniform and constant pressure of hy- 
drogen under ordinary conditions. No constant readings could be ob- 
tained using this acid until more than three or four times the above anount 
of quinhydrone had been added. The obvious conclusion is that there has 
been reaction between the quinhydrone and dihydroxymaleic acid. Since 
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hydroquinone is a reducing agent and d'iydroxymaleic acid possesses a 
double bond, it is quite reasonable to suppose that the acid is reduced to 
tartaric. That such is the case is shown in the last table, in which tartaric 
acid was used in such a concentration as would result when 0.0376 g. of 
dihydroxymaleic acid is reduced at the ethylene linkage. 

Moreover, assuming that each gram molecule of quinhydrone contributes 
2 g. of hydrogen, 0.08 g. would provide 0.00073347 g. of hydrogen; 0.0376 g. 
of dihydroxymaleic acid requires 0.0004087 g. of hydrogen and constant 
readings should be obtained using this amount; 0.06 g. would supply 
0.0004396 g. of hydrogen for the reduction of the acid and the remaining 
0.02 g. produces the pressure of hydrogen ions at the electrode. 

Pirie and Pinhey4 have observed that glutathione, a substance well 
known to be very easily oxidized and reduced, has a similar effect in up- 
setting the quinone-hydroquinone equilibrium. Dihydroxymaleic acid, 
therefore, may be compared to glutathione with respect to  the ease with 
which it may be reduced. 

Conclusion 
I t  is shown above that the quinhydrone electrode is not applicable to  all 

unsaturated acids. 
From the standpoint of a study of this acid, the results are doubly in- 

teresting since they indicate the reactivity of this double bond, heavily 
laden as it is with highly negative groups. 

MONTREAL, CANADA 

[CONTRIBUTION FROM mE CHEMISTRY LABORATORY O f  JOHNS HOPKTNS UNIVERSITY] 

PREPARATION OF SOME CYCLOPENTANE DERIVATIVES 

Alicyclic compounds are known to be present in many crude petroleums 
as well as in a variety of other natural substances. When their diversity 
and the number of their theoretically possible modifications are considered, 
our knowledge of them seems relatively meager. In the present work a 
study has been made of the reactions between cyclopentylmagnesium 
halides and a variety of aldehydes. Previous employment of the former in 
the Grignard reaction has been confined to a very few instances, cyclo- 
pentylsulfonic acid,2 cyclopentylcarboxylic acid,3 cyclopentyl ~ a r b i n o l ~ , ~  
and 7-cyclopentylpropano15 having been made thereby. 

Pirie and Pinhey, J. Biol. Chem., 74, 323 (1929). 
From the Ph D. dissertation of W. R. Edwards, Jr., 1928. 
Borsche and Lange, Ber., 40,2220 (1907). 
Zelinsky, ibid., 41, 2627 (1908). 
Wood and Scarf, J. Soc. Chem. Ind., 42, 13T (1923). 
Adams and Noller, THIS JOURNAL, 48, 1080 (1926). 
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We have obtained and characterized a new series of secondary alcohols 
CHz-CHz 

of the type 1 \CH-CHOH-R where "R" represents the following 
CH~-CH~/ 

radicals: methyl, ethyl, n-propyl, 12-butyl, n-hexyl and phenyl. An attempt 
to obtain the anisyl derivative was unsuccessful owing to the pronounced 
decomposition of the product on distillation. For characterization, crys- 
talline derivatives of these carbinols have been prepared. 

As the starting point for these syntheses, cyclopentanone was made 
from commercial cyclohexanol by standard methods and reduced both by 
standard methods and by the method of Wislicenus and Hentzsche16 and 
by the catalytic method of Adams and his co-workers,' to cyclopentanol. 
Certain modifications tending toward better yields or greater convenience 
and rapidity were introduced into these processes. Both the bromide and 
the chloride were prepared from cyclopentanol and employed in the earlier 
part of the work; but as the bromide proved more satisfactory, it was used 
exclusively for the later preparations. The magnesium complex usually 
formed readily and reacted smoothly with the aldehydes. The resulting 
carbinols are high-boiling liquids, and received their final purification by 
fractionation at  reduced pressures. The alkyl derivatives showed no signs 
of decomposition during distillation; but the phenyl derivative was slightly 
affected, and the anisyl product was very largely decomposed. 

Table I gives a number of the constants of these compounds. The five 
alkyl cyclopentyl carbinols exhibit fairly regular elevation in boiling point 
and decrease in density as the number of carbon atoms increases. Since 

Compound Boiling points 
C6HaCHOHR Press., Temp., OC. Press., Temp., 'C.  Densities 

R = mm. (corr.) mm. (corr.) 25'/4O 0°/40 

Methyl 31-32 73.5-75 52.5 85-85.5 0.9163 0.9342 
Ethyl 18 72 574.5  52.5 97.5-98.5 .9035 .9219 
n-Propyl . . . . . 52 114.5-115.5 .8970 .9146 
n-Butyl 23 114-115 ,8935 .9115 
n-Hexyl 12-12.5 129. 5130.5 .8848 .go12 
Phenyl 5 129-131 1.0346 1.0531 

Melting points, "C. (corr.) Analysis 
Refr. Mol. refr. 3.5-dinitro Phenyl- a-Naphthyl Found Calcd. 
index [(n - 1) M ] / d  benzoate urethan urethan C H C H 

1.45 1 56.55 86 71-71.5' 104 73.46 12.29 73.61 12.37 
1.4502 6384 83.5 Oil 91 74.77 12.48 74.92 12.59 
1.4510 71.46 85 Oil 85 75.79 12.75 75.98 12.76 
1.4548 79.48 63.5 Oil . .  76.51 12.80 76.85 12.91 
1.4562 94 97 0 2  Oil Oil 77.88 12.96 78.19 13.13 
. . . . . . .  Oil Oil .. 80.96 8.51 81.76 9.16 

6 U'islicenus and Hent~schel, Ann , 275, 322 (1893). 
7 Adan.s and Noller, Ref 5, and earlier work by Adams and co-workers. 
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this work was done Bedoss has prepared the methylcyclopentyl carbinol in 
an entirely different way. He gives the melting point of the phenylurethan 
as 70-71'. 

In  general, the by-products of the Grignard reactions were not examined; 
but one unexpected secondary reaction was noted and studied. During 
the reaction between benzaldehyde and cyclopentylmagnesium bromide, 
a small quantity of a substance identified as 1,3-dibenzylidene-cyclo- 
pentanone-2 was formed. It was first observed after the Grignard com- 
plex had been decomposed with dilute hydrochloric acid; after standing 
overnight, yellow needles of the compound, which is only slightly soluble in 
cold ether, were observed. The attempt to prepare anisylcyclopentyl 
carbinol was made in order to determine whether or not a similar secondary 
reaction would take place. Crystals appeared in the same manner, and 
were identified as 1,3-di-p-methoxybenzylidene-cyclopentanone-2, the 
condensation product of anisic aldehyde with cyclopentanone. 

Compounds of this type are readily formed
g 

by condensation of one 
molecule of cyclopentanone with two molecules of an aromatic aldehyde, 
under the influence of certain condensing agents, of which hydrochloric 
acid is one. One of the possible explanations of this occurrence is that  the 
cyclopentyl bromide employed in the reaction retained a small amount of 
cyclopentanone, that this cyclopentanone in some manner resisted the 
normal tendency to unite with the cyclopentylmagnesium bromide as soon 
as the latter was formed, and that i t  did react with a portion of the benz- 
aldehyde, under the influence of the hydrochloric acid, following the addi- 
tion of the latter. Steric hindrance might account for its failure to form 
completely a complex with cyclopentylmagnesium bromide, or for its 
displacement from such a complex by benzaldehyde. It is of interest to  
note that Sabatier and Mailhelo working with the analogous cyclohexyl 
compounds, succeeded in forming 1,l-cyclohexylcyclohexanol from cyclo- 
hexylmagnesium chloride and cyclohexanone; but that they report that 
there is much secondary action, and that the yield "is not very good." 
The quantity of cyclopentanone which would have had t o  be present t o  
account for the quantity of crystals formed would be equivalent t o  a little 
more than 1% of the quantity of cyclopentyl bromide. The latter was 
actually found to contain a trace of the ketone. 

To test this theory, a further experiment was made, using the cheaper 
cyclohexyl compounds, in the belief that they would behave sufficiently 
like their cyclopentyl prototypes. Cyclohexyl chloride was prepared and 
divided into two portions, A and B. A small portion of cyclohexanone 
was added to A, while B was subjected to a careful treatment designed to 

8 Bedos, Compt. rend., 189, 255 (1929). 
Vorlander and Hobohm, Ber., 29, 1840 (1896). 

l o  Sabatier and Mailhe, Ann. chim. phys., [8 ]  10, 547 (1907). 
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remove any trace of ketone. Each portion was then used to form cyclo- 
hexylmagnesium chloride, which was treated in the usual manner with 
benzaldehyde, followed by hydrochloric acid. From the reaction employ- 
ing portion A, a fair quantity of 1,3-dibenzylidene-cyclohexanone-2 was 
obtained; but no trace of this compound could be found in the products of 
the reaction employing portion B. The result of this experiment strength- 
ens the above explanation. 

A further experiment, in which cyclohexyl chloride containing cyclo- 
hexanone was used, and a very slight excess of dilute acetic acid substituted 
for hydrochloric acid as the neutralizing agent, failed to yield any of the 
condensation product, establishing the hydrochloric acid as the condensing 
agent. 

Experimental 
Preparation of Adipic Acid.-This was prepared from commercial cyclohexanol, by 

oxidation with boiling concentrated nitric acid, employing the method described in 
"Organic Syntheses."ll Stirring proved unnecessary, since active boiling with a suffi- 
cient excess of the acid ensured rapid and complete conversion. By using a five-liter 
balloon flask containing 2 liters of nitric acid, it was possible to convert 625 g. of cyclo- 
hexanol in a single run. After washing with 100 cc, of cold 1:3 nitric acid, followed by 
150 cc. of ice water, and air-drying on a porous plate, the adipic acid crystals were nearly 
white, and suitable for further use; yield, 55%. 

Preparation of Cyc1opentanone.-The method described in "Organic Syntheses"l1 
was followed. 

Preparation of Cyclopentano1.-(1) With sodium and moist ether, by the method 
of Wislicenus and Hentzschel.6 This reaction was hastened by siphoning off the water 
layer occasionally as the concentration of sodium hydroxide increased, and adding 
fresh water. The yields never exceeded 30% and often ran lower. No cyclopentanone 
was recovered, the loss apparently being due chiefly to pinacone formation. Although 
several reduction units were maintained in simultaneous operation, the method was still 
very slow and required constant attention. It was therefore abandoned in favor of the 
catalytic method. 

(2) With hydrogen and platinum-oxide platinum black catalyst, by the method 
of Adams and his co-workers. The procedure was essentially that described briefly 
by Adams and NoUd and more fully by Adams and Yohe,lz using the apparatus 
described by Adkins and McElvain,l3 except that a 20-liter tank was used as the low- 
pressure hydrogen reservoir, and a quart ginger-ale bottle as reaction vessel, the latter 
being mounted in a cradle so designed as to reinforce it on all sides. From one to one 
and a half moles could be converted in this a t  a single run. The platinum oxide was 
prepared by the method of Adams and Voorhees.14 From 1.5 to 2.5 g. of platinum oxide 
was placed in the reduction vessel, and 280 cc. of ethyl alcohol (95%) was added. Hy- 
drogen a t  3-4 atmospheres was applied, with shaking, for ten minutes, to reduce the 
oxide. Eighty-four grams (one mole) of freshly distilled cyclopentanone was then 

l1 "Organic Syntheses," John Wiley Sons, Inc., New York, Vol. V, 1925, p. 9. 
12 Adams and Yohe, THIS JOURNAL, 50, 1503 (1928). 
18 Adkins and McElvain, "Practice of Organic Chemistry," McGraw-Hill Book CO., 

Inc., New York, 1925, p. 277. 
'4 Adams and Voorhees, THIS JOURNAL, 44, 1402 (1922). See also Adams and Shri- 

ner, ibid.,  45,2171 (1923). 
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added, hydrogen re-applied, and shaking continued until the drop in pressure indicated 
the required amount of absorption. The catalyst was then filtered off and the solution 
fractionated through an 86-cm. (34-inch) column; yield, 85-900/0.1s 

Preparation of Cyclic Chlorides and Bromides.-Cyclopentyl and cyclohexyl 
chlorides were made by refluxing the corresponding alcohols with excess of concentrated 
hydrochloric acid. The former required three hours and the latter eighteen hours of 
refluxing for best results. A considerable quantity of cyclopentene was formed during 
the preparation of cyclo~entyl chloride. The chlorides were washed with dilute sodium - - -  
carbonate, dried aad fractionated. Cyclopentyl bromide was prepared from cyclo- 
pentanol and phosphorus tribromide by the method of Adams and N ~ l l e r . ~  

Freparation of Phosphorus Tribromide.-The method used was suggested but not 
described by Turner and Bury.16 In a one-liter balloon flask fitted with a reflux con- 
denser and a dropping funnel were placed 150 g. of carbon tetrachloride and 48 g. of 
finely divided red phosphorus. With cooling and frequent shaking, 360 g. of bromine 
was added drop by drop, after which the mixture was refluxed gently for fifteen minutes. 
I t  was then filtered and the filtrate distilled. The portion boiling between 170 and 175" 
was redistilled just before using, and the 173-175' fraction was employed in making 
cyclopentyl bromide. The yield, about 50%, was considerably less than that obtained 
in the usual way, by employing benzene and white phosphorus but it was obtained and 
purified with greater ease. 

Freparation of Methyl Cyclopentyl Carbino1.-In a one-liter balloon flask, fitted 
with a dropping funnel, 70-cm. condenser, and motor-driven mercury-sealed stirrer, 
were placed 150 cc. of dry ether and 18 g. of magnesium turnings, and 77 g. (0.73 mole) 
of cyclopentyl chloride, in 120 cc. of ether, was added drop by drop. The reaction re- 
quired cooling for a few minutes, and then continued to generate sufficient heat to main- 
tain ebullition for nearly an hour. The solution was refluxed on a water-bath for an 
hour, allowed to stand for two hours surrounded with an ice-water-bath, and treated 
slowly with 33 g. of acetaldehyde in 120 cc. of ether. The mixture was allowed to stand 
overnight, refluxed for fifteen minutes and treated with crushed ice, followed by a slight 
excess of dilute hydrochloric acid. The ethereal portion was separated and combined 
with several ethereal extracts of the water laver. I t  was then washed with ~otassium 
carbonate solution, the wash liquid being subsequently extracted with ether, which was 
added to the main portion. After drying over two successive portions of potassium 
carbonate, the ether was distilled on a water-bath. The residue was placed in a flask 

'6 Information supplied by G. R. Yohe (private communication) and since pub- 
lishedll was very helpful in carrying out this reduction. We noticed a number of pe- 
culiarities in the process, some of which merely corroborate Adams and Yohe's observa* 
tions, and others which appear to be new. Reduction was decidedly more rapid in 
ethanol than in methanol. Addition of the ketone before reduction of the catalvst or 
repeated use of the same catalyst without re-solution and reprecipitation, caused a very 
marked diminution in yield, apparently greater than that experienced by Adams and 
Yohe. After a pronouncedly unsuccessful run, the use of anything involved in that run. 
catalyst, ketone, solvent or vessel, without rigorous purification, would usually spoil 
subsequent attempts. These observations seem to indicate that the catalyst was con- 
stantly undergoing slow poisoning from some undetermined source. 

I t  was also noted that there was a rather sharp dividing line between the speed of 
shaking which gave maximum rate of conversion, and a speed which gave a much inferior 
rate. For best results, it was necessary for shaking to be sufficiently violent to throw 
the platinum particles to the surface of the solution, and to the walls of the vessel above 
the surface. 

' 8  Turner and Bury, J. Chm.  SOC., 123,2489 (1923). 
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with a 38-cm. (15-inch) fractionating column, and subjected to fractionation a t  reduced 
pressure. The principal cut was redistilled twice, ultimately yielding 11 g. of a colorless 
liquid, boiling a t  85-85.5' a t  52.5 mm. It had a pleasant penetrating odor, resembling 
that  of menthol. Its constants are listed in the accompanying table. While the quantity 
obtained corresponds to a yield of only 13y0, it is probable, taking into account losses 
through evaporation and comparing the quantities obtained in each successive fractiona- 
tion, that the total amount of the carbinol formed in the reaction was about 40%. 

Preparation of Ethyl, n-Fropyl, n-Butyl and n-Hexyl Cyclopentyl Carbino1s.- 
These were prepared as was the methyl compound, 1 mole of cyclopentyl bromide being 
used in each case except for the propyl, where it was only 0.3 mole. The addition of the 
amyl and heptyl aldehydes to the Grignard reagent gave comparatively little heat and 
the resulting complexes were soluble in ether. The yields were 19.5, 12, 18 and 11%, 
respectively, of the twice distilled products. The odors resembled that of the methyl 
compound except that the propyl suggested olives and the hexyl resembled n-heptanol. 

Freparation of Phenyl Cyclopentyl Carbino1.--The reaction proceeded in the usual 
manner, except for the appearance of the crystals previously described, which were 
removed before distillation. A dark tarry residue remained when the ether was dis- 
tilled and the higher-boiling liquid decanted. The latter was distilled from a Claisen 
flask a t  5 mm. A fraction boiling between 129 and 131 ", chiefly a t  130°, was obtained, 
its distillation being accompanied by the appearance of a certain amount of decom- 
position. Freshly distilled, it  possessed a light brown color, which changed, during a 
period of several weeks, to a very dark brown. A large quantity of tarry residue re- 
mained in the flask, and a little unchanged benzaldehyde was recovered. The yield of 
rather impure carbinol was about 7%. 

Attempt to Prepare Anisyl Cyclapentyl Carbino1.--Th: usual addition of the alde- 
hyde produced only a small amount of heat. After removal of the condensation product 
previously described, the ether was distilled and the remaining liquid decanted and frac- 
tionated from a Claisen flask a t  5-6 mm., to the accompaniment of much apparent 
decomposition. A rapidly-darkening, fairly constant-boiling cut of 12 g. was obtained 
in the neighborhood of 156" a t  5-6 mm. On redistillation, decomposition was even more 
marked and the boiling point was not more definite. Analysis of the final product 
showed: C, 68.82; H, 8.07 (theoretical for anisyl cyclopentyl carbinol, C, 75.68; H, 
8.80). 

Preparation of Crystalline Derivatives of the Carbino1s.-Attempts were made to 
prepare the 3,5-dinitrobenzoate, phenylurethan, and a-naphthylurethan of each car- 
binol. For the benzoate, half a gram of freshly prepared 3,5-dinitrobenzoyl chloride and 
a sufficient excess of the carbinol were dissolved in pyridine and heated a t  100' for six 
hours. The solution was then filtered and the filtrate diluted with water until the ester 
precipitated. I t  was redissolved in warm 95% ethanol, boiled with finely ground char- 
coal, allowed to stand for an hour and filtered. Dilution and cooling precipitated the 
ester from the filtrate. Successive crystallizations were made from warm dilute alcohol. 

The urethans were made by adding a sufficient excess of the carbinol to half a gram 
of the appropriate isocyanate, and heating the mixture in an oil-bath a t  150" for six 
hours or more. The resultant nrethan was dissolved in petroleum ether, filtered, re- 
precipitated by evaporation and taken up in warm methanol. Further crystallizations 
were made in the usual manner from either methanol or ethanol. 

Summary 

C H z - C H 2 ~ ~ - ~ ~ ~ ~ - ~  have Alcohols of a new series, of the type I 
C H r C H 2  

been prepared and characterized. 
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A side reaction indicating apparent steric hindrance in the formation of 
certain cyclic compounds has been studied. 

BALTIMORE, MARYLAND 

[CONI'RIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF STANFORD UNIVERSITY] 

THERMAL DATA ON ORGANIC COMPOUNDS. VIII. THE HEAT 
CAPACITIES, ENTROPIES AND FREE ENERGIES OF THE 

ISOMERIC HEPTANES1 

BY HUGH M. H U F ~ M A N , ~  GEORGE S. PARKS) AND S. BENSON THO MAS^ 
RECEIVED MARCH 29, 1930 PUBLISH~D AUGUST 5, 1930 

Recently the nine isomeric heptanes have been prepared in a very pure 
form by Edgar, Calingaert and Marker.6 Various physical properties of 
these samples were subsequently studied by a number of investigataxs, 
and much of the resulting data has been discussed and summarized by 
Edgar and Calingaert.6 Through the courtesy of Dr. Bdgar we have 
enjoyed the privilege of measuring the heat capacities of these isomers fram 
liquid air temperatures up to that of the room. From the data thus ob- 
tained, the corresponding entropies and free energies have been calculated 
by means of the third law of thermodynamics. The present paper gives 
the results of our investigation. 

In an earlier study dealing with a few isomeric organic compounds, two 
of us7 suggested that "in the case of isomers the compound with the lowest 
melting point has the largest entropy and free energy." The present 
investigation, as well as the data recently obtained for three isomeric 
octanesr8 does not support this suggestion. Rather it appears that  in a 
group of isomers the entropy decreases systematically as the amount of 
branching increases. Thus the normal compound has always been found 
to have the largest entropy value. However, in the case of two isomers 
involving equal amounts of branching, it is usually true that the compound 
with the lower melting point has the larger entropy. At present no rule 

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 res-arch fund of the American Petroleum Institute donated 
by The Universal Oil Products Company. This fund is being administered by the 
Institute with the coopcration of the Central Petroleum Committee of the National 
Research Council. 

American Petroleum Institute Junior Research Associate. 
Director, Project No. 29. 
American Petroleum Institute Research Assistant (part-time). 
Edgar, Calingaert and Marker, THIS JOURNAL, 51,1483 (1929). 
Edgar and Calingaert, ibid., 51, 1540 (1929). 
Parks and Huffman, ibid.,  48,2788 (1926). 
Parks, Huffman and Thomas. ibid., 52, 1032 (1930). 
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concerning the free energy of formation of isomers appears universally 
applicable to all the hydrocarbons and alcohols that have been studied. 

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  place^.^ In view of the accuracy of the various measurements 
involved and the purity of the several heptane samples, the error in the 
experimental values is probably less than 1 %. 

Temp., OK. 

Cp per g. 
Temp., OK. 
Cp per g. 
Temp., OK. 
Co per g. 

Temp., O K .  

C ,  per g .  

Temp., OK. 
Cp per g. 
Temp., OK. 

CP Per g. 

Temp., OK. 

Cp per g. 

Temp., OK. 

CP per g. 
Temp., OK. 

Cp per g. 

TABLE I 
SPECIPIC HEATS 

No. 3. 3-Methylhexane: Glass and liquid 
71.1 74.7 78.0 81.1 84 0 86 9 

0.178 0.187 0.197 0.205 0.215 0.240 
91.0 92.8 95.1 99.1 106 3 118.9 

0.395 0.397 0.398 0.398 0.400 0.403 

151.8 173.8 195.7 219.8 243.1 275.8 
0.415 0.426 0.440 0.457 0.472 0.498 

No. 4. 3-Ethylpentane: Crystals 
92.2 98.3 105.0 112.1 118.9 125.2 

0.206 0.216 0.227 0.238 0.248 0.259 

Liquid 

161.4 166.8 180.4 200.2 217.5 237.5 
0.416 0.419 0.427 0.442 0.455 0.470 
275.4 282.2 287.5 294.8 
0.499 0.505 0.510 0.519 

No. 5. 2,2-Dimethylpentane: Crystals 
91.9 97.9 103.3 103.3 111.2 118.4 

0.200 0.210 0.219 0.219 0.234 0.249 

Liquid 

153.2 154.3 162.2 177.5 186.1 199.8 
0.388 0.389 0.395 0.407 0.415 0.428 

237.4 256.8 275.1 275.1 281.3 287.2 
0.461 0.478 0.498 0.497 0.505 0.511 

No. 6. 2,3-Dimethylpentane: Glass and liquid 
Temp.. OK. 68.4 72.8 76.8 80.7 83.3 84.1 86.8 86.9 
Cp per g. 0.169 0177 0.189 0.205 0.252 0.253 0.377 0.377 
Temp., O K .  89.2 90.4 92.1 94.2 104.7 111.3 128.0 133.9 
CP per g. 0.376 0.374 0.374 0.376 0.380 0.383 0.389 0.393 
Temp., OK. 160.3 181.5 205.0 210.8 234.0 240.1 277.2 291.3 
CP Per g. 0.409 0.421 0.437 0.442 0.459 0.465 0.496 0.510 

Parks, THIS JOURNAL., 47,338 (1925); also Parks and Kelley, J. Phys. C k m . ,  30 ,  
47 (1926). 
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TABLE I (Concluded) 

No. 7. 2,4-Dimethylpentane: Crystals 

Temp., O K .  91.6 95.1 97.4 104.2 111.6 120.0 129.8 136.3 
CP per g. 0.201 0.209 0.212 0.223 0.237 0.254 0.284 o 313 

Liquid 

Temp., OK. 160.2 161.2 171.7 181.4 196.3 205.7 215 3 225.7 
CP Per £5 0.400 0.402 0.410 0 417 0.430 0.440 0.449 0.458 
Temp., OK. 236.4 242 4 261.4 275.4 281 5 288.1 294.4 
CP Per g. 0.468 0.472 0 493 0.505 0 512 0 519 0.527 

No. 8. 3,3-Dimethylpentane: Crystals 

Temp., O K .  92.3 97.5 103.7 108.7 114.0 118.2 123.0 128.5 
CP Per g. 0.192 0.201 0.212 0.223 0.233 0.243 0.254 0.272 

Liquid 

Temp., OK. 145.7 151.4 160.7 171.9 183.0 195.5 210.5 225.7 
CP Per g. 0.392 0.395 0.400 0.405 0.412 0.421 0.432 0.444 
Temp., OK. 239.9 252.7 275.1 280.3 286.5 292.9 
CP Per g. 0.456 0.466 0.486 0.492 0.498 0505 

No. 9. 2,2,3-Trimethylbutane: Crystals I 

Temp., OK. 89.5 92.2 94.8 96.7 97.4 99.7 102.8 103.9 
CP per g. 0.212 0.222 0.232 0.242 0.246 0.261 0.330 0.356 
Temp., O K .  108.0 109.3 112.2 116.3 
CP Per g. 0.299 0.294 0.298 0.310 

Crystals I1 

Temp., OK. 129.6 131.2 136.9 148.5 161.8 174.8 187.1 199.1 
CP Per g. 0.321 0.324 0.329 0.341 0.354 0.366 0.380 0.39i 
Temp., OK. 210.7 222.0 230.5 233.6 236.2 
CP Per g. 0.409 0.422 0.431 0.435 0.439 

Liquid 

Temp., OK. 253.2 258.5 275.3 275.7 281.6 293.9 
CP per g. 0.459 0.463 0.481 0.479 0.485 0.497 

No. 

1 
2 
4 
5 
7 
8 
9 

Substance 

n-Heptane 
2-Methylhexane 
3-Ethylpentane 
2,2-Dimethylpentane 
2.4-Dimethylpentane 
3,3-Dimethylpentane 
2,2,3-Trimethylbutane 

M. p., O K .  

182.2 
154.0 
154.3 
148.1 
152.5 
138.2 
247.7 

Heat of fusion (cal. per g.) 
1st result 2nd result Mean 

33.84 33.73 33.78 
21.17 21.16 21.16 
22.47 22.66 22.56 
13.97 13.98 13.98 
16.00 15.94 15.97 
16.83 16.90 16.86 
5.18 5.32 5.25 

" In the calculation of these fusion values, the marked rise in the specific heat of the 
solid as the mdting point is approached was attributed to premelting and the heat ab- 
sorbed 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. 
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The specific heats and the fusion data, expressed in terms of the 15' 
calorielo and with all weights reduced to a vacuum basis, appear in Tables I 
and 11, respectively. For the sake of spatial economy in Table I, we have 

Temp., OK. 

Fig. 1.-The molal heat capacity curve for 3-methylhexane. 

omitted the data for n-heptane and 2-methylhexane, as these have been 
given in an earlier paper3 As an illustration of the general character of 

10 The factor 0.2390 has been used in converting the results from the joule to  the 
2-5" caloric. 



Aug., 1930 THERMAL DATA ON ORGANIC COMPOUNDS 3245 

the specific heat curves, we have plotted the molal heat capacities of 3- 
methylhexane and 3-ethylpentane in Figs. 1 and 2. 

Two of the heptanes, 3-methylhexane and 2,3-dimethylpentane, failed 
to crystallize even when slowly cooled to 70%. These compounds contain 
asymmetric carbon atoms. However, the liquids studied were optically in- 
active, being evidently mixtures of the dextro and levo forms in equal 
amounts. On progressive cooling, they became very viscous and finally 
solidified to clear glasses at  about 100°K. Both substances showed the 
typical behavior which has been observed with other organic glasses, and 
the specific heat curves exhibit a 100% increase within a lo0 interval.ll 

The last isomer, 2,2,3-trimethylbutane, evidently exists in a t  least two 
crystalline forms a t  low temperatures with a transition point at 121.0°K. 
The heat of transition was measured and found to be 5.67 cal. per g., a value 
which slightly exceeds the heat of fusion in magnitude. There was also a 
marked "hump" or maximum in the heat capacity curve for the low tern-. 
perature form a t  about 105°K. The heat effect associated with this hump 
above the smooth specific heat curve was about 0.58 cal. per g. This 
particular compound showed no premelting and was apparently very pure. 

Discussion 

The Heat Capacity Curves.-Recently Andrews12 has been quite 
successful in a theoretical analysis of the heat capacity curves for a number 
of crystalline organic compounds. He considers the values of C, per mole 
for benzene, for instance, to be the sum of the energy increments due to 
intermolecular vibrations, to the various intramolecular vibrations and to 
the heat absorbed in the expansion of the crystal at  constant pressure. 
The molecule, as a whole, possesses molecular vibrational energy, both trans- 
lational and rotational, which may be approximately calculated with the 
aid of the Debye function. Within the benzene molecule the six CH groups 
possess vibrational energy for three degrees of freedom, which may be 
estimated by use of Einstein functions. Theoretically there also should 
be some energy associated with the vibrations of the individual hydrogen 
atoms, but the binding force of the carbon-hydrogen bond is so great that 
the magnitude of this vibrational energy is negligible below room temper- 
ature. From 0°K. to liquid air temperatures, practically all of the energy 
absorbed goes into the molecular vibrations. Above 100°K. the energy 
associated with the oscillations of the CH groups becomes increasingly 
important, amounting to almost one-half of the total heat capacity a t  the 
melting point; likewise, the rate of absorption of heat for the work of ex- 
pansion, Cfi - C,, increases with the temperature, becoming about 10% 
of the total at  260°K. 

Parks and Huffman, J. Phys. Chem., 31, 1842 (1927). 
l2 Andrews, Ckcm. Reviews, 5, 533 (1928). 
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In  the course of our investigations upon these heptanes and other hydro- 
Carbons, we have applied such theoretical considerations toward an ex- 
planation of the heat capacity curves for the crystalline, liquid and glassy 
states. While we intend to treat the subject from a more quantitative 
standpoint at a future date, it seems appropriate for us to present our views 
here in qualitative fashion. For this purpose we have constructed the 
curves in Fig. 3. The one bearing the label "crystalsJ1 represents the theo- 
retical curve for a crystalline heptane, based upon these conceptions of 
Andrews. I t  may be considered as the resultant sum of a series of Debye 
functions (representing the vibrations of the molecule as a whole) and of a 
series of Einstein functions (representing the various types of vibrations of 
the several carbon groups in the molecule), there being added, of course, 
the correction for the Cp - C, difference. 

Temp., OK. 
Fig. 3. 

We believe that the same type of reasoning can be used to account for 
the heat capacity curve of a liquid heptane, at  least up to room tempera- 
ture. This amounts to adopting the picture that in a liquid, far below the 
boiling point, the motion of the molecular units is largely vibrational in 
character, although undoubtedly these vibrations are more or less an- 
harmonic.13 As a first approximation the heat capacity curve for such a 
liquid can be represented, as in the case of the crystalline phase, by the 
sum of a number of Debye and Einstein functions, in which, however, most 
of the vibrational frequencies are much lower than for the corresponding 
crystals, since the cohesive forces are weaker. Assuming for the instant 

l3  Eucken, Berl., Ber., 682 (1914), and Honda, Phil. Mag., 45, 189 (1923), have 
previously made a similar suggestion to account for the heat capacity of liquid mercury, 
etc. In this connection see also Eucken, Jette and LaMer, "Fundamentals of Physical 
Chemistry," McGraw-Hill Book Co., New York, 1925, p. 159. 
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that the liquid state could be retained even to the lowest temperatures 
without "hardening" or vitrification, we would expect to obtain a curve 
somewhat like that labeled "liquid" in Fig. 3. With very low vibrational 
frequencies the Debye and Einstein functions would first give, a t  the lowest 
temperatures, rapidly increasing values which might reach a temporary 
maximum at, perhaps, 40°K. At still higher temperatures that part of the 
heat capacity due to the intermolecular vibrations would undoubtedly 
decrease as the vibrations become more anharmonic and tend to degenerate 
into translational and rotational motion. On the other hand, the heat 
capacities associated with some types of intramolecular oscillations cer- 
tainly do not approach their limiting values below 500 or 6003K. Like- 
wise, the Cp - C, difference must steadily increase with rising temperature, 
and this quantity is very considerable for such liquids (10 to 11 cal. per 
mole for the various heptanes a t  293'K.). In view of these several factors 
the resultant molal heat capacity curve for a liquid heptane would probably 
flatten out in the neighborhood of liquid air temperatures and then increase 
but slowly in going up to room temperature. 

Of course, the broken portion of the liquid curve is purely imaginary, as 
every known liquid on cooling either crystallizes or hardens to  form a glass. 
In this connection the production of glasses from such typically non-polar 
liquids as 3-methylhexane and 2,3-dimethylpentane appears to  us especially 
significant, since heretofore the only organic glasses studied were formed 
from more or less polar substances, containing carbon, hydrogen and oxy- 
gen. In the past the formation of a glass has sometimes been explained by 
assuming the production of highly associated groups, or even colloidal 
particles, on cooling the parent liquid. However, the extensive formation 
of associated groups in the two heptanes just mentioned seems rather im- 
probable, and we believe that the true explanation of the vitrifaction of a 
liquid is to be found in a great increase, within a relatively small tempera- 
ture interval, of the cohesive forces acting between the m~lecules. '~ As a 
result of this increase in cohesion, there should also be a marked increase in 
the vibrational frequencies for the oscillations of the molecular units and 
for the intramolecular oscillations of the individual carbon atoms along 
certain axes of motion; hence, in accordance with the Debye and Einstein 
functions, the resultant molal heat capacity might be expected to  fall off 
rapidly within a small temperature interval. Experimentally this rapid 
change has been found for all organic glasses so far studied; i t  is indicated 
graphically by the line ah in Fig. 3. Since the glassy form of a substance 

l4 This increase in the cohesive forces is pr~bably the result of the volume shrinkage 
in the liquid, consequent t o  a decrease of the thermal motions with lowering of tempera- 
ture. That such a change in cohesion takes place is evidenced by the tremendous in- 
creases in the viscosity of the parent liquid just above the "hardening pointu--increases 
of a hundred-fold or more within ten degrees, Parks and Gilkey, J. Phys. Chem., 33, 
1432 (1929). 
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ordinarily exhibits a heat capacity curve similar to but slightly above that 
for the crystalline form, it would seem that the cohesive forces, or internal 
pressures, in the two forms must be of about the same magnitude. In fact, 
we may picture the glassy and crystalline states as containing essentially 
the same units and as held together by essentially the same forces, the 
former merely lacking the regularity of arrangement of these units and 
forces found in the latter. 

If the foregoing explanation for the formation of a glass be valid, we 
might expect that certain soft crystals, showing a large coefficient of ther- 
mal expansion and differing but slightly in energy content from the corre- 
sponding liquid form, might undergo a similar large change in internal 
cohesive forces and consequently a rapid fall in heat capacity within a brief 
temperature interval. In this connection i t  is interesting to note that 
Kelley15 has studied such a substance in the form of the high-temperature 
modification of cyclohexanol and has observed a sharp drop in its heat 
capacity curve about 90" below the point of transition into the low-tem- 
perature modification. 

Finally we might call attention to the significance of the lines cd and ef 
in the diagram. If the crystalline heptane be one which melts a t  a low 
temperature such as c, there should be a decided increase in heat capacity 
after fusion, the change being measured by the length of cd. On the other 
hand, if fusion takes place at  a relatively high temperature e, the increase in 
specific heat should be small. These deductions are in agreement with the 
experimental data. 

Entropies of the Heptanes.-Using our specific heat and fusion data 
in conjunction with the third law of thermodynamics, we have calculated 
the molal entropies at  298.1°K. for the seven heptanes which crystallized. 
I n  these calculations we have employed the extrapolation method of 
Kelley, Parks and Huffman16 for estimating the entropy increases for the 
crystals (Col. 3 of Table 111) from 0 to 90°K. The various entropy incre- 
ments from 90 to 29g°K., which appear in Cols. 4, 5 and 6 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 ''S298 experimental" in the seventh column; they are probably 
accurate to within 1%. 

Although the third law of thermodynamics is not strictly applicable to 
non-crystalline substances, we have roughly estimated the entropies of 3- 
methylhexane and 2,3-dimethylpentane. In these instances we obtained 
graphically the entropy increment of the glass and liquid between 70 and 
298.1°K. (Col. 6 of Table 111). By comparison with the other heptanes 
we then estimated the increment between 0 and 70°K. and to this result we 

l5 Kelley, THIS JOURNAL, 51, 1402 (1929). 
lB Kelley, Parks and Huffman, J. Phys. Clzem., 33, 1802 (1929). 
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TABLE 111 
ENTROPIES OF THE: HEPTANES PER MOLE 

No. Substance 

Crystals 
Above 

0-90°K. 909K. 

16.97 18.80 
16.76 13.92 
16.9" . . . 
16.46 13.47 
15.32 12.33 
16.6" .. . 
15.75 13.14 
14.50 9.94 
14 0 39.7gb 

Liquid 

24.51 
30.86 
57.15 
30.09 
30.97 
56.60 
30.37 
33.45 
8.86 

SZ 98 

Experi- Sz~t 
mental Predicted 

" This is the estimated value for the entropy of the glass a t  70°K. This value 
includes 4.67 E. U. for the transition at  121.0° and 0.55 E. U. for the entropy of the 
hump at  105OK. 

added 4 E. U. for the entropy of the glass a t  the absolute zero. The whole 
procedure, while somewhat arbitrary, probably does not involve an error 
greater than 2.5 E. U. in the value below 70°, since Kelley17 has recently 
shown that several organic glasses apparently have entropies between 2.6 
and 4.6 E. U. a t  O°K. The resulting values for 5 2 9 8  are probably accurate 
to within 3.0 E. U. 

In a previous paper it was shown that the entropy of a liquid paraffin 
hydrocarbon could be calculated quite accurately by the equation, S2D8 = 

25.0 + 7.7n - 4.5r, where n is the number of carbon atoms in the molecule 
and r represents the number of branches on the straight chain. In  the 
present study we have again used this equation to obtain the values for 
6'S298 predicted" in the last column of Table 111. On the whole the pre- 
dicted values are in very good agreement with the experimental results. 

The Free Energies of the I%eptanes.-We have also calculated the 
free energies of formation of these heptanes by means of the fundamental 
thermodynamic equation, Ai" = A H  - TAS. 

The essential data are given in Table IV. The heats of combustion a t  
constant pressure appear in Col. 3; they were recently determined by the 
U. S. Bureau of Standards18 at  20' and have been recalculated to 25' for 
our present purpose. The various results are probably accurate to about 
1000 cal. and indicate that the molal heats of combustion of these isomers 
are practically identical. The AH298 values were then calculated by use of 
68,330 and 94,270 ~ a 1 . ~  for the heats of combustion of hydrogen and gra- 
phitic carbon, respectively. Column 5 contains the entropy of formation of 
each compound, which is simply the difference between its S298 and the cor- 
responding values for the entropies of the elements contained therein. For 

l7 Kelley, THIS JOURNAL, 51, 785 (1929). 
Is Kharasch, Bur. Standards J. Research, 2,  359 (1929). 
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this purpose the respective entropies of carbon and hydrogen were taken 
as 1.3 and 14.8 a. U. per gram atom.8 

TABLE IV 
THERMAL DATA AT 298.1°K. 

(The 15' cal. is used throughout and all weights have been reduced to a vacuum basis) 
Heat of combustion A H m  ASeos A R M  

No. Substance at constant pressure Cal. E. U. Cal. 

1 n-Heptane 1,149,400 -57,100 - 167.0 -7300 
2 2-Methylhexane 1,148,400 -58,100 - 170.6 -7200 
3 3-Methylhexane 1,148,400 -58,100 -171.9 -6800 - 
4 3-Ethylpentane 1,149,400 -57,100 - 171.3 -6000 
5 2,2-Dimethylpentane 1,147,400 -59,100 - 177.8 -6100 
6 2,3-Dimethylpentane 1,148,400 -58,100 -172.7 -6700 
7 2,4-Dimethylpentane 1,148,400 -58,100 -176.2 -5600 
8 3,3-Dimethylpentane 1,147,400 -59,100 - 175.8 -6700 
9 2,2,3-Trimethylbutane 1,147,400 -59,100 -181.1 -5100 

The mold free energies appear in the last column of the table. As cal- 
culated from the individual heats of combustion the nine values lie very 
close together, the maximum difference being 2200 cal. between la-heptane 
and 2,2,3-trimethylbutane. However, if the heats of combustion of the 
isomers are assumed to be identical and 1,148,400 cal. per mole, the free 
energies of n-heptane and 3-ethylpentane will be lowered by 1000 cal., 
while the values for 2,2-dimethylpentane, 3,3-dimethylpentane and 2,2,3- 
trimethylbutane will be raised algebraically by an equal amount. The free 
energy difference between compounds 1 and 9 will then become 4200 cal. 

I n  any event i t  is clear that increased branching among these isomers 
leads to a small increase in the free energy level. Taking the values as 
given in the table, we find that the effect of shortening the main chain by 
introducing side branches is to raise the free energy level by an average of 
600 cal. per branch. This result, while small, agrees fairly well with the 
900 cal. average for a similar change in the three octane isomers previously 
studied by the authors. In each instance i t  thus appears that the normal 
paraffin is thermodynamically the most stable in its group. 

Before concluding we wish to thank Dr. Graham Edgar, Director of the 
Research Laboratory of the Ethyl Gasoline Corporation, for the loan of 
these hydrocarbon samples and for his encouragement in this research. 

Summary 
1. The heat capacities of the nine isomeric heptanes have been measured 

between liquid air temperature and that of the room. 
2. A qualitative explanation of the typical heat capacity curves for the 

crystalline, glassy and liquid states has been suggested. 
3. The entropies of the isomeric heptanes have been calculated from 

the heat capacity data. These results agree well with the values pre- 
dicted by means of a simple, empirical equation. 
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4. The corresponding free energies have also been calculated. It ap- 
pears that with increased branching in this group of heptane isomers the 
free energy level is raised by an average of 600 cal. for each side branch. 

STANPORD UNNERSI~Y, CALIFORNIA 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OP THE RICE INSTITUTE] 

ALPHA-TETRAHYDROFURFURYL CHLORIDE AND ALPHA- 
TETRAHYDROFURFURYL ETHERS 

BY W. R. KIRNER 

RECEIVED MARCH 31, 1930 PUBI.ISRED AUGUST 5, 1930 

In a recent paper from this Laboratory1 the synthesis of a-furfuryl 
chloride and a few a-furfuryl ethers was described. The preparation of 
tetrahydrofurfuryl chloride has now been accomplished by a similar applica- 
tion of the Darzens reaction to tetrahydrofurfuryl alcohol. This alcohol is 
now available in quantity from the Miner Laboratories of Chicago. Fur- 
fury1 chloride was found to be a relatively unstable substance having a 
sharp odor and exhibiting lachrymatory properties and possessing an ex- 
tremely reactive chlorine atom. Tetrahydrofurfuryl chloride, on the other 
hand, is a relatively stable substance with a mildly pleasant odor, ex- 
hibits no lachrymatory properties and has an extremely unreacti~e chlorine 
atom. 

The synthesis of the tetrahydrofurfuryl ethers was first attempted by 
the method which was successfully used for the preparation of the furfuryl 
ethers, namely, treatment of the chloride with the desired alcohol in the 
presence of pulverized potassium hydroxide. Treatment of furfuryl 
chloride under these conditions gave high yields of ethers with the reaction 
occurring very rapidly. In the case of the tetrahydrofurfuryl chloride 
this method failed. I t  was found that the chlorine atom in tetrahydro- 
furfuryl chloride was very much less reactive than the chlorine atom in 
furfuryl chloride. Thus, in an attempt to prepare tetrahydrofurfuryl 
methyl ether, tetrahydrofurfuryl chloride was treated with pulverized po- 
tassium hydroxide and absolute methyl alcohol and refluxed for a consider- 
able period of time at  the boiling point of the alcohol. The reaction oc- 
curred extremely slowly and only to a slight extent. I t  is possible that this 
reaction might be used for the preparation of the higher ethers for then the 
reaction could be carried out a t  a much higher temperature than is possible 
when methyl alcohol is used. However, this proposed method of prepa- 
ration of the tetrahydrofurfuryl ethers has the disadvantage that an un- 
saturated tetrahydrofuran derivative can be formed simultaneously due to  
the elimination of halogen acid by the basic reagent used, a reaction which 
was not possible in the case of furfuryl chloride. Thus 

Kirner, THIS JOURNAL, 50, 1955 (1928). 
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H H H H 
H-C-C-H ROH + KOH H-C-C-H 

I I ____.) 
H-C C-H or 

I 1  
H-C C=CH2 

H/\o/\cH~c~ NaOR H/\o/ 
I n  fact, the small amount of impure ether which was isolated in the above 
mentioned experiment showed strong reducing action to both bromine and 
potassium permanganate and obviously contained an unsaturated com- 
pound. Work on this phase of the reaction is being continued with the 
object of isolating the unsaturated compound in a pure state. 

The synthesis of the ethers was satisfactorily accomplished using _the 
method described by Wissell and Tollens2 for the synthesis of the furfuryl 
ethers. This consisted in treating tetrahydrofurfuryl alcohol with the 
desired alkyl halide in the presence of pulverized potassium hydroxide. 
The reaction took place smoothly and rapidly and gave excellent yields. 
The tetrahydrofurfuryl ethers are much more stable than the simple fur- 
fury1 ethers and remain practically colorless when merely placed in glass- 
stoppered bottles under atmospheric pressure and in the absence of a 
stabilizing agent such as hydroquinone. Table I lists the physical proper- 
ties, yields and analytical data of the chloride and the ethers which 
were prepared. 

I n  comparing the boiling points of the furfuryl and tetrahydrofurfuryl 
compounds it is found that the tetrahydrofurfuryl compounds boil uni- 
formly about 6' higher than the corresponding furfuryl compounds. The 
densities and refractive indices of the tetrahydro compounds are lower 
than those of the corresponding furfuryl compounds. In  the case of the 
furfuryl compounds the molecular refraction showed a slight depression, 

TBLE I 
DATA ON TETRAWDROPURF'URYL COMPOUNDS 

No. Tetrahydrofurfuryl B. p., 'C. Pressure, mm. 

1 Chloride 149.0-149.5 721 
38.5-39 10 

2 Methyl ether (methyl iodide 
method) 140-141 715.5 

2a Methyl ether (dimethyl sulfate 
method) 140-141.5 723 

3 Ethyl ether 152-154 726 
4 n-Propyl ether 175-176.5 728 
5 n-Butyl ether 194.5-196 72 1 
6 Iso-amyl ether 86.5-87.5 10 

209-210 (corr.) 718 
7 n-Hexyl ether 107.5-108.5 10 

231-233 708 
8 Ally1 ether 179.5-181 707 
9 Benzyl ether 141.5-143 10 

Yield, % 

75 

Wissell and Tollens, Ann., 272,291 (1892). 
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TABLE I (Concluded) 
n a o ~  

D dta Mol. refr. ( M o )  
No. (Abbe) Calcd. Ohs. 

1 14560 11102 1.1133 29 .60 29.51 
2 1 4292 0 9640 0 9667 30.99 31 06 
2a 1 4300 .%25 ,9653 30.99 31.16 
3 1 ,4298 ,9386 9412 35 61 35.80 

Sample, 
mg. 

4 092 
4 590 
4 236 
5 380 
5 524 
4 860 
5 244 
5 712 
4 541 

coz, . 
mg. 

7.520 
10.440 
10.040 
13.160 
13.855 
12.460 
13 600 
14 160 
12 540 

ANALYSES 

BzO, Carbon, 9% 
mg. Calcd. Found 

2 78 49 78 53 12 
4 13 62 02 62 03 
3 96 64 56 64 64 
5 30 66 61 66 71 
5 57 68 29 68.40 
5 0 3  69.70 69.92 
5 50 70 90 70 73 
4 98 67 55 67 61 
3 2 8  7495  7531  

Hydrogen, % 
Calcd. Found 

7 53 7 60 
10 42 10.07 
10 84 10.46 
11.19 11.02 
11 47 11.28 
11.71 11 58 
11.91 11.73 
9 93 9 75 
8.39 8 .08  

whereas with the tetrahydrofurfuryl compounds there appears t o  be a 
slight exaltation. 

An attempt was made to prepare tetrahydrofurfuryl iodide by treatment 
of the c h w d e  with sodium iodide in acetone solution. The mixture was 
refluxed for about thirty-five hours and allowed to stand for two and one- 
half months. Only a very small amount of sodium chloride precipitated 
and on working up the mixture practically all of the chloride was recovered 
unchanged; a small amount of higher-boiling residue remained which was 
possibly the iodide. This experiment confirms the non-reactivity of the 
chlorine atom previously mentioned. 

Dr. Irvine Page, director of the Chemistry Division of the Deutsche 
Forschungsanstalt fiir Psychiatrie of the Kaiser Wilhelm Institut in Mu- 
nich, kindly made a preliminary study of the physiological activity of the 
tetrahydrofurfuryl ethers on mice and guinea pigs. He reported the 
ethers moderately toxic, the M. I,. D. for the ethyl and propyl compounds 
on both mice and guinea pigs being about 0.14 cc. per kilo body weight when 
injected intravenously and 1.4 cc. per kilo body weight when injected 
intraperitoneally, these values decreasing with the higher ethers. Sub- 
cutaneous injection seemed to produce little effect. Injection of the sub- 
stances intraperitoneally first caused muscular incoordination and then 
complete muscular relaxation with a semi-anesthetic stage in which the 
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animals showed diminished pain sensibility and reflexes, the condition 
somewhat resembling twilight sleep. After one to two hours the animals 
appeared quite normal. Autopsies after injection of toxic doses showed 
chemical peritonitis. The anesthetic action appeared to increase from the 
methyl to the butyl compound (in the latter compound 0.8 cc. in a guinea 
pig weighing 680 g. caused total anesthesia lasting for nine hours), and 
then decreased again in the higher ethers. The benzyl ether was found to 
be quite toxic and the animals showed signs of central nervous system irri- 
tation. In this case the anesthetic action was light. In many cases the 
animals recovered from the anesthetic action but died later, death being 
due to intestinal necrosis rather than to  an inherent toxicity in the com- 
pounds themselves. 

It is a pleasure to acknowledge my thanks to-Dr. Page for his kindness in 
carrying out the pharmacological investigation on these compounds as 
well as for the use of the refractometer with which the refractive indices 
were measured. I also wish to express my appreciation to Professor Hein- 
rich Wieland for granting me permission to carry out this work in the 
Staats Laboratorium in Munich. 

Experimental 
I. Preparation of a-Tetrahydrofurfuryl Chloride.-A 200-cc. round-bottomed 

three-necked flask was fitted with a mechanical stirrer in the center neck; a 50-cc. 
dropping funnel (which had its delivery tube bent so as to deliver its contents near the 
center of the flask), was fitted into one side neck and a 50' thermometer was fitted into 
the remaining side neck. Fifty-one grams (0.5 mole) of freshly distilled tetrahydro- 
furfuryl alcohol and 43.5 g. (0.55 mole) of pyridine were placed in the flask; 65.5 g. 
(0.55 mole) of thionyl chloride (which was distilled from linseed oil and was perfectly 
water-white) was placed in the dropping funnel and added dropwise to &he rapidly 
stirred alcohol-pyridine mixture. A vigorous reaction occurred with rise of tempera- 
ture and darkening of the reaction mixture. The rate of addition of the thionyl chloride 
was such that ad

di

tion was completed in approximately one and one-half hours; the 
temperature rose to between 50-55". At the end of thirty to forty minutes a pasty, 
crystalline mass began to separate, which finally became so thick that the stirrer had 
difficulty in moving it. To avoid the thionyl chloride dropping on one spot of this mass, 
i t  was found that by gently tapping the flask with the hand the mass was loosened 
sufficiently so that it slowly rotated. At the end of about one and one-quarter hours 
this crystalline mass had redissolved leaving a dark brown liquid. 

After the thionyl chloride was all added stirring was continued. As the tempera- 
ture decreased crystallization again occurred and stirring was continued until this was 
complete and then the mixture was allowed to stand overnight. If crystallization 
occurred when the stirrer was not in motion it was found difficult to remove the stirrer 
from the hard crystalline mass which filled the flask the next morning. 

The stirrer, dropping funnel and thermometer were removed and the liquid present 
in the flask was decanted off into an Erlenmeyer flask. Thc crystalline residue was then 
broken up, first with a sharp-pointed file and then with a glass rod having a button- 
shaped end; this treatment leaves a dark brown pasty mass of crystals. These were 
extracted by decantation seven times with 25-cc. portions of dry ether, the ether ex- 
tracts being added to the solution originally decanted from the crystals. This combined 
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solution was then washed three times with 50-cc. portions of water and allowed to dry 
over anhydrous sodium sulfate. The ethereal solution had a light brown color. The 
crystalline residue may be dissolved in water and treated with alkali to recover the 
pyridine. 

The ether was distilled off and the residue fractionated in vacuum from a Claisen 
fractionating flask, the side arm of which was fitted with a short water condenser. The 
chloride distilled steadily a t  41.542" a t  11 mm. The boiling point observed a t  other 
pressures was 44-44.5" a t  13 mm., and 45" at 14 mm. The yield of pure, distilled prod- 
uct was 75y0 and was duplicated many times. The remaining physical properties and 
analytical data are given in Table I. The chloride was a perfectly water-white liquid 
with a peculiar characteristic odor, but not a t  all lachrymatory as in the case of furfuryl 
chloride. It was found to be much more stable than furfuryl chloride and remained 
watar-white for a long period when merely placed in a glass-stoppered bottle. 

Attempts were also made to prepare the chloride by the use of phosphorus tri- 
chloride. The alcohol was dissolved in anhydrous ether and treated dropwise with a 
10% excess of phosphorus trichloride, also dissolved in anhydrous ether. In one ex- 
periment the reaction mixture was kept cold; in another the reaction was run a t  the 
boiling point of the ether and in a third case a molecular quantity of pyridine was pres- 
ent. The yield by all of these methods was approximately 15% and in the fractional 
distillation there was always a considerable amount of high-boiling residue which was 
presumably unreacted alcohol. The chloride prepared by these methods always turned 
dark in a few days and gave off hydrogen chloride, the decomposition occurring more 
slowly, however, in the product obtained from the pyridine reaction. The phosphorus 
trichloride method is very much inferior to the thionyl chloride method both from the 
standpoint of yield and purity of the product obtained. 

n. Preparation of a-Tetrahydrofurfuryl Ethers.-In general, about 0.3 mole of 
tetrahydrofurfuryl alcohol was mixed with a 200% excess of the desired bromide (ex- 
cept in case of the benzyl compound, where the chloride was used, and in case of the 
methyl compound, where the iodide was used), in a 250-cc. round-bottomed flask and 
then 100% excess of pulverized potassium hydroxide was added in small portions. 
Considerable heat was evolved, particularly in the case of the more reactive halides 
such as methyl iodide, ethyl and ally1 bromide and benzyl chloride; when volatile 
halides were used the reaction mixture had to be cooled to avoid loss of the halide. 
The sodium halide precipitated voluminously during the addition of the alkali. When 
the potassium hydroxide was all added, the mixture was heated in a water-bath for three 
hours a t  such a temperature that the lower alkyl halides refluxed; for the higher alkyl 
halides a boiling water-bath was used. In the reactions involving the lower alkyl 
halides the excess alkyl halide was distilled off through a goose-neck tube a t  the end of the 
refluxing period, cooled, and 75 cc. of water added to the residue; in case of the higher 
alkyl halides water was added directly after being refluxed and cooled. The oily layer 
which separated was removed with a separatory funnel and the aqueous layer extracted 
three times with 25-cc. portions of ether. (The methyl ether is considerably soluble in 
water and no layer separated on adding water; therefore seven extractions with 25-cc. 
portions of ether were made.) The combined oily layer-ethereal solution was washed 
twice with 50-cc. portions of a saturated solution of sodium sulfate and the ethereal 
solution dried over anhydrous sodium sulfate. After standing overnight the solution 
was filtered from the sodium sulfate, the ether distilled off and the residue fractionated 
from a Claissen fractionating flask. In the case of the iso-amyl, n-hexyl and benzyl 
ethers the fractionation was performed in vacuum; in the other cases a t  atmospheric 
pressure. Before measuring the physical properties of the ethers they were allowed 
to  stand over metallic sodium and then redistilled. All of the ethers showed considerable 
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evidence of reaction with the sodium but without appreciable evolution of hydrogen. 
The tetrahydrofurfuryl ethers are all stable, water-white liquids with extremely pleasant 
odors. The physical constants, yields and analytical data are given in Table I. 

The tetrahydrofurfuryl methyl ether was also made by methylation of the alcohol 
with dimethyl sulfate. A 100% excess of 40% sodium hydroxide solution was placed 
in a three-necked flask fitted with a stirrer and two dropping funnels and cooled in an 
ice-bath. The tetrahydrofurfuryl alcohol and a 50% excess of dimethyl sulfate were 
added simultaneously, dropwise, from the funnels, the reaction mixture being kept cold, 
and the temperature of the mixture not rising above 8". After addition of the liquids was 
complete the mixture was stirred for three and one-half hours while cooled, and a further 
two and one-half hours with the ice-bath removed and then allowed to stand overnight 
a t  room temperature. 

The reaction mixture consisted of two layers: an upper oily layer and the lower 
aqueous-alkaline layer. The mixture was transferred to a 250-cc. round-bottomed 
flask and steam distilled. The distillate a t  first contained two layers, but due to the 
solubility of the methyl ether in water, the insoluble layer gradually dissolved as more 
and more water distilled. The distillate was saturated with potassium carbonate, 
which caused an oily layer to separate, and was removed and then the aqueous layer was 
extracted three times with 25-cc. portions of ether. The combined solution was then 
dried over anhydrous potassium carbonate. The solution was filtered from the drying 
agent, the ether distilled off and the residue fractionated. The product obtained by 
this method, after being dried over metallic sodium and redistilled, agreed satisfactorily 
in its physical properties and in yield with that obtained by the methylation of tetra- 
hydrofurfuryl alcohol with methyl iodide. 

Summary 

1. Tetrahydrofurfuryl chloride has been prepared using the Darzens 
reaction on tetrahydrofurfuryl alcohol and its physical properties deter- 
mined. This chloride is much more stable and less reactive than furfuryl 
chloride. 

2. The following tetrahydrofurfuryl ethers have been prepared by 
alkylation of tetrahydrofurfuryl alcohol, characterized and a preliminary 
study made of their physiological activity: methyl, ethyl, n-propyl, n- 
butyl, iso-arnyl, n-hexyl, ally1 and benzyl. The methyl ether was pre- 
pared by alkylation with both methyl iodide and dimethyl sulfate. These 
ethers are considerably more stable than the corresponding furfuryl ethers. 

MUNICH, GERMANY 
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Introduction 
The determination of the composition of the solid phase when cellulose 

is brought into contact with solutions of sodium hydroxide of varying 
concentrations has been the subject of numerous researches extending 
over a period of more than eighty years. 

The main purpose of this investigation is to show whether the effect is 
chemical, physical or physico-chemical, or due to a combination of these 
possibilities. 

As early as 1844 Mercer4 assumed that a chemical compound was formed 
between the cellulose and sodium hydroxide a t  a certain optimum concen- 
tration. This idea received experimental support from the researches of 
Gladstone, Thiele,6 Vieweg,' Lindemann,* N ~ r m a n n , ~  Traubel0 and Hess. " 
Other more recent investigators include d'Ans and Jaeger,12 Dehnert and 
Koenig,13 Heuser and Niethammer,14 Heuser and Bartunek, l6 Karrer16 and 
I,iepatow.17 

A thorough review of the literature is to be found in papers by Blancol* 
and Clibbens.lP Gladstone, Karrer,16 Hiibner and Teltscher, 20 Heuser 

1 Contribution from the Department of Industrial and Cellulose Chemistry, 
McGill University, Montreal, Canada, with financial assistance from the Canadian 
Pulp and Paper Association. 

Research Fellow, Pulp and Paper Research hstitute, Montreal. 
a Professor of Industrial and Cellulose Chemistry. McGill University, Montreal. 
J. Mercer, English Patent, 13,296 (1850). 
J. H. Gladstone, J. Chem. Soc., 5, 17 (1852). 
E. Thiele, Chem.-Ztg., 25, 610 (1901). 
W. Vieweg, Ber., 40, 3876 (1907). 
0. K. Lindemann, "Dissertation," Dresden, 1909. 
W. Normann, Chem.-Ztg., 30, 584 (1906). 

lo W. Traube, Ber., 55, 1899 (1922). 
l1  K. Hess, Ann., 435, 1 (1923); Z. angew. Chem., 38, 320 (1925). 
l2 J. d'Ans and A. Jaeger, Cellrlosechemie, 6, 137 (1925). 
l3  F. Dehnert and W. Koenig, ibid., 5, 107 (1924); 6, 1 (1925). 
l4 E. Heuser and W. Niethammer, ibid., 6, 13 (1925). 
l5 E. Heuser and L. Bartunek, ibid., 6, 14 (1925). 
'6 P. Karrer, ibid., 2, 124 (1921). 

S. Liepatow, J. Russ. Phys.-Chem. Soc., 57, 48 (1925). 
'8 G. W. Blanco, Ind. Eng. Chem., 20, 926 (1928). 
19 D. A. Clibbens, J. Text. Inst., 14, T217 (1923). 

J. Hubner and P. Teltscher, J. Soc. Chem. Ind., 28, 641 (1909). 
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and Niethammer14 and Rassow and Wadewitz21 attempted to wash the 
soda cellulose free from adhering alkali with alcohol. In the first two in- 
stances, the existence of a compound (C6H1n05)2.NaOH is claimed, while the 
other workers find the method unsatisfactory. 

Vieweg7 initiated the "indirect method," namely, the evaluation of data 
obtained from titration of the final equilibrium solutions. 

It was found that a decrease in the alkali concentration always took place, 
and from this Vieweg calculated the absorption. From the data he con- 
cluded that the existence of two compounds was proved, viz. (c~H1006)2.- 
NaOH and (C6Hlo05)z.2NaOH. 

Similar investigations have been carried out with various modifications 
by Heuser,l4?l5 Miller,22 J ~ y n e r , ~ ~  Dehnert and Koenig,13 Karrer and Nish- 
ida,24 Liepatow,17 d'Ans and Jaeger,I2 K ~ l t h o f f , ~ ~  RumboldZ6 and others. 

Dehnert and I<oenig,13 as well as d'Ans and Jaeger,12 also confirmed the 
formation of Vieweg's second compound at  high alkali concentrations, 
while Karrer,16 Hess,ll Heuser and his c o - ~ o r k e r s l * ~ ~ ~  deny this. 

From a consideration of the various curves obtained by using the "in- 
direct method," in which concentrations of sodium hydroxide solution were 
plotted against weight of sodium hydroxide removed, the weight of evidence 
seems to show that there is some abnormal condition prevailing where the 
discontinuities of the curves occur. However, in all of these investigations, 
little or no attention has been paid to the absorption of water by the cellu- 
lose. Unless this takes place in constant amount, or in quantities so small 
that the effect would not be noticed, no definite conclusions can be drawn 
from the absorption curves obtained. 

Leighton," and Coward and Spencer," used a centrifugal method to 
remove superfluous sodium hydroxide, in this way claiming to separate the 
amount of absorbed water from that of the absorbed or combined alkali. - 
From their results they conclude that the phenomenon is due to absorption. 
Nevertheless the weight of evidence from other sources, as well as that 
obtained by most investigators using the "indirect method," tends to 
strengthen the belief that a chemical compound is formed. 

Although the alcohol washing method, as developed by various investi- 
gators, has not led to definite conclusions as to the nature of the absorption 
process, the authors believe that the fault lies for the most part in its appli- 
cation rather than in an inherent inconsistency of the method. 

z1 B. Rassow and M. Wadewitz, J. priLkt. Chem., 106, 266 (1923). 
23 0. Miller, Ber., 40,4903 (1907) ; 41,4292 (1908); 43,3430 (1910) ; 44,728 (1911). 
23 R. A. Joyner, J. Chem. Soc., 121, 2395 (1922). 
24 P. Karrer and K. Nishida, Cellulosechemie, 5, 69 (1924). 
26 I. M. Kolthoff, Pharm. Weakblad., 58, 40 (1921). 
26 J. A. Rumbold, THIS JOURNAL, 52, 1013 (1930). 

A. Leighton, J. Phys. Chem., 20, 32 (1916). 
28 H. F. Coward and I,. Spencer, J .  Text. Inst., 14, T32 (1923). 
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With this idea in view a systematic method of attack has been developed 
which seems to lead to consistent and comprehensible results. 

Experimental Procedure 
After immpxsion of the cotton cellulose in sodium hydroxide solution under con- 

ditions which will be described later, the sample was removed by means of a glass rod 
and filtered under suction in a Buchner funnel. The wet mass was well pressed by a 
flattened glass rod for three minutes, a t  the end of which period i t  was quickly trans- 
ferred to a beaker containing 100 cc, of 95% alcohol, with which i t  was thoroughly 
mixed for two minutes. 

The supernatant liquor was poured off into a dry flask and most of the solution 
pressed out of the cotton by means of a flattened glass rod, the operation requiring one 
minute. The washed fiber was 
then placed under suction, where loo 

it was pressed carefully for one $ 
minute and allowed to stand under 
suction for one minute longer. At 2 
the end of this time the material $ 
was again transferred to 100 cc. of 5 

alcohol, agitated for two minuter 
(not sufficiently vigorously to ; .$ 
break up the fiber), pressed for u -C: 

.!2 3 
one minute, the liquid collected 3 6 
and again placed under suction. Ct: 2 
This process was repeated for 6 $ 40 
every washing. %';a 

An aliquot portion of each of * the washing solutions was then , 
transferred to a beaker, the alcohol @ 
removed by gentle boiling, and 

20 

the alkali present determined by 0 

titration against standard sulfuric 8 
acid using methyl orange as indi- 0 
cator. The removal of alcohol by 1 2 3 4 5 
boiling eliminated the indicator Number of washings. 
difficulties exper ienced by  Fig. 1. 
Heuser." After completing the 
last washing the cotton was stirred with distilled water and titrated with acid t o  deter- 
mine the remaining alkali. 

Repeated experiments showed that this method gave reproducible results, and es- 
tablished the fact that variations in the method, such as washing for a longer time, or 
with different amounts of alcohol, gave the same final result. 

The following data (shown in Fig. 1) illustrate the calculation of the 
results. 

Initial strength of sodium hydroxide solution = 23.2% by weight; washing period two 
minutes. 

No. of washing.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 3 4 5 
0.807 N H P S O ~  required to neutralize each washing, 

cc.. . . . . . . . . . . . . . . . . .. . . .... . . . . . . . . . . . . . 78.6 10.82 5.14 2.77 1.65 
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Equiv. of alkali remaining in the cellulose = 22.10 cc. Extrapolated value to the second 
washing from Graph (I) 7.5 cc. 

Then 22.10 + 7.50 + 5.14 + 2.77 + 1.75 = 39.16 cc. of 0.807 N acid are equivalent 
t o  the caustic alkali directly associated with 4.332 g. of cellulose, i. e.,  29.3 g. of 
NaOH to 100 g. cellulose. 

For a washing period of three minutes the value found was 29 5 g. of NaOH per 100 g. of 
cellulose. 

The agreement is within the limit of experimental error. Similar agreement was 
obtained when 150 cc. of alcohol, instead of 100 cc., was used for the washing. There- 
fore the conclusion was reached that the method could be applied to  determine the 
amount of alkali combined with, or absorbed in, the fiber. 

The absorption experiments were carried out a t  25*0.02O in a water thermostat. 
For the absorption vessel a cylindrical glass jar of about 300 cc. capacity was used, 
which was coated internally with a thin layer of paraffin wax and fitted with a rubber 
stopper provided with an exit tube and a tube dipping nearly to the bottom of the 
vessel. 

During an experiment, nitrogen was bubbled gently through the mixture of cellulose 
and alkali to ensure thorough mixing, and to prevent oxidation and the absorption of 
carbon dioxide. The gas was passed through sodium hydroxide solution of the same 
streagth as that contained in the experimental vessel in order to  remove all carbon dioxide. 

Pure "absorbent cotton" was used in these experiments. The a-cellulose value 
was 99.1%, the ash 0.05%. Before use it  was dried in a vacuum for six hours a t  60-70° 
and kept in a vacuum desiccator over phosphoric anhydride. 

The sodium hydroxide was Schuchardt's, purified by means of alcohol; 1 kg. was 
dissolved in 1 liter of water and allowed to  stand for ten days. The clear liquid was 
then forced out of a delivery tube, by means of carbon dioxide-free air, into a measuring 
cylinder, from which it was transferred in the same way to  a flask containing the appro- 
priate volume of air-free water. It was then a simple matter to  fill a pipet with the car- 
bonate free solution, and to  transfer it  to  the reaction vessel. In this way a soda solu- 
tion containing less than 1 part in 600 of carbonate was prepared. 

The determination of the indirect absorption was carried out as follows. Dry 
cellulose (5 g.) was accurately weighed out and placed in the vessel, and 75 CC. of the 
sodium hydroxide solution added, during the passage of a slow stream of nitrogen. 
The concentrations of the initial and final solutions were determined, and from the 
difference between these a t  equilibrium, values for the indirect absorption were calculated 
according to Vieweg's procedure. 

The cellulose was allowed to  remain in contact with the soda solution for four hours, 
a n  interval of time which in the experience of other workers, e. g., Miller,22 would appear 
to  be ample time for equilibrium to  be established. 

The wet fiber was then dried for three minutes using cuct'on and subjected to a 
washing process a t  the end of which the residual alkali was found by titration. Thus 
it  was possible to calculate a value for the alkali directly associated with the fiber over a 
wide range of concentrations according to  the method of alcohol washing which has been 
outlined. 

The results for the absorption as determined by the Indirect and Direct 
Methods are included in Table I. 

Discussion of Results 

The Method of Washing.-A consideration of the alcohol washing 
diagrams, Fig. 1, shows that undoubtedly the sodium hydroxide associated 
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TABLE I 
ABSORPTION RESULTS 

"Indire~t Direct "Indire:: Direct "Iudire$ 
Init. Detn., Detn., Init. Detu., Detn Init. Detn., 

concn. g. of g. of concn. g. of g. of" concn. g. of 
ofNaOH NaOH/ NaOH/ of NaOH NaOH/ NaOH/ ofNaOH NaOH/ 
in g /I00 100 g. of 100 g. of in g./100 100 g. of 100 g. of in g./100 100 g. of 
g. pf soln. celluIose cellulose g. of soln. cellulose cellulose g. of soh.  cellulose 

0 .32 0 . 7  1 . 1  13.4 13.0 25.7 2 3 2  18.2 
0.85 1 . 0  . . .  14.15 1 2 8  25.6 25.1 19 .7  
2 05 0 9 1 7 14.15 12 9 25.3 26.25 19.3 
3 .23  1.75 2 . 4  15.10 13.1 25.4 26.9 21 .3  
3.70 2 . 2  3 . 1  15.25 12.7 .. 27.05 .. 
5.00 2 4 2 8 16.5 13.2 25.3 29.7 21.9 
5.80 2 5 3 . 0  17.5 13.1 .. 30.6 22 .8  
7.05 3 . 3  3.75 18.65 14.5 24.9 34.35 23.7 
8 0 5  4 .15  6 . 9  18.8 14.4 . .  35.3 .. 
9 30 5 3 8 . 3  20.7 .. 25 1 37.5 23.5 

10.25 6 .75  11.25 20.7 .. 25 4 41.5 29 .6  
11.2 . .  1 8 8  21 .6  .. 25 5 42.15 .. 
1 2 0  1 0 . 1 5 2 3 . 1  21 .4  1 6 5  2 5 7  44.4 27 .0  
13 3 12 9 . .  2 3 2  1 8 2  2 9 3  46.8 32 .4  
12.35 .. 24.9 

Direct 
Detn., 

N%&/ 
100 g. of 
cellulose 

with the fiber after it has been partially dried a t  the pump is not removed 
regularly, but that a large part is taken out in the first washing. After 
this, each washing removes a definite portion and in every case after the 
second washing the alkali is removed in small, gradually decreasing 
amounts. It would appear therefore that each washing diagram consists of 
two parts, the first indicating a rapid, and the second a much slower, re- 
moval of sodium hydroxide by the alcohoi. 

After obtaining a large number of diagrams of essentially the same form 
(particularly of type B) which seem to show a sharp break, it was concluded 
that they might be interpreted by assuming that the first portion repre- 
sented easily removable alkali which was not combined with, or adsorbed 
on the fiber, while the second portion might be considered as adsorbed, or 
combined alkali which is removed slowly. The discontinuity in the dia- 
gram then is presumed to mean that point where adhering liquid, and 
superfluous solution entering the interior of the fibers due to  osmotic ef- 
fects, is removed. 

The meaning of the extrapolation is best made clear by considering Curve 
B, Fig. 1 which holds for a range of concentrations 2-34% sodium hydroxide 
by weight. By analogy with washings 3, 4 and 5, it appears logical t o  re- 
gard the second washing as made up of part derived from the alkali pres- 
ent in the first washing liquor and part derived from the fiber. Assuming 
then that washing 3, 4 and 5 represent the general trend of removal of 
absorbed sodium hydroxide i t  is to be anticipated that the second washing 
is made up of a proportional amount derived from the fiber and extrapola- 
tion to  this point therefore was employed. The extrapolation was not 
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continued to the first washing, since it was thought that in the presence of 
such a large amount of easily removed alkali, none of the firmly bound 
sodium hydroxide would be taken out. 

A different extrapolation was employed for very concentrated alkali 
solutions (34-47% by weight), A, Fig. 2. More washings are required to 
remove a more concentrated adhering solution, which, with the correspond- 
ingly higher viscosity, must be intrinsically greater in amount. From the 
curves the break was indicated a t  the third washing and therefore extrapo- 
lation to  this point was carried out. Further, in the use of very dilute 
solutions (0-2%) it  is apparent that the first washing might remove alkali 

140 
from the interior of the fiber 
itself and this was also indi- 
cated by the graph, C, Fig. 2. 

120 Accordingly extrapolation was 
carried to the first washing. 

I t  is to be noted that the 
100 washing period is short. This 

v u has been so made purposely in 

3 80 order to accentuate the point 
rd a t  which the direction of the 
a 
3 curve changes. I t  may be 

60 9 pointed out, however, that a 
Z ten-minute washing interval 

led to the same absorption 
40 value within 1%. 

According to a recent paper 

20 by Neale,2g swelling in the case 
of cellophane is due to osmotic 

-- effects arising from a Donnan 
i 

I 
1 
I 1 t Membrane Equilibrium; if this 

1 2 3 4 5 
Number of washings. is indeed the case, alcohol 

Fig. 2. would in all probability upset 
this so far as the "osmotically 

transferred" alkali and water are concerned, but it does not necessarily 
follow that the combined or adsorbed alkali is appreciably affected. 

Interpretation of the Absorption Curve.-Curve I, Fig. 3, shows the 
relation between the amount of caustic alkali associated with the fiber and 
the concentration of the solution producing the absorption. The most 
significant feature of the curve is the almost vertical portion showing a 
discontinuity at a concentration of 12.5 g. of sodium hydroxide per 100 g. 
of solution,30 and continuing horizontal to the concentration axis until a 

S. M. Neale, J. Text. Inst., 20, T373 (1929). 
so While the authors realize that from the standpoint of the phase rule, hall ,  i. e., 
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concentration of 21.5 g. of sodium hydroxide per 100 g. of solution is 
reached. 

The break occurs where the mole ratio of sodium hydroxide t o  cellulose 
is 1:1, viz., a concentration of alkali in the solid phase of 25.3 g. of sodium 
hydroxide per 100 g. of cellulose as compared to a theoretical value of 24.'7yo 
for a compound of the type (CsHlo06).NaOH. 

This is in harmony with the formation of a compound of that  composition 
when interpreted on the basis of the phase rule. If the system in question 
were merely cellulose-soda cellulose-sodium hydroxide, then the approxi- 
mately vertical portion of the 
curve would indeed be per- 60 

pendicular. A classic ex- i$ 

ample of this is given by 3 
Appleyard and Walker31 for 1 S 

G 3 the system diphenylamine- .; 
picric acid-diphenylamine 3 :40 
picrate. 4 fii 

h b In the case under review, .a , 
however, it is believed that 2 30 3 
superimposed adsorption 5: , 
causes the deviation of the - X 

O %20 
almost upright portion from .g 
the vertical. This point of 2 8 
view is subs tan t ia ted  by  2 2 10 

8 B i l t ~ , ~ ~  who used E'esOr g 
sodium alizarate and E'er03- * 
sodium arsenite. That part 0 

0 10 20 30 40 50 
of the curve the Initial concentration of sodium hydroxide in liquid 
concentration axis simply in- phase, grams NaOH per 100 grams solution 
dicates that only a 1: 1 com- Fig. 3. 
pound exists and that there . 
is no superimposed adsorption until a concentration of 21.5y0 is reached. 

The discontinuity, therefore, is in harmony with the concept of the for- 
mation of some compound between cellulose and sodium hydroxide in 
equal stoichiometric proportions, within the limit of experimental error, 
which is estimated as about 3% for this section of the curve. 

Significantly enough the discontinuity in Curve 11, Fig. 3, which repre- 
sents the results of the indirect method of measurement, starts at almost the 

equilibrium, concentrations should have been plotted, the change in concentration of 
the solutions employed is so small as to render any effect in changing the shape of Pig. 
2 negligible. 

J. R. Appleyard and J. Walker, J. Gltern. Soc., 69, 1334 (1896). 
az W. Biltz, Bey., 38, 4143 (1905). 
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same concentration of alkali, and i t  would seem that this too indicates 
compound formation, as Vieweg stated, although the composition, neglect- 
ing the effect of water absorption, is given by him as 2(C6HI0O5).NaOH. 

Further inspection of Curve I reveals also the possibility of the existence 
of a compound between the concentrations of 4 to 670 alkali by weight, and 
also on Curve I1 between these limits. RumboldZ6 also found a similar 
halt in his titration curve in this region. If such a compound does exist, 
the composition would be (C6H100b)s.NaOH, corresponding to the observed 
value of 3%, theory demanding 3.07% alkali in the cellulose. 

The second break in Curve 11, Fig. 3, a t  the higher concentrations has 
no analog in Curve I and the evidence for a second compound as proposed 
by Vieweg7 is therefore discounted. A 1:l compound between cellulose 
and sodium hydroxide is indicated within the limits of experimental error, 
which is estimated a t  about 3%. The idea of compound formation is in 
harmony with the chemical evidence. 

KarrerZ4 supports this view by a consideration of the analogous cases of 
other polyhydric alcohols. He points out that i t  is a general property of 
the alcohols to form compounds with alkalies, not only of the simple alco- 
holate type but in the case of polyhydric alcohols, compounds of a complex 
nature, as for example the compounds between glycerol and alkali, alkaline 
earth and heavy metal hydroxides. 

Blanco18 states that the phenomenon of the esterification of alkali 
cellulose with carbon disulfide, or benzoyl chloride, supports the idea that 
alkali cellulose has alcoholate properties. H e r ~ o g ~ ~  has shown that the 
absorption bands in the infra-red region of the spectrum of celIulose and 
mercerized cellulose are distinctly different. The conception that alkali 
cellulose is a definite compound is further substantiated to some extent by 
x-ray analysis. 

Taking the hydroxides of lithium, sodium and potassium, K a t ~ ~ ~  showed 
that  abnormalities in the x-ray diagram coincide with the first break in the 
"Vieweg curve," the cellulose spectrum disappearing and new lines being 
formed by the absorption of nearly equimoTecular amounts of these alkalies. 

Whether the compound formed, and showing the new spectrum, is alkali- 
celIulose or an isomer of cellulose is, in his opinion, undecided.35 The 
original lines disappear a t  10.6% LiOH, 16% NaOH and 24y0 KOH, 
which are the concentrations a t  which the formation of alkali celluloses is 
most marked. 

The difference observed between Curves I and I1 is due essentially to the 
fact that cellulose has absorbed water as well as alkali, and therefore the 
results as determined indirectly will be too low. 

33 R. 0. Henog, Z physik. Chem., 121, 136 (1926). 
84 J. R. Katz, Cellulosechemie, 6, 35 (1925). 
35 J. R. Kz).~z, as .Elektrochem., 31, 157 (1925). 
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The Absorption of Water.-It is a simple matter t o  calculate the water 
taken up by the fiber, 

Let m = mass of cellulose 
v  - volume of original sodium hydroxide solution of density d 
b  = number of grams of sodium hydroxide in this solution 
r = amount of alkali absorbed, or combined with m grams of cellulose as di- 

rectly determined 
y  = mass of water absorbed in grams 
c = final concentration in grams of sodium hydroxide per 100 grams of solution 

Then weight of alkali in solution at equilibrium = b - x and total weight 
of solution = vd - x - y 

G b - x  
m = v a - x - y  

x having been determined, y is readily calculated since all the other factors 
are known. 

l0Oy Then O/o water absorbed = - 
m 

The results of this calculation are contained in Table I1 and are plotted 
in Fig. 4. The curve i s  remarkable from the point of uiew that the m a x i m u m  
absorption of water takes place at about 14% alkali concentration by  weight, 
which i s  the point of maximum swelling as determined by Collins and W i l -  
l i a m ~ . ~ ~  In general maximum swelling is taken as the point where total 
maximum absorption occurs. 

T A B L ~  11 
RESULTS OF CALCULATIONS 

concn. 
of NaOH 
in r./100 
g. of soln. 

Water Init 
absorbed, concn. 

g./HzO/100 of NaOH 
Final rr. of in e./100 
concn. cdlulose g. a 'soln. 

Water Init. 
absorbed, concn. of 

g./HsO/100 NaOH 
Final g. of in g./100 

concn. cellulose g. of soln. 

9.90 78 7 23.2 
11.50 97.5 25.1 
12.75 92.8 2 6 2 5  
13.80 113 30.6 
14.55 66.8 27.5 
15.70 50.3 41.5 
17.95 44.0 44.4 
20.70 23.0 4 6 8  

Water 
absorbed, 

g /Hz0/100 
Final g. of 

concn. cellulose 

22 50 30 8 
24 2 36 7 
25 5 42 3 
29 7 19 7 
36 8 30 0 
41 0 36 7 
43 3 24 7 
46 4 43 6 

Quantitative Analysis of the "Soda Cellul~se."~~-A series of quanti- 
tative experiments to  determine whether the compound was in reality a 

36 G. E. Collins and A. M. Williams, J. Text. Inst., 14, T287 (1923). 
a7 After the completion of this manuscript, there appeared the interesting com- 

munication of Rassow and Wolf [Ber., 62, 2949 (1929)l. These authors from the re- 
sults of their analysis of a soda cellulose obtained by washing with absolute alcohol 
to neutrality, using alizarin yellow as indicator, claim to have obtained a definite com- 
pound of the formula ClzH~oOlo.NaOH. The present authors, however, s-e no reason 
either for the arbitrary choice of this indicator, or the lengthy washing period employed, 
which must in their experience remove far more sodium hydraxi& than is  present in 
the adhering surface layer, i. e., the uncombined material. 
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cellulosate, or a loose addition compound, was initiated. Following the 
same technique by which the values in Curve I, Fig. 2, were obtained, cot- 
ton was immersed in solutions of alkali having concentrations ranging be- 
tween 13 and 20% by weight. Since as indicated on the curve (Fig. I), 
the surface layer of alkali is practically entirely removed by one washing, 
the product was therefore submitted to a simple washing prior to analysis. 

Analyses were carried out in the following way. The alkali-cellulose 
having been dried a t  70' for six hours to constant weight in a vacuum over 

phosphoric anhydride and cal- 
cium chloride, was rapidly 
t ransferred t o  a stoppered 
weighing bottle, weighed and 
the alkali present determined 
directly by titration. Direct 
determinations of sodium as 
sulfate were carried out in a 
platinum crucible, but since 
the results were identical with 
those found by titration, this 
latter method was generally 
used because of its simplicity. 

Carbon and hydrogen were 
found thus: the dried "soda 
cellulose" was placed in a plat- 
inum boat, the weight of which, 
when contained in a stoppered 
bottle, was known. The boat 
was heated a t  78' for six hours 

0 10 20 30 40 50 in a vacuum in the presence of 
Initial concentration of sodium hydroxide in liquid oxide to constant 
phase, grams of NaOH per 100 grams of solution. 

weight, quickly transferred to 
Fig. 4. the weighing bottle, weighed 

and then subjected to a macro combustion in oxygen in the usual way. 
Assuming that the sodium hydroxide quantitatively removed carbon di- 
oxide to  form carbonate, a correction was applied to find the percentage 
of carbon. This assumption has previously been used with success in the 
combustion of complex cobalt oxyoxalates and malonates when potassium 

TABLE I11 
ANALYTICAI. RESULTS 

NaOH, initial concn. in g./lOO g. of solution. . 13.5 15.5 17.0 18.3 19.65 
N a . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12.40 12.35 13.10 13.31 13.51 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37.2 36.9 36.2 36.5 35.6 
H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 .9  5 . 1  5 .0  5 . 0  5 .4  
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and alkaline earth metals were present (Percival and Wardlaw)." The 
results are given in Table 111. 

Is the Product a "Cellulosate" or an "Addition Compound"?-The 
attempt was made to decide whether the 1:l compound is an addition 
compound or an alcoholate. The analytical figures which would be ob- 
tained for each are given below. 

N a  C H 

CeHoOYa (Calcd.) 12.50 39.13 4.89 
C~HIOO~.N~OH (Calcd.) 11.36 35.64 5.44 

From the results of the experiments portrayed in Graph I, Fig. 2, it was 
concluded that the mean probable error between concentrations of alkali 
of 13 and 20y0, if the first washing value had been taken instead of extrapo- 
lating back to that point, was 60J0. Thus i t  would be expected that the 
value for sodium obtained on analysis, if only one washing were carried out, 
would he high and the other percentages correspondingly low. The mean 
values from Table I11 are Na, 12.03; C, 36.5; H, 5.0. Applying the mean 
value for the correction, namely, 60/0, these percentages become: Na 12.16; 
C, 36.9; H, 5.07. 

The fact that the corrected values occupy an intermediate position 
between those demanded by theory for the two formulas, allows the as- 
sumption to be made that a mixture of the two forms may be present, viz., 
(C6Hs05Na), and (C6H1005.NaOH)3c. The tentative suggestion is now 
put forward that an equilibrium of the following type may exist 

The present method involves subjecting the cellulose to the action of an 
alkaline solution and a "direct" determination of the amount of absorbed 
alkali by a standard washing procedure. In previous investigations the 
washing has been carried out by a variety of methods, involving in general 
the use of one or other indicator in alcoholic solution, a procedure criticized 
by many workers due to "end-point" difficulties and the arbitrariness of 
the method. 

By replacing the use of an inductive, and employing a graphical, statisti- 
cal method of extrapolation, it has been found possible, as indicated above, 
to determine accurately the amount of sodium held in cheniical union. 

The results establish the fact that "soda cellulose" is formed from the 
interaction of one mole of sodium hydroxide with 1 (not 2)  anhydro- 
glucose units. At the present time it is not possible to state definitely 
either the structure of the addition compound first formed, or the type of 
cellulosate into which it apparently changes, although the changes may 
possibly take place as shown below 

sa E. G. V. Percival and W. Wardlaw, J. Chem. Soc., 2628 (1929). 



H--C 

i\ ,//'FH 
H-C-OH 0---Na 

1 OH 
HO-C-H A-c/ 

\/A H/\H 
H-C 

H-C 

H-C-OH OL--Na 

HO-C-H C C /  

H-C 

I I >0 -t- H20 
HO-C-H C-C-H 

\/A A 
H-C 

L- - - 
I11 

I n  this scheme it is assumed that the sodium hydroxide first attaches it- 
self to the oxygen atom. In the second phase, the sodium, through the 
exercise of subsidiary valency forces, attaches itself also to the oxygen atom 
of the primary alcohol group. This compound may then be assumed to 
lose a molecule of water, yielding the product 111, which is the substance 
from which cellulose xanthogenate is formed. 

It is also considered likely that "coordination compounds" of this type 
may be formed frow the sodium hydroxide addition compound involving 
an anhydroglucose unit of one "cellobiose chain" and the primary alcohol 
group of a second one. Such an assumption may possibly have some bear- 
ing on the nature of "swelling" and hydration resulting from the effect of 
alkalies on cellulose. 

Summary 
I .  The absorption of sodium hydroxide by cellulose has been studied 

over a wide range of concentrations a t  25O by a carefully controlled method 
of washing, thus avoiding the inaccuracies associated with the use of indi- 
cators. 

2. Evidence of chemical compound formation between alkali concentra- 
tions of 12.5 and 21.5% by weight is found. 

3. The comfiound may be regarded as resulting from the interaction of one 
molecule of sodium hydroxide with each anhydroglucose unit  of the cellulose. 
There would seem to be no definite proof of the existence of the compound 
(CeHloOs)z-NaOH as the main product formed. 

4. The absorption of water by cellulose during the action of the alkali 
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solutions was studied, being calculated from a knowledge of the "direct" 
and "indirect" figures. 

5. Maximum absorption of water is shown to occur a t  a concentration 
of alkali of about 14% by weight at 25O, which corresponds with that concen- 
tration at which maximum swelling has been observed by other workers. 

6.  Direct quantitative analysis of a soda cellulose which has been 
washed once with alcohol leads to the assumption that the product formed 
may be the result of an equilibrium reaction of the nature of (CSH~,,O~.- 
NaOH), J' (CsHB05Na), + xHzO. The nature of the structure of 
each of these compounds is uncertain but possibly in each case inter-nii- 
cellary and residual-valence forces are involved. 

MONTREAL, CANADA 

[CONTRIBUTION FROM TIIE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

THE CLEAVAGE OF CARBONYL COMPOUNDS BY ALKALIES. 
I. TRIHALOMETHYL KETONES OF THE MESITYLENE SERIES 

The large number of carbonyl compounds which undergo cleavage of the 
carbon chain when treated with alkalies suggests a cleavage mechanism 
arising from some property inherent in the carbonyl group. If we consider 
the cleavage of P-diketones, P-keto acids, nitromethyl, cyanomethyl and 
trihalomethyl ketones, for example, it is apparent that the carbonyl group 
is the structural element characteristic of the type. I t  is true also that the 
carbon atom which separates from the carbonyl carbon atom in the cleavage 
bears in each case one or more so-called negative groups, but the wide va- 
riety of these which are effective shows that this influence is of a very general 
nature. It seemed probable, therefore, that the explanation of this type of 
chain cleavage would be found in the properties of the carbonyl group. The 
purpose of the present paper is to present a theory developed on this basis. 

It is assumed, in the first place, that in the active form of the carbonyl 
group the oxygen atom is singly bound to the carbon atom. The latter 
has, therefore, only six electrons in its valence shell (A). This . . 
idea has been used by Carothersl and by Latimer and PorterV2 : O : 

Latimer and Rodebush3 have called attention to the fact that the R : C : R  

. . carbon atom in solid carbonates probably has only six (A) 
:o:  

: ij : ;d : ij : electrons in its shell (B). As Carothers has pointed out, this 
. . .. picture of the carbonyl group furnishes a satisfactory basis for 

(B) the interpretation of addition reactions. The carbonyl carbon 
has a tendency to complete its octet of electrons by coordinating with an 

Carothers, THIS JOURNAL, 46, 2226 (1924). 
Latimer and Porter, ibid., 52, 206 (1930). 
Latimer and Rodebush, ibid.. 42, 1419 (1920). 
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atom which has an unshared pair of electrons. Thus the reaction with the 
Grignard reagent would consist in the coordination of the carbonyl carbon 
atom with the alkide ion of the Grignard reagent 

. . 
: o :  : 0 :  

R : C : R  -+ R!: -+ R : ~ ! : R  
R f  

If i t  is now assumed that the carbonyl carbon will tend to coordinate in a 
similar way with hydroxyl ion, we arrive a t  the following results 

This tendency of ketones to take up hydroxyl is, moreover, well known. 
It is also known that the tendency is enhanced by the presence of a "nega- 
tive" group, A, on the adjacent carbon atom. An example of this is the 
hydration of chloral. I t  will be noted that the deficiency of the carbonyl 
carbon atom will increase with increase in the residual atomic charge on the 
a-carbon atom. In other words, the tendency of the carbonyl carbon atom 
to complete its octet by coordination will increase as the negative nature of 
A is increased. 

It is postulated that when the carbonyl carbon atom has united with an 
oxygen atom its hold on the pair of electrons joining it to the a-carbon atom 
will be decreased, enabling the latter in certain cases to separate as an ion. 
The tendency for this carbon atom to separate in this manner will be 
favored by negative groups which i t  may hold. 

The argument may be illustrated by the case of the decarboxylation of 
acids by heating with alkalies. The foregoing theory leads to the following 
steps . . . . :o:  : 0 :  

R : c : o :  + : 0 : H  + R : c : o :  + H +  . . . . .. .. (2) 
:o :  

Equation 2 shows the coordination of the carbonyl atom in the acylate ion 
with hydroxyl (the latter would probably lose its proton in the process). 
When i t  is remembered that the carbonate ion is very stable, the ionization 
shown in Squation 3 seems to follow as a consequence of Equation 2. 

Returning now to the case of ketones, it is apparent that, formally a t  
least, the possibilities are the same as those presented by the case of the 
carboxyl group. 
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In the case of ketones, the tendency to coordinate with hydroxyl atid the 
tendency of the resulting complex (I) to break down into an acylate ion and 
an alkide ion will depend on the nature of A. The greater the residual 
atomic charge on A, the greater will be the tendency for coordination and 
likewise for subsequent cleavage by ionization. This, of course, is in 
agreement with the facts. 

I t  should be pointed out that the process represented in Equation 5 is 
simply an electronic formulation of the commonest type of reaction of a 
carbonyl group, an addition. It is well known that certain ketones will 
not undergo these typical addition reactions. I t  seemed reasonable to 
suppose, accordingly, that these same ketones would not suffer cleavage by 
alkalies. This, indeed, provides a means of testing the validity of the 
mechanism here proposed. 

The iodoform type of reaction involving methyl ketones seemed most 
suitable for this study. The test of the addition theory for the cleavage 
may be stated as follows. 

The cleavage of trihalomethyi ketones in the presence of alkalies pro- 
ceeds with extreme ease. If, now, the cleavage is dependent, as postulated, 
on an addition reaction of the carbonyl group, it should be slowed down or 

inhibited in the ease of ketones of the type C O C H ~  in which the ci" \x 
carbonyl group is known to be practically inert as far as addition reactions 
are concerned. Experiment has supported the theory. Trihalomethyl 
acetophenones in which both ortho positions are filled have been prepared 
and have been found to be stable to alkali. 

Trihalomethyl Mesityl Ketones.-The preparation of a,a,a-tribromo- 
2,4,6-trimethylacetophenone (11) was accomplished by the bromination of 
acetomesitylene by treatment with a solution of sodium hypobromite. The 
resulting compound melts a t  68.5-69' and contains three atoms of bromine. 
Although the method of synthesis left little doubt as to the position of the 
three atoms of bromine in the molecule, it was necessary, of course, to 
prove beyond any doubt that none of these was in the mesityl group. 



3272 RGYNOLD C. PUSON AND JOSEPH T. WALKER VO~. 52 

That the two nuclear positions were unsubstituted was demonstrated by 
preparing the dinitro derivative, a,a,a-tribromo-2,4,6-trimethyl-3,5-di- 
nitro-acetophenone (IV). 

/CH3 /CH3 
NaOBr NaOBr 

CH3- C J ~ ~ C H ~  - CH3--CBn c CH3-D-COCH2& 

\CH, \CHI 'CH~ 4 .No3 J. ...a 
I1 

NOz\ /CHI N02\ /CH3 
NaOBr 

CH.-=-COCH~ ---+- CH 

NO/ \ C H ~  NO2 

It was obtained by nitration of 11. It was found possible to prepare IV 
in another way which, it is felt, adds to the evidence in favor of the structure 
written for this compound. By nitration of acetomesitylene, 3,5-dinitro- 
acetomesitylene (111) was obtained, and this compound when treated with 
a solution of sodium hypobromite gave a tribromo derivative which was 
shown by the method of mixed melting points to be identical with IV. 

That the bromine atoms occupy the alpha positions is further supported 
by the fact that a-bromo-2,4,6-trimethylacetophenone when treated with 
a sodium hypobromite solution gave the tribromo derivative, 11. 

It was later found possible to demonstrate the position of the bromine 
atoms by a decomposition method. Although attempts a t  hydrolysis of 
the tribromo compound gave only oils which could not be identified, treat- 
ment with silver nitrate yielded /3-isodurylic acid. Although the mecha- 
nism involved in this decomposition is not clear, the result shows beyond 
question that the three bromine atoms of the tribromo compound are in the 
acetyl side chain. 

By use of the methods just described for the tribromo ketones, the 
corresponding trichloro ketones have been prepared. The series offers a 
close parallel to that of the bromine derivatives. a,a,a-Trichloro-2,4,6- 
trimethylacetophenone (V) was obtained by treating acetomesitylene with 
a solution of sodium hypochlorite. This compound was an oil which gave 

/CHa 
NaOCl 

c H d ? O C H 3  ---+- C H ~ ~ - ~ ~ ~ ~ ~ ~  

\CH~ \CH~ 
J. -08 HNO~ J. V 

NaOCl 
N0yc<zOCH3 - C H r  

NO/ \CH~ 
VI 
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a dinitro derivative, a ,  or, a - trichloro - 2,4,6- trimethyl - 3,5 - dinitro-aceto - 
phenone (VI), melting a t  100.1-100.6°. Compound VI was obtained also 
by treating 2,4,6-methyl-3,5-dinitro-acetophenone with a solution of sodium 
hypochlorite. The two samples prepared in the two ways indicated were 
shown to be identical by the method of mixed melting points. 

Returning to the point in question, the stability of trihalomethylmesityl 
ketones toward alkalies, i t  is believed that the above methods of synthesis of 
11, IV, V and VI not only show these compounds to be of the desired type 
but also that they are, indeed, stable to alkali. Experiments showed, 
in fact, that these compounds could be prepared in 40% solutions of sodium 
hydroxide. There can, therefore, be no question as to their stability to- 
ward this reagent. 

The cleavage theory here presented carries with it certain implications 
which must be recognized. It follows, for example, that compounds of 
the types VII and VIII 

VII ~ ~ o C U 2 C > a  d z O C H 2 C O &  VIII  

\x x/ \x 
will not readily undergo the "acid" cleavage on treatment with alkali. 
This prediction is borne out by the work of Behal and Anger,4 who found 
that di-isoduryloylmethane, a compound of type VII, could be cleaved only 
by heating with concentrated alkali in a sealed tube at 300'. 

Experimental Part 
a,oc,cr-Tribromo-2,4,6-trimethylacetophenone (II).-A dilute solution of sodium 

hypobromite was prepared by slowly adding 150 g. of bromine to an ice-cold solution of 
150 g. of sodium hydroxide in 1500 cc. of water. To this solution in a 3-liter flask 
equipped with a stirrer was added 16 g. (0.1 mole) of acetomesitylene. The reaction 
mixture was stirred a t  room temperature for a period of two days, a t  the end of which 
time a colorless crystalline substance was obtained. This, when filtered and recrys- 
tallized from alcohol, separated as thick colorless needles melting a t  68.5-89". The 
yield was 35.5 g. or 89% of the theoretical. 

Anal. Calcd. for C11H110Br3: Bi-, 60.1. Found: Br, 59.9. 
a,oc,cr-Tribromo-2,4,6-trimethyl-3,5-dinitro-acetophenone (IV).-Five grams of the 

tribromo-acetomesitylene was dissolved in 25 cc. of ice-cold fuming nitric acid (sp. gr. 
1.60). The solution was then poured slowly with stirring into 200 cc. of ice water, and 
the precipitate allowed to crystallize. This material was filtered and recrystallized from 
alcohol. I t  separated in the form of long, slender needles melting a t  114.6-115.1 
(corn.); yield, 4.9 g. or 80% of the theoretical. 

Anal. Calcd. for CllH90jN2Br3: Br, 49 0. Found: Br, 48.8. 

3,s-Dinitro-acetomesitylene (III).-Five grams of acetomesitylene was poured 
slowly with stirring into 50 cc. of ice-cold fuming nitric acid. The solution was then 
poured slowly into 200 cc. of ice water. The colorless precipitate was filtered and the 
dinitro-acetomesitylene extracted from a small amount of insoluble material with al- 

* Behal and Anger, Bull. s o ~ .  chinz., [3] 9, 702 (1893). 
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cohol. The solution upon cooling deposited colorless crystals melting a t  13t).6-140.6° 
(corr.) ; yield, 4.5 g. or 58% of the theoretical. 

Anal. Calcd. for C~lHlaNzOs: C, 52 3; H, 4 8. Found: C, 52.3; H, 4.8. 
a,cr,cr - Tribromo - 2,4,6 - trimethyl - 3,5 - dinitro - acetophenone (IV). (Second 

Method.)-Two grams of dinitro-acetomesitylene was placed in a 150-cc. flask with 150 
cc. of dilute sodium hypobromite solution prepared as described above. The reaction 
mixture was shaken occasionally during a period of two weeks, and was finally heated 
for about an hour on a steam-bath. After cooling, the precipitate was filtered and 
extracted twice with small portions of hot alcohol. Upon cooling the alcohol solution de- 
posited colorless crystals melting a t  114"; yield, 1.8 g. or 64% of the theoretical. A 
mixture of these crystals with a sample of or,or,a-tribromo-2,4,6-trimethyl-3,5-dinitro- 
acetophenone (prepared by the first method) showed no lowering of the melting point. 

a,a,a,-Tribromo-2,4,C-trinethylacetophenone (11). (Second Method.)-Two 
grams of finely powdered or-broino-2,4,6-trimethylacetophenone was added to 150 cc. 
of sodium hypobromite solution, prepared in the manner previously described. The 
mixture was allowed to stand with occasional shaking for about a week, after which time 
it  was heated on a steam-bath, cooled and the precipitate filtered. The solid material 
after recrystallization from alcohol melted a t  68.5-69"; yield, 1.5 g. A mixture of the 
crystals with a sample of a,a,a-tribromo-2,4,6-trimethylacetophenone (prepared by the 
first method) showed no depression of the melting point. 

0-Isodurylic Acid from the Decomposition of a,a,a-Tribromo-acetomesity1ene.- 
Five g. of or,a,or-trihromo-acetomesitylene and 7 g. of silver nitrate were placed in a 400- 
cc. flask equipped with a reflux condenser. To this mixture was added 150 cc. of alcohol. 
The resulting mixture was heated under reflux for two days. Seventy-five cc. of 10% 
aqueous sodium hydroxide solution was then added and the heating was continued for 
two hours. The silver chloride and silver oxide were removed by filtration and the al- 
cohol by  distillation. The resulting aqueous solution when acidiiied with dilute sul- 
furic acid gave an oil which soon crystallized. The compound after two recrystalliza- 
tions from benzene melted a t  147-149 5". A mixture of this compound with a known 
specimen of 6-isodurylic acid (m. p. 140-151 ,5") melted a t  149-151". The yield of P- 
isodurylic acid obtained was very small. 

a,a,a-Trichloro-2,4,6-trimethylacetophenone (V).-A dilute solution of sodium 
hypochlorite was prepared by passing chlorfnc slowly into an ice-cold solution of 150 
g .  of sodium hydroxide in 1500 cc. of water. To th's solution in a 2-liter flask was 
added 16.1 g. (0.1 mole) of acetomesitylene, the resulting mixture was stirred continu- 
ously for three days a t  room temperature. The heavy oil which was formed was 
extracted with ether, dried and distilled under reduced pressure. A yield of 22 5 g , 
or 88% of the theoretical, was obtained. The trichloro ketone boiled a t  130-140" a t  5 
mm. 

Anal Calcd for C , I I I ~ ~ O C ~ ~ :  C1, 40 1. Found: C1, 39 8. 
a,,a,a-Trichloro-2,4,6-trimethyl-3,5-dinitro-acetophenone (VI).-Onc gram of a,cu,- 

a-trichloro-2,4,6-trimethylacetophenone (V), prepared in the manner just described, 
was dropped slowly into 15 cc. of ice-cold fuming nitric acid (sp. gr. 1.60), the mixture 
being stirred continuously. After being allowed to stand for a short time in the cold, 
the solution was poured into a large amount of ice water and the precipitate was allowed 
t o  crystallize. The solid was filtered and recrystallized from alcohol. It separated 
in long, colorless needles melting a t  100.1-100.6" (corr.); yield, 1.2 g. or 89% of the 
theoretical. 

Anal. CaIcd. for C1lH90aNzC13: C1, 29.9. Found: Cl, 23.9. 
a,or,cr, - Trichloro - 2,4,6 - trimethyl - 3,5 - dinitro - acetophenone (VI). (Second 

Method.)-Two g. of dinitro-acetomesitylene was placed in a 300-cc. Aask with 150 cc. 
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of sodium hypochlorite, prepared as described above. The reaction mixture was shaken 
occasionally during a period of two weeks, and was finally heated for about an  hour on a 
steam-bath. After cooling, the precipitate was filtered and recrystallized from alcohol. 
I t  separated in long needles which proved to be identical with those prepared by the 
other method. The yield was 2 g. or '70% of the theoretical. A mixture of these crys- 
tals with a sample of a,a,a-trichloro-2,4,6-trimethyl-3,5-dinitro-acetophenone (pre- 
pared by the first method) showed no loweririg of the melting point. 

Summary 
1. The cleavage of the carbon chain of carbonyl compounds under the 

influence of alkali is ascribed to the coordination of the carbonyl carbon 
atom with hydroxyl. I t  is assumed that the polarity of the bond between 
the carbonyl carbon atom and the a-carbon atom is thus enhanced. In 
case the substituents on the a-carbon atom are sufficiently "negative" 
dissociation occurs. 

2. I t  is pointed out that, according to this theory, certain trihalomethyl 
ketones whose carbonyl groups do tlot undergo addition reactions should 
be stable to alkali. 

3. Several such trihalomethyl ketones have been prepared and found 
to be unaffected by alkali. 

4. These results strongly support the assumption that chain cleavage of 
this type is dependent on an addition reaction of the carbonyl group. 
That this is the addition of hydroxyl, as postulated by the theory here 
developed, seems probable. 

URBANA, ILLINOIS 

THE ESTIMATION OF SULFUR IN ORGANIC COMPOUNDS1 

BY H. ZAHND AND H. T. CLARKE 

RECEIVED APRIL 10, 1930 PUBLISHED AUGUST 5, 1930 

In 1923 Hoffman and Gortner2 drew attention to the applicability to 
organic compounds of the method for estimating sulfur in biological ma- 
terial devised by Benedict3 and modified by D e n i ~ . ~  This procedure 
which, in the hands of the biological chemist, has practically superseded 
the methods of Carius and of alkaline fusion, tends to give rise to mild 
explosions under conditions which cannot always be controlled. In the 
method described below this disadvantage is almost entirely eliminated 
by observing suitable precautions. 

The process consists in the oxidation of organic matter by means of 
1 This work was aided by the Research Grant from the Chemical Foundation 

to the Department of Biological Chemistry. 
2 Hoffman and Gortner, THIS JOURNAL, 45, 1033 (1923). 
a Benedict, J. Biol. Chem., 6, 363 (1909). 

Denis, ibid., 8, 401 (1910). 
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nitric acid in the presence of potassium nitrate, followed by evaporation of 
the nitric acid and fusion of the residue, whereby organic sulfonates are 
converted into sulfate. The reaction is carried out in an open vessel 
capable of withstanding the action of the fused nitrate. The latter is 
decomposed by warming with hydrochloric acid and after again evapo- 
rating to dryness the residue is dissolved and treated with barium chloride. 

The method, which has proved well adapted to micro-analysis, is appli- 
cable to all types of substance except volatile sulfones or compounds (such 
as alkyl sulfides) capable of yielding them. This limitation applies also to 
the Benedict-Denis method, and it may be noted that while sulfonal is 
reported by Hoffman and Gortner2 as yielding no sulfate a t  all by the latter 
process, we have been able to recover 60-70% of the sulfur in sulfonal as 
barium sulfate. The process here described thus appears to be somewhat 
more vigorous. 

Experimental 
The reaction vessel consists of a test-tube of pyrex glass5 or, better, clear silica. 

The sample is introduced, followed by an amount of pure potassium nitrate or chlorate 
(preferably as a 5 1 0 %  aqueous solution) equivalent to a t  
least 30 molecular proportions for every atomic proportion 
of sulfur anticipated. Concentrated (6570%) nitric acid 
(1 cc. or more per decigram of sample) is added, and a small 
conical flask (or conical glass bulb) of suitable dimensions 
(Fig. 1) is suspended in the mouth of the reaction tube to u serve as a reflux condenser. The tube is held in a clamp 
lined with asbestos paper a t  an angle of 45", and the mix- 
ture is heated very gently over a micro-burner until the 
evolution of oxides of nitrogen practically ceases. 

,%. 
The burner is now shifted from a position directly 

under the liquid to one under the tube a t  a point just above 
the level of the liquid, and the flame is increased until it  
nearly reaches the wall of the vessel. The glass a t  this 

Fir 1 point is thus heated above the boiling temperature of the 
u 

acid; a deposit of salts forms there, and in its superheated 
condition gradually undergoes a vigorous decomposition, while being continually sub- 
jected to  the action of fresh nitric acid returning from the reflux condenser. The heating 
and the height of the tube above the flame are so regulated that a small proportion of the 
nitric acid vapor escapes without condensation. Oxalic acid and ammonium nitrate, if 
present, decompose and volatilize a t  this stage of the process. As the level of liquid in 
the tube falls, the tube is from time to  time raised by sliding it through the jaws of the 
clamp. This part of the process, which occupies from one to three hours, requires a 
moment's attention every twenty minutes or so. During this time the vigorous second- 
ary oxidation takes place almost completely, but by small degrees. Care must be 
taken not to evaporate so rapidly as to displace all of the brown oxides of nitrogen from 
the tube, for this may result in the removal of the bulk of the acid before oxidation is 
complete. In such a case the residue may deflagrate with mechanical loss of sulfate. 

If a wide, heavy-walled Pyrex tube be employed, it should be annealed in a 
glass blower's flame before use. 
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When all the liquid has been evaporated, the lower part of the tube is heated with 
an ordinary Bunsen flame, kept constantly in motion, until the residual potassium 
nitrate first fuses, then effervesces and finally becomes quiescent. This part of the 
process, which requires less than a minute, is thus carried out in an atmosphere of nitric 
acid vapor. The melt is alIowed to cool, is treated with a small quantity (0 .51 .0  cc.) 
of nitric acid, and is again heated, in order to complete the oxidation of &ny particles 
which may have escaped decomposition. 

After the second fusion, the cold mass is treated with 0.5-2.0 cc. of concentrated 
hydrochloric acid and gently heated until no more red fumes are evolved. The reflux 
condenser is then removed, and heating continued very gently until the residue is com- 
pletely dry. The last traces of acid adhering to the walls are volatilized by warming the 
whole tube gently with a large flame. 

The salts are then dissolved in a suitable quantity of 0.2% hydrochloric acid, the 
solution is filtered or centrifuged if necessary, and the sulfate precipitated in the usual 
way with barium chloride. In the case of micro-determinations, 
this precipitation may very satisfactorily be conducted in a cen- r 
trifuge-tube, the barium sulfate receiving its first wash by centrifug- 
ing and decantation. 

When the percentage of sulfur in the substance is extremely 
low (as for example in cereals), so that a relatively large sample has 
to be taken, the preliminary oxidation may advantageously be 
carried out in a pyrex beaker capable of containing about six times 
the volume of the reaction mixture. A round-bottomed flask con- 
taining cold running water, set in the mouth of the beaker, acts as a 
r d u x  condenser (Fig. 2) The mixture is heated over a small flame 

= .' I---- -- - - - - - -- = - to gentle boiling for fifteen to twenty hours. At the end of this 
time very little oxidizable organic matter remains. The mixture 
is transferred to the reaction tube and the decomposition is com- 
pleted in the manner above described, the nitric acid rinsings being 

ylj 
added in the final stages. - -- -- - - - - - -- -- - - -- - - ---- - - 

This modification of the procedure is exemplified by the esti- 
mations of total sulfur in corn starch: in one case 17.9 g. was de- 
composed with 50 cc. of nitric acid and 5 cc. of 5% potassium chlo- 
rate, while in another, 5.153 g. of the starch was decomposed with 

A 
Fig 2. 

25 cc. of nitric acid and 5 cc. of 5% potassium chlorate solution. 
In such determinations it is necessary to correct for the small amount of sulfate present 
in the nitric acid which, in the present instance, yielded 0.51 mg. of barium sulfate per 
100 cc. 

That no loss of sulfate occurs during the process is evident from a series of deter- 
minations in which varying amounts of sodium sulfate were treated as above, employing 
10 cc. of nitric acid with a mixture of 0.5 g. of sodium nitrate and 0.5 g. of potassium ni- 
trate. 

S taken as Na2S04, mg.. . . . . 2 82 3.27 6.74 9.39 9.41 15.63 15.96 23 .51  
SfoundasBaSO4,mg ....... 2.81 3.30 6.91 9.31 9.53 15.75 16.18 23.61 

Samples of a solution of sulfuric acid which gave 0.4465 and 0.4462 g. of barium 
sulfate by direct precipitation gave 0.4463 and 0.4455 g. of barium sulfate when treated 
as above. 

An attempt was made to employ perchloric acid together with the nitric acid, but 
low results were obtained. It was found that when sodium sulfate is heated with boiling 
perchloric acid, an appreciable amount of sulfuric acid is volatilized: 2-cc. quantities of 
sodium sulfate solution which gave 0.1651 g. of barium sulfate by direct precipitation 
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were treated with 2-cc. portions of 70% perchloric acid and evaporated to dryness during 
two hours: barium sulfate recovered, 0.1428, 0.1438, 0.1472 g.; loss, 13.5, 12.9, 10.8%. 

The following results were obtained with various organic and biological products. 

Sulfur, % 
Compound Wt. of sample Bas01 Found Calcd. 

o-Benzoic Sulfinide 0.1407 g. 0.1810 g. 17.63 17.51 
0.2155 g. 0.2766 g. 17.59 

Cystine (EK) 0.2997 g. 0.5926 g. 27.12 26.69 
6.000mg. 11.802mg. 26.97 

Cystine (recrystallized) 0.1694 g. 0.3314 g. 26.78 
0.0983g. 0.1918g. 26.76 

Diphenylsulfone 0.2033 g. 0.1064 g. 7.18 14.67 
S-Ethylcysteine 0.1903g. 0.2907g. 20.96 21.46 

0.2088g. 0.3168g. 20.83 
0.1183 g. 0.1793 g. 20.79 

Thiocarbanilide (EK) 0.3176g. 0.3241g. 14.01 14.05 
0.2233 g. 0.2270 g. 13.93 
0.3314 g. 0.3369 g. 13.94 

p-Toluenesulfonamide 0.1014 g. 0.1417 g. 18.54 18.73 
0.0690g. 0 .0933~ .  18.55 

Sulfonal 0.1591 g. 0.2241 g. 19.3 28.07 
2.183 mg. 2.674 mg. 16.8 

Casein ("according to Hammarsten," 1 .3530 g. 0.0757 g. 0.77 
Sample I) 1.0810 g. 0.0586 g. 0.74 

1.7622g. 0.1OOOg. 0.78 
1.1962g. 0.0680g. 0.78 
1.1297g. 0.0632g. 0.77 

Casein ("according to Hammarsten," 0.4884 g. 0.0257 g. 0.722 
Sample 11) 0.0747 g. 3.839 mg. 0.705 

0.0625 g. 3.240 mg. 0.712 
Corn Starch (Duryea's) 17.9g. 25.028mg. 0.019 

5.153g. 6.750mg. 0.018 
Egg Albumin (Commercial) 0.9948 g. 0.1151 g. 1.59 

0.9512 g. 0.1123 g. 1.62 
0.9963 g. 0.1187 g. 1.63 
0.8076 g. 0.0942 g. 1.60 

Wool 0.1776 g. 40.168 mg. 3.10 
0.0489g. 10.325mg. 2.90 

Urine.-The total sulfur in three different samples was determined, in 10-cc. por- 
tions, employing both the method here described, and that due to Benedict and Denis. 
In the former, the 10 cc. of urine was heated with 10 cc. of nitric acid and 1 g .  of potas- 
sium nitrate. The results are reported in milligrams of sulfur: 

Sample A B C  
Present method 4.3 8.5 6.7 
Benedict-Denis 4.3 9 .1  6.9 

Summary 
1. Sulfur in organic combination can be estimated with reasonable 

accuracy as sulfate after oxidizing by fusion with potassium nitrate in 
presence of nitric acid. 
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2. The method fails in the case of volatile sulfones and compounds from 
which such sulfones are produced by the action of nitric acid. 

3. Reproducible results can be obtained with biological material. 
4. The process is adaptable to the estimation of sulfur in materials 

containing as little as 0.02y0. 
NEW YORK, N. Y. 

THE MOLECULAR WEIGHT OF LEGUMIN 

In recent communications from this Laboratory determinations of the 
molecular weights and of the PH-stability regions of some oil seed globulins, 
viz., edestin,' amandin and excelsinZ by means of the ultracentrifugal 
method, have been given. These proteins as well as the three other vege- 
table proteins, R-Phycocyan, R-Phycoerythrin, C-Phycocyan, so far stud- 
ied with the ultracentrifuge, were all found to possess a molecular weight of 
208,000, which is approximately six times the weight of egg albumin. 
Their molecules are spherical with a radius of 3 . 9 5 ~ ~ .  The stability re- 
gions are different for the different proteins but they all show a tendency 
to dissociate into lower multiples of 34,500 with increasing PH. It was 
thought to be of interest to study also some representative of the proteins of 
the Leguminosae family by means of the ultracentrifuge analysis. Legumin 
from vetch (Vicia sativa) was chosen. According to the investigations of 
O ~ b o r n e ~ . ~  the vetch contains only one globulin, legumin and one albumin, 
legumelin, while the pea and the horse bean contain legumin, legumelin 
and one more globulin, the vicilin. Whether the legumins extracted from 
the various Leguminosae seeds are identical is not quite clear. We have 
not so far made any attempt to answer this question. 

Preparation of Material.-Two thousand grams of vetch flour was 
divided in two equal portions and each of them stirred a t  room temperature 
during twenty-four hours with 4000 cc. of 10yo sodium chloride s ~ l u t i o n . ~  
Enough toluene to form a layer about 1 cm. thick was added. It served 
the double purpose of dissolving the fat and preventing bacterial growth. 
The bulk of the insoluble part was removed by means of a cloth filter and 
the rest by centrifuging. Most of the fat had been taken up by the toluene. 

T. Svedberg and A. T. Stamm, THIS JOURNAL, 51,2170 (1929). 
2 T. Svedberg and B. Sjogren, iEid., 52,279 (1930). 
3 T. B. Osborne and G. F. Campbell, ibid., 18, 583 (1896); 20, 406, 410 (1898). 
T. B. Osborne, "Vegetable Proteins," Longmans, Green and Co., London, 1916. 
The grinding of the vetch seed was kindly done for us in an experimental mill 

at  the laboratory of Upsala hgkvam.  
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The PH of this solution was 5.7. Saturated ammonium sulfate solution 
was added to 85% saturation, the precipitate was centrifuged off, suspended 
in water and dialyzed for twenty-four hours against water. After that 
time the precipitate had dissolved leaving only a small residue. The solu- 
tion was filtered and then dialyzed again until the sulfate reaction was 
negative. This second dialysis caused a separation of the two proteins; 
legumin was precipitated while legumelin remained in solution. 

The legumin precipitate was centrifuged off, washed repeatedly with 
ammonium sulfate solution of 65Yo saturation and dissolved in 5% sodium 
chloride solution. This legumin solution was precipitated with saturated 
ammonium sulfate solution to 65% saturation. After standing for twenty- 
four hours in the ice box the precipitate was centrifuged off and washed 
with ammonium sulfate of 65Yo saturation until free from legumelin. 
The legumin precipitate was dissolved in phosphate buffer of PH 6.5 
(0.14 $1 in KHzPO~ and 0.06 M in Na2HP04) and dialyzed against the same 
buffer in the ice box until the sulfate reaction was negative: volun~e of 
solution 200 cc., concentration 3.35%- 

The legumelin solution remaining after precipitating the legumin by 
dialysis was saturated with ammonium sulfate, After standing for twenty- 
four hours in the ice box the legumelin precipitate was centrifuged off, 
washed with ammonium sulfate, dissolved in water, dialyzed against water 
a t  5' and finally electrodialyzed. During the dialysis and the electro- 
dialysis a considerable quantity of protein was precipitated. The ultra- 
centrifugal study of the solution a t  high speed (44,000 r. p. m.) showed i t  
t o  be polydisperse. There was a considerable drift in the apparent dif- 
fusion constant indicating the presence of several molecular species. The 
mean value of the sedimentation constant was very low, viz., 1.20 X 10-l3 
a t  20°. The corresponding mean molecular weight would be around 7500. 
The legumelin is therefore not a simple protein. Most probably i t  only 
represents a mixture of decomposition products. The study of i t  was not 
pursued any further. 

Specific Volume and Light Absorption.-The specific volume of 
legumin was measured pycnometrically a t  20.2'. The solution was 0.14 
il4 in KH2P04 and 0.06 M in Na2HP04, giving a PH of 6.5. Determina- 
tions a t  two concentrations, 2.45 and 1.03010, agreed within experimental 
error and gave V = 0.743. 

The light absorption was measured by means of the Judd-Lewis spectro- 
photometer. At PH 6.5 the solvent was 0.14 M in KH2POl and 0.06 M 
in Na2HP04 and the legumin concentration 0.1 and 0.4y0 with a thickness 
of layer of 2.0 and 1.0 cm., respectively. At PH 12.4 the solvent was 0.011 M 
in KH2P04, 0.001 M in Na2HP04, 0.059 M in NaOH and ly0 in NaCl 
and the legumin concentration 0.2% with a thickness of layer of 1.0 cm. 
The position of the maximum and the minimum as well as the values of 
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M =  2RT In (cz/cl) 
(1 - Vp)w2(x; - x;) 

4 00 300 200 
where R is the gas constant, T the 

Wave length, pp.  
absolute temperature, V the par- 

Fig. 1. 
tial specific volume of the solute, p 

the specific extinction coefficient e/c = l / cd  X log Io/l (where c is the con- 
centration, d the thickness of the solution, I0 the intensity of the light beam 
after passing through the solvent and I the intensity after passing through 
the same thickness of solution) was found to be the same a t  PH 6.5 and 12.4 
although, as shown by the ultracentrifugal analysis, the legumin molecule is 
broken up into smaller units at  PH 

the density of the solvent, w the angular velocity and cz and cl are the con- 
centrations a t  the distances xn and xl from the center of rotation. 

In Table I the result of a typical run is given and in Table I1 are collected 

I 

12.4. The absorption maximum 
was situated a t  280pp with e/c = 
7.5 and the minimum at 255pp with 
e / c  = 3.0. In Pig. 1 the absorp- 
tion curve is given. 

Determination of Molecular -$ 
Weight.-Using the sedimenta- 
tion equilibrium method the mo- 
lecular weight is given by the rela- 
tion 

the data of the three equilibrium runs made on legumin. 
As mean value we get 208,000 =I= 5000 for the molecular weight. The 

. 

, 

fact borne out by Table I that there is no drift in the molecular weight 
values with distance from the center of rotation shows that legumin is 
homogeneous with regard to molecular weight. 

TABLE I 
LEGUMIN, SEDIMENTATION EQUILIBRIUM RUN 

Concn., 0.11%; phosphate buffer, PH 6.8 (0.1 M in KHzPOI, 0.1 M in NaZHP04) ; 
V = 0.743; p = 1.017; T = 293.3; length of col. of soln., 0.43 cm.; thickness of col., 
0.80 cm.; dist. of outer end of soln. from axis of rotation, 5.95 cm.; speed, 5000 r. p. m. 
(w = 166.7~); light absorption standard, M/200 in K2Cr04 with a thickness of layer of 
0.40 cm.; source of light, mercury lamp; light filters, chlorine and bromine; aperture 
of objective, F: 36; plates, Imperial Process; time of exposure, 30, 60 and 120 seconds; 
exposures made after 40, 45 and 50 hours of centrifuging. 

Distances, cm. Mean concn., % Number of 
xa X i  CP 61 exposures Mol. wt. 

5.87 5.82 0.084 0.073 12 213,100 
5.82 5.77 .073 ,064 12 203,100 
5.77 5.72 .064 .056 9 215,700 
5.72 5 67 .056 ,049 9 212,200 
5.67 5.62 ,049 .043 9 194,000 

Mean 208,000 
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T A B L ~  I1 
LEGUMIN, SUMMARY OF SEDIMENTATION EQUILIBRIUM MEASUREMENTS 

Concn. of 
Solvent PH of protein at Mean speed, 

KH~POI. M NazHPOn, M soln. start, % r. p. m. Mol. wt. 

0.14 0.06 6.5 0.40 5600 213,000 
.1 .1 6.8 .ll 5000 208,000 
.008 .I92 8.0 .10 4800 204,000 

Determination of Sedimentation Constant.-The high-speed oil- 
turbine ultracentrifuge was used for measuring the sedimentation constant 

TABI,E I11 
LEGUMIN, SUMMARY OP SEDIMENTATION VELOCITY MBASUREMENTS 

Solvent 
KHzPOI, NazHPO,, NaOH, NaCl, PH of Concn. of 

No. M M M % soln. protein, % sao X 10" 

la 0.014 . . . . 1 3.15 0.24 8 .  80b 

2 .096 0.004 . . 1.5  5.26 .22 11.42 
3 .14 .06 . . . . . 6 .5  1.34 11.23 
4 .14 .06 . . . . .  6.5 0.24 11.45 
5 .08 .12 . . . . . 6.89 .24 11.47 
6 .008 .I92 . . . . . 8.00 .22 11.89 
7 .008 .032 0.018 . . .  8.94 .24 11 .4lC 
8 ,014 .037 .033 . . . 9.38 .25 -0 

9 .014 .035 .035 . . . 10.78 .25 3.03 
10 .011 .001 .059 1 12.40 .20 2.14 

" 0.093 M in HAc. Solution decomposed; 25% non-centrifugible products. 
Mixture of approximately 44% molecules of weight 208,000 and 56% of weight 104,000. 

s = dx/dt X l / 0 2 x  at  different acidities. The temperature of the solution 
was between 20 and 23' during centrifuging, the time varied from two to 

31/2 hours and the speed 
12 x 10-l3 from 25,000 to40,OOO r. p.m. 

T h e  determinat ions  a r e  
; 10 X 10-13 
$3 summarized in Table I11 
", and Fig. 2. - 8 8 X 10-l3 
o The sedimentation is in- 

3 6 X 10-'3 
dependent of PH between 5 

6 +J and 9. The PH range 5-9, -8 4 x 10-13 
therefore, represents the sta- 
b i l i ty  region of legumin. 

2 x 10-l3 The isoelectric point6 5.4 is 
situated near the acid border 
of the stability region. In 

l1 more acid and more alka- 
PH. line solutions the legumin 

Fig. 2. molecule is broken up into 

P. A. Csonka, J. C. Murphy and D. B. Jones, THIS JOURNAL, 48, 763 (1926); 
the material used for the determination of the isoelectric point was prepared from pea. 
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smaller units of unequal weight. At a PH of about 9.3 molecules of 
half the normal weight are present. Within the stability region the sedi- 
mentation constant is 11.48 X lO-I3 (mean value from the runs No. 2-7, 
PH 5.26-8.94). From the value 208,000 of the molecular weight and this 
value of the sedimentation constant the value 4.60 X 1016 for the molar 
frictional constant f = [M(1 - Vp) J/s is obtained. The molar frictional 
constant for a spherical molecule is j o  = 6 ? r q ~ ( 3 ~ ~ / 4 n ~ ) " ' ,  where q is 
the viscosity of the solvent. For a substance of the same molecular 
weight and specific volume as legumin we get fo = 4.51 X 1016. The ratio 
f/fo is 1.02 and should be unity if the legumin molecules were actually 
spherical. The deviation is within the limit of experimental error. The 
radius of the molecule, derived from the formula r = (~Mv/~TN)"',  is 
3 . 9 6 ~ ~ .  A comparison of the values of molecular weight, sedimentation 
constant, frictional constant and radius for legumin with those obtained 
for the vegetable proteins previously studied by means of the ultracentrifu- 
gal methods2 shows that they are identical within the limits of experi- 
mental error. 

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 PH-stability region of legumin have been 
determined by means of the ultracentrifugal methods. 

2. Legumin is stable from PH 5 to 9 with a molecular weight of 208,000 
+ 5000. At a PH of about 9.3 molecules of one-half the normal weight 
are present. At PH-values decidedly lower than 5 and higher than 9 the 
legumin molecule is broken up into smaller units. 

3. Within the stability region the sedimentation constant of legumin 
is 11.48 X 10-l3 and the molar frictional constant 4.60 X 1016. The mole- 
cules are spherical with a radius of 3 . 9 6 ~ ~ .  

4. The molecular weight, sedimentation constant, molar frictional con- 
stant and molecular radius of legumin are within the limits of error identical 
with the corresponding constants for amandin, edestin, excelsin R-phyco- 
erythrin, R-phycocyan and C-phycocyan as previously determined by 
means of the ultracentrifugal methods. 

UPSALA. SWEDEN 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, COLLEGE OF LIBERAL ARTS, 
NORTHWESTERN UNIVERSITY ] 

THE DIRECT ARSONATION OF BENZENE DERIVATIVES 

The methods of Bart1 and Bdchamp2 constitute a t  present the only prac- 
ticable means of introducing arsenic into the benzene ring. In  1921, 
Rosenmund3 reported the preparation of phenylarsonic acid and o-car- 
boxyphenylarsonic acid from o-bromobenzene and o-bromobenzoic acid, 
respectively, by treatment with tripotassium arsenite, and in 1923 Albert 
and Schulenberg4 patented the preparation of mixed aromatic-aliphatic 
arsonic acids by replacement of nucleus-substituted halogens with sodium 
arsenite. This investigation was started with the idea of extending the 
method of Rosenmund and in this work activated aryl halides were used. 

Rosenmund's synthesis of o-carboxyphenylarsonic acid was confirmed, 
though his directions were incomplete, and the synthesis of p-acetophenone- 
arsonic acid as prepared by Albert and Schulenberg was confirmed with 
difficulty. In the preparation of 9-carboxyphenylarsonic acid the yields 
were always quite low and hydrolysis products predominated. Low tem- 
peratures and a long reaction time produced the best yields. p-Hydroxy- 
benzoic acid was generally isolated and phenol in increasing amounts was 
obtained with increased reaction temperatures. 

The preparation of o-phenylenediarsonic acid from o-bromophenylarsonic 
acid resulted in good yields and its identity was established by the prepara- 
tion of o-phenylenediarsine oxychloride according to the method of Kalb.5 
Phenol was obtained in considerable amounts as a by-product, yet boiling 
solutions of alkali did not convert o-bromophenylarsonic acid or o- 
phenylenediarsonic acid to phenol or other hydrolysis products. 

Attempts to prepare various nitrophenylarsonic acids were unsuccessful. 
When o-chloronitrobenzene was used as the starting material i t  was always 
reclaimed unchanged. Using o-bromonitrobenzene, partial hydrolysis 
occurred at 105', while if the reaction mixture consisting of o-bromonitro- 
benzene and an excess of 50% trisodium arsenite solution was refluxed 
vigorously for twenty-four hours, a small amount of an arsonated product 
was obtained as evidenced by the arseno-test. This was contrary to the 
findings of Loe~ner.~ In the attempt to  prepare p-nitrophenylarsonic acid 
from p-bromonitrobenzene, 45% of the calculated amount of 4,4-dibromo- 

Bart, Ann., 429,55 (1922). 
"Bechamp, Compt. rend., 50,870 (1860); 51, 356 (1860). 

Rosenm~md, Ber., 54,438 (1921). 
Albert and Schulenberg, German Patent 468,403 (1923). 
Kalb, Ann., 423,39 (1921). 

"oesner, J. pt-akt. Chem., [2] 50,564 (1894). 
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azoxybenzene was produced. Only a small amount of material was ob- 
tained which gave n, positive arseno-test, but no products could be identi- 
fied. In the study of 2,4-dinitrochlorobenzene the results of Balaban,? 
who reported the formation of the corresponding phenol, were confirmed 
rather than the production of 2,4-dinitrophenetole as published by Nijk.8 
Attempts to prepare p-sulfophenylarsonic acid from pbromobenzene sul- 
fonic acid were unsuccessful. The reaction was tried a t  various tempera- 
tures up to 160' a t  which point a small amount of material giving a positive 
arseno-test resulted. 

Experimental 
o-Carboxyphenylarsonic Acid (0-Benzarsonic Acid).-A mixture of 20 g. (0.1 molc) 

of o-bromobenzoic acid, 63 cc. of 10% potassium hydroxide solution, 20 cc. of ethyl alco- 
hol, 40 cc. of 50% tripotassium arsenite solution and a little freshly reduced copper was 
refluxed a t  90 to 95" for twelve hours with constant stirring. The reaction mixture was 
filtered hot to  remove copper, made acid to congo red paper with 20 cc. of concd. hydro- 
chloric acid and evaporated to  dryness on a steam cone. The resulting residue was 
extracted with absolute methanol; the methanol extract was evaporated to  dryness and 
the residue washed u ith ether to  remove salicylic acid and unchanged o-bromobenzoic 
acid. The ether-washed residue was twice recrystallized from hot water after decoloriza- 
tion with bone black; yield, 10.1 g., 41% of the calcd. amount. 

Anal. Subs , 0 2460, 0.2460: 40.00, 39.95 cc. of 0.05 I\T KBr03. Calcd. for CsH4- 
(COOH)ASO(OH)~: As, 30.47. Found: As, 30.47, 30.44. 

Optically, o-carboxyphenylarsonic acid consists of positive biaxial crystals having 
a very small optic angle. The indices of refraction are or = 1.615 and p = a little n ore 
than 1.620 with sodium light. 

p-Acetophenone-arsonic Acid.-A solution of 3 g. (0.015 mole) of P-bromo-aceto- 
phenone in 21 cc. of 957, ethyl alcohol and a solution of 6.75 g. (0.028 mol-) of tri- 
potassium arsenite in 21 cc. of water was heated in a sealed tube a t  165 to 170 o for twclve 
hours. The contents of the tube wcre removed by washing with hot watcr and then hot 
alcohol, and the whole was made acid to  congo red paper with 5 cc. of concd. hydro- 
chloric acid. After cooling, the unchanged p-bromo-acetophenone and some precipi- 
tated arsenious oxide were removed by filtration and the filtrate was then evaporated to  
dryness on a steam cone. Isolation and purification of the product was carried out  as 
outlined under o-carboxyphenylarsonic acid. 

Anal. Subs., 0.2025: 33.0 cc. of 0.05 N KBr03. Calcd. for CHSCOQH~ASO(OH)~: 
As, 30.72. Found: As, 30.54. 

p-Carboxyphenylarsonic Acid (p-Benzarsonic Acid).-The amounts of materials 
and the procedure in this preparation were the same as those used in the preparation 
of o-carboxyphenylarsonic acid except that p-bromobenzoic acid was used in place of 
the ortho compound and the temperature was 89 to 93' for forty-eight hours; yield, 
1.14 g., 4.6% of the calcd. amount. 

Anal. Subs., 0.2005, 0.20055: 32.6, 32.55 cc. of 0.05 N I(Br03. Calcd. for C0H4- 
(COOH)AsO(OH)z: As, 30.47. Found: As, 30.47, 30.43. 

Optically, p-carboxyphenylarsonic acid consists of positive biaxial crystals having a 
large optic angle. The crystals were incorrectly orientated for an accurate determina- 
tion of the indices of refraction with the means a t  hand. 

7 Balaban, J. Chem. SOG., 569 (1926). 
8 Nijk, Rec. trav. chim., 41,461 (1922). 
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o-Phenylenediarsonic Acid.-A solution of 14 g. (0.05 mole) of o-bromophenyl- 
arsonic acid in 3.7 cc. (0.05 mole) of 50% potassium hydroxide and 17 cc. (0.07 mole) 
of 50% trisodium arsenite solution was refluxed a t  110' for forty-eight hours. The re- 
action mixture was made acid to congo red paper with an excess of concd. hydrochloric 
acid and the solution steam distilled; the distillate yielded 0.6 g. or 14.3y0 of the cal- 
culated amount of phenol on extraction with ether. The phenol so obtained boiled a t  
180 ", gave the tribromo derivative melti?ng a t  93 with bromine water, and gave a nega- 
tive bromine test on sodium fusion. The residue from the steam distillation was cooled 
and filtered. The precipitate after washing with absolute methanol was dissolved in an 
excess of concd. ammonium hydroxide and the resulting solution treated with 7 cc. of 
30% hydrogen peroxide; the excess of ammonia and hydrogen peroxide was removed 
by boiling, and the diarsonic acid obtained by reprecipitation weighed 7.09 g. Two 
small crops of crystals obtained from the mother liquor resulting from the steam dis- 
tillation and from the methanol washings weighed 0.15 and 0.21 g., respectively; total 
yield, 7.45 g., 45.7% of the calcd. amount. 

Anal. Subs., 0.1778, 0.2712: 35.65, 66.4 cc. of 0.05 N KBrOs. Calcd. for CsH4- 
(AsO(OH)&: As, 45.99. Found: As, 45.85, 45.88. 

The identity of the substance was further established by preparation of o-phenyl- 
enediarsine-oxychloride according to the directions of Kalb.9 One gram of the diarsonic 
acid was dissolved in 15 cc. of concentrated hydrochloric acid, treated with 0.5 g. of 
potassium iodide, and sulfur dioxide passed through the solution for thirty minutes, 
during which time crystals of o-phenylenediarsine-oxychloride separated. Recrysful- 
lization from dilute ethyl alcohol gave crystals which melted a t  150'. 

Note.-Copper was used as a catalyst a t  times though its advantages are of doubtful 
nature. A number of reactions were run without its use and were apparently as good 
as those run using it; no study of its catalytic properties was made. 

The method of arsenic analysis was the potentiometric titration of a digested sample 
in the presence of an excess of sulfuric acid with potassium bromate, as developed by 
Cislak and Hamilton, THIS JOURNAL, 52,638 (1930). 

Summary 

1. Rosenmund's synthesis of o-carboxyphenylarsonic acid and Albert 
and Schulenberg's synthesis of p-acetophenone-arsonic acid were con- 
firmed. 

2. p-Carboxyphenylarsonic acid and o-phenylenediarsonic acid were 
prepared for the first time by this method, though they have been syn- 
thesized previously by other methods. 

3. The arseno-test, which consists of warming a saturated solution of 
an arsonic acid with hypophosphorous acid, seems to be specific for arsonic 
acids and to be quite sensitive. Its use gave qualitative evidence (to- 
gether with other considerations) for the formation in small amounts of 
p-sulfophenylarsonic acid and some unidentified reduced o- and p-nitro- 
phenylarsonic acids. 

LINCOLN, NEBRASKA 

Kalb, Ann., 423,39 (1921). 
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THE ACTION OF Mg + MgBra ON 
PHENYLBIPHENYLENEMETHYL. THE FORMATION OF 
PHENYLBIPHENYLENEMETHYLMAGNESIUM BROMIDE 

BY W. E. BACHMANN 
RECEIVED APIUL 21, 1930 PUBLISHED AUGUST 5, 1930 

Recently it was demonstrated that formation of the Grignard reagent, 
triphenylmethylmagnesium bromide, takes place through two successive 
reactions: (a) formation of triphenylmethyl, (b) formation, from that, 
of the Grignard reagent.l 

Mg 
2(csH~)~CBr ---, ~ ( C ~ H S ) ~ C  + MgBrz (1) 

~(C~HC.)~C 4- Mg + MgBrr = 2(CsHd3CMgBr (2) 
Furthermore, it was shown that the free radical itself is quite likely the 
result of the interaction of Grignard reagent initially produced and un- 
changed triphenylbromomethane 

(CeH6)rCMgBr + (CaH6)rCBr = 2(CsHs)3C + MgBrz (3) 

A similar course is followed by the reaction between phenylbiphenylene- 
bromomethane and magnesium; the rates of reaction in all stages are slower. 
If a gram atom of magnesium is allowed to react with a gram mole of 
phenylbiphenylenebromomethane, the Grignard reagent is produced. If, 
however, only one-half gram atom of metal is employed, phenylbi- 
phenylenemethyl (diphenyl-dibiphenylene-ethane) and magnesium bro- 
mide are present a t  the end of the reaction. If now an additional half atom 
of magnesium is added to this mixture, the phenylbiphenylenemethyl is 
converted to the Grignard reagent. 

Phenylbiphenylenemethyl, prepared in various ways, reacts with the 
system Mg f MgBrz (or MgI2) and gives the Grignard reagent. Although 
diphenyl-dibiphenylene-ethane dissociates only slightly2 into phenylbi- 
phenylenemethyl radicals, nevertheless, in virtue of this dissociation, the 
ethane is completely converted to the Grignard reagent. 

Since the Grignard reagent was found to react rapidly with phenylbi- 
phenylenebromomethane and give phenylbiphenylenemethyl, i t  is con- 
sidered that this is the process whereby the radical is produced as inter- 
mediate product in the formation of the Grignard reagent. 

Experimental 
Phenylbiphenylenemethyhagnesium Bromide.-The 9-phenylfluorenol was pre- 

pared from fluorenone and phenylmagnesium bromide according to the directions of 

1 Gomberg and Bachmann, THIS JOURNAL, 52, 2455 (1930). 
2 Schlenk, Herzenstein and Weickel, Ber., 43, 1754 (1910). 
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Ullmann and von W~rstemberger.~ However, a greater yield of product was obtained 
by  hydrolyzing not only the crystalline reaction product but also the so!ution. I n  
this way from 100 g. of fluorenone thcre was obtained 140 g. of phenylfluorenol of m. p. 
108-109 ". 

To make the carbinol bromide, 140 g. of carbinol was dissolved in 100 cc. of benzcnc 
and 200 g. of acetyl bromide was added. After the solution had been refluxed for twelve 
hours, most of the solvent was removed under reduced pressure and the residue was 
treated with an equal volume of petroleum ether. After two recrystallizations from 
ligroin the phenylbiphenylenebromornethane melted a t  99.5-100.5 "; yield, 98 g. 

Phenylbiphenylenebromomethane (1 Mole) + Magnesium (1 Atom).-Since the 
Grignard reagent is not very soluble in  ethyl ether, the higher boiling n-propyl and n- 
butyl ethers, mixed with benzene, were employed. All reactions and all operations were 
carried out in an atmosphere of dry nitrogen. A mixture of 3.22 g. (0.01 mole) of 
phenylbiphenylenebromomethane and 0.2432 g. (0.01 atom) of magnesium powder in 
30 cc. of n-butyl ether and 60 cc. of benzene was heatcd on a steam-bath. After twelve 
hours no more magnesium remained and the solution contained glistening crystals cf the 
Grignard reagent. In  order to dissolve these crystals an additional 30 cc. of solvent was 
added. The hot tan-colored solution was filtered and hydrolyzed. The magnesium 
hydroxide required 9.95 cc. of N sulfuric acid for neutralization; calcd., 10.0 cc. From 
the  ether-benzene solution there was isolated 1.8 g. of 9-phenylfluorcne, m. p. 146". 
It was found to be identical with 9-phenylfluorene prepared by reduction of 9-phenyl- 
fluorene.' Usually a small amount of phenylbiphenylenemethyl peroxide was also 
found in the hydrolysis product. 

Isolation and Analysis of the Grignard Reagent.-A mixture of 3.22 g. of phenyl- 
biphenylenehromomethane and 0.38 g. of magnesium ribbon in 40 cc. of n-butyl ether 
and 80 cc. of benzene was heated on a steam-bath for twenty-four hours. The clear 
solution was filtered while hot from the excess of magnesium; 0.235 g. instead of 0.243 
g. of magnesium had reacted. On cooling, the filtrate deposited glistening, transparent 
light yellow plates. These were filtered off, washed with bcnzene and dried in a stream 
of nitrogen. For analysis, a half-gram sample was treated with water and the resulting 
products-phenylfluorene, magnesium hydroxide and brom-ion-were determined. 
From these results the composition of the compound was calculated on a solvent-free 
basis. 

Anal. Calcd. for (C8H4C6H4) (c~H6)ChIgBr: ( C ~ H ~ C G H ~ )  (C6H6)C9 69.8; Mg, 
7.0; Br, 23.1. Found: (CGH~CGH~)(CGH~)C, 69.4; Mg, 7.0; Br, 23.6. 

Reaction with Carbon Dioxide.-Dry carbon dioxide was passed for three hours 
into the Grignard reagent made from 3.22 g. of phenylbiphenylenebromomethane in 45 
cc. of ethyl ether-benzene (1:2). At the end of this time a large amount of solid was 
present. The mixture was hydrolyzed with dilute acid and from the organic solution 
~hen~lbiphenylene-acetic acid, (C6H4C6H4) (CH5)CCOOH, was obtained. The product 
was purified by dissolving i t  in hot benzene and adding ligroin to  the filtered solution. 
As the solution cooled the acid came out in needles, weight 1.75 g., which represents a 

yield. As Schlenk and Bergmann5 report, the phenylbiphenylene-acetic acid 
readily loses carbon dioxide on being heated and gives phenylfluorene. Because of this 
decomposition the melting point of the acid varies between 190 and 19S0, the value ob- 
tained depending upon the rate of heating and the purity of the acid. A sample of the 
impure acid was converted to phenylfluorene when an attempt was made to recrystallize 
the  acid from glacial acetic acid. 

3 Ullmann and von Wurstemberger, Ber., 37,73 (1904). 
Ullmann and von Wurstemberger, ibid., 37,74 (1904). 

6 Schlenk and Bergmann, Ann., 463,203 (1928). 



Phenylbiphenylenemethyl 

Phenylbiphenylenebromomethane (1 Mole) + Magnesium (0.5 Atom).-A 
mixture of 3.22 g. of phenylbiphenylenebromomethane and 0.1216 g. of magnesium 
powder in 120 cc. of solvent was heated on a steam-bath. After a time colorless crystals 
of phenylbiphenylenemethyl began to deposit. As soon as all of the metal had dis- 
appeared (five hours), water was added to the mixture. One-half cc. of N acid was 
needed for the magnesium hydroxide; this indicated the presence of a small amount of 
Grignard reagent; in agreement with this 0.3 g. of phenylfluorene was found. The rad- 
ical formed in the reaction was oxidized to the peroxide by allowing the organic solution to 
evaporate in an open dish. After recrystallization from benzene the phenylbiphenylene- 
methyl peroxide weighed 1.5 g. (after benzene of crystallization had been removed); 
m, p. 197". The compound was found to be identical with the peroxide prepared by the 
action of molecular silver on phenylbiphenylenechloromethane in presence of air.6 

Phenylbiphenylenemethylmagnesium Bromide + Phenylbiphenylenebromo- 
methane.-To a solution of Grignard reagent prepared from 3.22 g. of phenylbi- 
phenylenebromomethane there was added 3.22 g. of the carbinol bromide. Colorless 
crystals of phenylbiphenylenemethyl began to precipitate immediately (see Equation 3), 
and after a few minutes a large amount was present. The mixture was warmed for fif- 
teen minutes and then hydrolyzed with dilute acid. The radical was filtered off in a 
stream of nitrogen, washed well with acetone and dried; weight 2.3 g.; m. p. 253-254" 
in a sealed tube filled with carbon dioxide. From the filtrate, additional radical in the 
form of its peroxide was isolated as well as about half a gram of phenylfluorene. 

Phenylbiphenylenemethyl + Mg + MgBrz.-The radical was prepared in various 
ways: by the reaction represented in Equation 3; by treatment of the carbinol bromide 
or chloride with molecular silver or with copper powder in benzene solution. A solution 
of MgBrt prepared from 0.5 g. of magnesium powder and 3.6 g. of HgBrz7 in 30 cc. of 
ether-benzene (2 :1) was filtered into a flask containing 2.0 g. of crystalline phenylbi- 
phenylenemethyl, 1.0 g. of magnesium, 20 cc. of n-propyl ether and 20 cc. of benzene. 
The resulting mixture was refluxed for sixteen hours. During this time the crystals of 
radical disappeared and in their place crystals of Grignard reagent appeared. These 
crystals were brought into solution by addition of more solvent and the solution was 
filtered; as the filtrate cooled, the glistening crystals of the Grignard reagent again ap- 
peared. The crystals were filtered off and analyzed in the same manner as previously 
described; they were found to have the composition ( C B H ~ C ~ H ~ ) ( C ~ H ~ ) C M ~ B ~ .  Hy- 
drolysis of the reaction product yielded 1.54 g. of 9-phenylfluorene. 

Phenylbiphenylenemethyl + Mg + Mg12.-A mixture of Mg f Mg12 was pre- 
pared from 1.5 g. of iodine and 1 g. of magnesium in 30 cc. of n-propyl ether and 60 cc. 
of benzene. To the colorless mixture was added 2.41 g. of crystalline phenylbiphenylene- 
methyl. On heating, reaction started almost a t  once. When the reaction was a t  an 
end, the solution was filtered from the excess of magnesium; 0.125 g. of metal had re- 
acted, calcd. 0.122 (Equation 2). The Grignard reagent produced in the reaction was 
treated with carbon dioxide for three hours; from the reaction product 2.48 g. of pure 
phenylbiphenylene-acetic acid was obtained, which represents a yield of 87%. 

9,9-Diphenylfluorene from Phenylmagnesium Bromide and Phenylbiphenylene- 
ch1oromethane.-An attempt was made to prepare phenylbiphenylenemethyl by the 
reaction recently described by Schmidt-Nickels,8 who allowed phenylmagnesium bromide 
to react with phenylbiphenylenechloromethane. Following his directions, there was 
obtained 9,9-diphenylfluorene instead of the free radical, 

Gomberg and Cone, Ber., 39,2969 (1906). 
Gomberg and Bachmann, THIS JOURNAL, 49,2586 (1927). 

8 Schmidt-Nickels. Ber., 62, 917 (1929). 
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CeHl /C6H6 
TIH4><: + BrMgCJI5 ---+ I 

CeH*>\CeH5 
+ ClMgBr (5) 

c6H4 
To the Grignard reagent from 12 g. of bromobenzene there was added 15 g. of 9- 

chloro-9-phenylfluorene. A vigorous reaction took place, with evolution of a consider- 
able amount of heat, and with precipitation of a white solid as Schmidt-Nickels reports. 
After the mixture was refluxed for an hour, this solid was filtered off, washed with water 
and with acetone and then dried; weight 3.1 g.; m. p. 215-220". After reaystallization 
from benzene it was obtained in the form of large needles melting a t  219-220°, which 
were found to be identical with 9,9-diphenylfluorene prepared from o-pheayltriphenyl- 
carbinol by dehydration.9 

Summary 
The system Mg + MgBr2 (or MgI2) reacts with phenylbiphenylene- 

methyl and gives the Grignard reagent, phenylbiphenylenemethyl- 
magnesium bromide, ~(C.SH~CBH~)(CSH~)C + Mg + MgXz = 2(CeHa- 
CsH4) (CsH5) CMgX. 

The same Grignard reagent is formed from the action of magnesium on 
phenylbiphenylenebromomethane. This reaction was found to take place 
in two successive stages: (a) formation of phenylbiphenylenemethyl and 
MgBr2; (b) reaction of the radical with Mg + MgBrz. 

The Grignard reagent was isolated in crystalline state and found to 
have the composition assigned to it. The compound was converted by 
water into phenylfluorene, by carbon dioxide into phenylbiphenylene-acetic 
acid. 

ANN ARBOR, MICHIGAN 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OF THE UNIVERSITY OF MICHIGAN] 

THE SUPPOSED EXISTENCE OF TWO STEREOISOMERIC 
9-BENZYL-9-PHENYLFLUORENES 

Among the examples of a new kind of stereoisomerism, Schlenk and 
Bergmannl report an isomer of 9-benzyl-9-phenylfluorene. The latter 
compound was prepared by Gomberg and Cone2 from benzylmagnesium 
chloride and 9-chloro-9-phenylfluorene; their product crystallized in 
prisms and melted at  136O. Schlenk and Bergmann allowed benzyl chlor- 
ide to react with 9-sodium-9-phenylfluorene and obtained leaflets melting 
a t  125-126', which they consider to be a stereoisomeric 9-benzyl-9- 
phenylfluorene. Recently, however, Schmidt, Stein and Bamberger3 

were unable to obtain this isomer when following the directions given for 
9 Ullrnann and von Wurstemberger, Ber., 38,4106 (1905) ; Clarkson and Gomberg, 

THIS JOURNAL, 52,2881 (1930). 
Schlenk and Bergmann, Ber., 62,745 (1929). 
Gomberg and Cone, ibid., 39,2968 (1906). 

8 Schmidt, Stein and Bamberger, ;bid., 62, 1890 (1929). 



its preparation. In phenylbiphenylenemethylmagnesium bromide4 we 
have a close analog of the sodium derivative of Schlenk and Bergmann, 
and its reaction with benzyl chloride was studied in order to determine 
whether a low-melting compound would be formed when using i t  instead 
of the sodium derivative. 

Phenylbiphenylenemethylmagnesium bromide reacts readily with benzyl 
chloride and gives 9-benzyl-9-phenylfluorene 

This compound was found to be identical with the product obtained from 
benzylmagnesium chloride and 9-chloro- or 9-bromo-9-phenylfluorene 

The product crystallized from ligroin in the form of prisms and melted at 
138-138.5O. 

The directions of Schlenk and Bergmann were then followed in an 
attempt to prepare the isomer. However, from 9-sodium-9-phenylfluorene 
and benzyl chloride there was obtained a yield of the high-melting 
compound; no trace of a low-melting isomer was found. The compound 
was identical in melting point and in crystal form5 with the products ob- 
tained above (Equations 1 and 2). 

Experimental 
Benzylmagnesium Chloride + 9-Bromo-9-pheny1fluorene.-To a filtered solution 

of benzylmagnesium chloride prepared from 10 g. of benzyl chloride, 8 05 g. of 9-bromo- 
0-phenylfluorene was added The mixture was heated fnr six hours and then hydro- 
lyzed. From the ether solution was obtained 5 g. of 9-benzyl-9-phenylfluorene. After 
recrystallization from n-propyl alcohol the compound melted a t  136-136.5'. The 
mclting point was raised to 138-138.5' (corr. 140.3-140.8") by treatment of an acetic 
acid solution with a small amount of chromic acid. The color was removed from the 
product by tgeatment with concentrated sulfuric acid and the substance was then re- 
crystallized from acetic acid. From ligroin the compound was obtained in the form of 
large transparent crystals. 

Phenylbiphenylenemethylmagnesium Bromide + Benzyl Chloride.-Five grams of 
benzyl chloride was added to the Grignard reagent prepared from 3.22 g. of 9-bramo-9- 
phenylfluorene, and the resulting mixture was heated for thee hours; during this time 
a large amount of magnesium chloride precipitated. After hydrolysis, 2 g. of 9-benzyl- 
9-phenylfluorene was obtained. Recrystallization from ligroin gave large prisms melt- 
ing a t  136-137 '. After the chromic acid purification the melting point was 13&138.5° 
(corr. 140.3-140.8"). The Grignard reagent was also prepared from crystalline phenyl- 
biphenylenemethyl and Mg + MgBrz; with benzyl chloride a product was obtained 
which after recrystallization from ligroin melted a t  137.5-138.0 ". 

Benzyl Chloride f 9-Sodium-9-phenylfluorene (Method of Schlenk and Berg- 

4 Bachmann, THIS JOURNAI,, 52,3287 (1930). 
This comparison was made by Dr. C. B. Slawson of the Mineralogy Depart- 

ment, and thanks are extended to him again a t  this time. 
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man$.-Phenylfluored methyl ether was prepared according to the directions of 
Schlenk and Bergmann.6 However, while they report fluorescence of the solution of the 
methyl ether, no trace of such fluorescence was shown-by our solutions. 

Five grams of sodium powder was allowed to react with 10 g. of 9-phcnylfluorenol 
methyl ether in 150 cc. of absolute ether in a sealed flask. In less than half an hour the 
solution was red in color. When the reaction was complete the mixture was treated 
with benzyl chloride (3 cc.) until no more red sodium derivative remained. The mix- 
ture was hydrolyzed, the ether solution was well washed with water and the solvent was 
then removed under reduced pressure. The crystalline residue was digested with cold 
methyl alcohol and filtered; weight 11.10 g.; m. p. 136-136.5'. From the alcoholic 
filtrate an additional 0.32 g. was isolated, making the total yield equivalent to 99%. 
After being recrystallized from n-propyl alcohol, acetic acid or ligroin, the crystals 
melted a t  138-138.5 (corr. 140.3-140.8 ") . When mixed with 9-benzyl-9-phenyl- 
fluorene made by the other methods the melting point remained the same. 

In another experiment the mixture of the reactants was kept cold, and after hydroly- 
sis the reaction product was obtained by allowing the ether to evaporate a t  room tem- 
perature. Only the compound melting a t  138-138.5 was obtained. 

Summary 
9-Benzyl-9-phenylfluorene as prepared from phenylbiphenylenemethyl- 

magnesium bromide and benzyl chloride is identical with the product 
formed by interaction of 9-bromo-9-~henylfluorene and benzylmagnesium 
chloride. Furthermore, the same compound was obtained in 99% yield 
from the action of benzyl chloride on 9-sodium-9-phenylfluorene, and no 
low-melting isomer was produced in this reaction. 

ANN ARBOR, MICHIGAN 

[CONTRIBUTION NO. 35 PROM THE EXPERIMENTAL STATION OF E. I. DU PONT DE NEMOURS 

AND COMPANY] 

STUDIES ON POLYMERIZATION AND RING FORMATION. V. 
GLYCOL ESTERS OF OXALIC ACID 

Melting points ranging from 110 to 172' have been ascribed to ethylene 
oxa1ate.l Bi~choff,~ by distillation, prepared a form melting a t  142-143', 
which he showed to be monomeric. He observed that the melting points 
of this and higher-melting forms change spontaneously on standing, and he 
ascribed this change to reversible polymerization but without the support 
of any comparative molecular weight data. In  connection with a study 
of glycol esters of dibasic acids3 we have made some further observations 

6 Schlenk and Bergmann, Ann., 463,202 (1928). 

1 (a) Bischoff, Ber., 27, 2939 (1894); (b) 40, 2803 (1907); (c) Adams and Weeks, 
THIS JOURNAL, 38,2518 (1916); ( d )  Tilitcheev, Ber., 56,2218 (1923). 

Bischoff, ;bid., 40,2803 (1907). 
3 Carothers and Arvin, THIS JOURNAL, 51,2560 (1929) ; Carothers and Van Natta, 

ibid. ,  52, 314 (1930); Carothers and Dorough, ibid., 52,711 (1930). 
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on ethylene oxalate and have also prepared some other alkylene oxalates. 
Preparation of Ethylene 0xalate.--The ester was prepared by heating 

ethylene glycol and ethyl oxalate in a Claisen flask provided with a re- 
ceiver. Alcohol distilled off fairly rapidly when the heating bath was kept 
a t  180-190'. The residue was heated in a vacuum for a time to  remove 
unchan~ed reactants. The dis- " 

tillate was found to contain some 
ethyl (P-hydroxyethyl) oxalate. 

Ethyl (8-Hydroxyethyl) Oxa- 
late.-Colorless liquid; b. p. (0.3 
rnm.), 108-110'; diO 1.2241; n2i 
1.4405. 

Anal. Calcd. for CsNloOs: C, 
44.42; H, 6.22. Found: C, 44.01; 
H, 6.02. 

The residue after crystalliza- 
tion from glacial acetic acid or 
from ethyl oxalate was a dusty 
white powder t h a t  usually 
melted a t  about 153'. This 
material was polymeric. 

Anal. Calcd. for C4H404: C, 
41.38; H, 3.45; mol. wt., 116; saponi- 
fication equivalent, 58. Calcd. for 
C~aHasOu = C~zH50-(C&C0-0-- 
(CHz)r--0)13H: C, 41.70; H, 3.73; 
mol. wt., 1554; saponification equiva- 
lent, 59.4. Found: C, 41.66, 41.97; 
H, 3.76, 4.05; mol. wt. (in boiling 
acetonitrile), 1510, 1580, 1610; sa- 
ponification equivalent, 59.0, 60.8, 
61.0. 

When th i s  polymer was 
heated in a vacuum, distillation 

Fig. 1.-Crystals of monomeric ethylene 
oxalate. X 94. (These crystals were placed 
for observation in a microscopic culture plate 
and sealed against the access of air and moisture 
by means of a cover glass. Mechanical dis- 
turbances were avoided, and subsequent ob- 
servations, except the last, were made from 

occurred and from the distillate exactly the same position as the first.) 

Bischoff's 143O ester was ob- 
tained (observed m. p., 143-144'). Molecular weight determinations in 
boiling acetonitrile agreed with those in freezing acetic acid reported by 
Bischoff, indicating that this material is monomeric. 

Anal. Calcd. for C4H404: C, 41.38; H, 3.45; mol. wt., 116. Found: C, 41.42, 
41.44; H, 3.66, 3.45; mol. wt. (in boiling acetonitrile), 118, 120, 123, 126. 

Small samples of polymer, if distilled rapidly, gave better than 50% yields 
of the monomer. Under other conditions the yield was smaller owing to  
thermolysisld to  ethylene, carbon dioxide, ethylene carbonate, carbon 
monoxide and other gaseous, liquid and tarry products. 
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Properties of Ethylene Oxalate and its Polymers.-Monomeric 
ethylene oxalate is definitely macrocrystalline and shows a rehtively high 
solubility (Table 11). I t  is so readily hydrolyzed that it may be titrated 
directly with warm tenth normal alkali. On standing at  room tempera- 
ture, the sharply defined crystals of the monomer rapidly disintegrate 
(Figs. 1-3) with the appearance of having been violently disrupted, and 
finally are transformed into very minute crystals, which, if undisturbed, 
may become spontaneously oriented on a glass surface to thread-like aggre- 
gates (Fig. 4). 

This transformation is due to polymerization. I t  is accelerated by 
moderate heat and catalyzed 
by acids or alkalies. The 
polymerization is accompanied 
by changes in melting point 
and solubility. In the first 
stages of the polymerization 
the melting point drops (e .  g., 
to 106-1 10') ; higher-melting 
polymers are formed by heat- 
ing the monomer in the pres- 
ence or absence of solvents or 
catalysts, and the final prod- 
uct is an insoluble material 
melting at  172-173'. 

A sample of monomeric 
ethylene oxalate was heated at  
135-140' for seven hours, and 
then extracted repeatedly with 
cold acetone. .The material 

Fig. 2.-The crystals of Fig. 1 after five days that separated on evaporation 
at room temperature. x 94. of the acetone was identified 

as unchanged monomer. The 
acetone-insoluble material was a dusty white powder which after drying 
melted a t  171-172'. I t  was insoluble in all common organic solvents, so 
no molecular weight determinations could be made. 

Anal. Calcd. for (C4H,O*),: C, 41.38; H, 3.45; saponification equivalent, 58.0. 
Found: C, 41.48,41.59; H, 3.71.3.96; saponification equivalent, 58.45. 

By fractional crystallization of polymerized monomer and of the 153" 
polymer formed directly from glycol and oxalic ester, a great variety of 
samples was obtained showing such melting points as 106-108", 122-125', 
140-142', 14&150°, 153', 155-157O, 157-15g0, 160-163', 163-164O, 172- 
173O, as well as others having much wider melting ranges. Attempts to 
segregate homogeneous samples from these fractions met with difficulties 
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due to the rapidity with which spontaneous transformations occurred even 
in the absence of solvents and a t  room temperature. Portions of three 
sharply melting samples were stored in glass-stoppered bottles, and melting 
point determinations were made a t  intervals with the following results. 

TABLE I 
MELTING POINTS 

Nature and m. p. M. p. after standing at room temperature 
of sample 2 months 4 months 5'/a months 

144 " (monomer) 105-140 " 105-135' 105-122O (A) 
153" (polymer) 149-155" 149-155 O 149-155" (B) 
172" (polymer) 160-170" 160-170 " 160-170" (C)  

To avoid these changes during the process of fractionation, it was 
necessary to work rapidly and to use cold solvents as far as possible. 
Solubility data established the homogeneity of the monomer (144') and 
the apparent homogeneity of 
the highest (172') polymer. 
Intermediate fractions, unlike 
the 172' polymer, were com- 
pletely soluble in warm aceto- 
nitrile, and since the solubility 
of the latter was not affected 
by the presence of monomer, 
intermediate polymers must 
have been present in these frac- 
tions. This led to the hope 
that it might be possible to 
isolate polymers sufficiently 
low for a study of structure. 

The fractions A, B and C of 
Table I were recrystallized 
with the following results: ex- 
traction of A with cold acetone 

a amount Pig. 3.-The nystals of Fig. 1 after seven days 
monomer. The residue was at room temperature. X 113. 
treated with warm acetonitrile, 
which dissolved all but a small amount of material that melted a t  170-172' 
(high polymer). The material that separated from the acetonitrile solution, 
after recrystallization, melted a t  157-159'. Similarly from B, fractions 
were isolated corresponding with monomer, high (172") polymer, and 157- 
159' polymer. C yielded a small amount of material melting a t  155- 
157'. The rest was unchanged 172' polymer. Extractions of various 
other samples were made, and in one case a small fraction melting a t  106- 
108" and having an apparent molecular weight of about 900 was isolated. 
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There is still considerable doubt, however, concerning the homogeneity of 
this fraction. 

The 153" material, which was the usual (recrystallized) product of the 
action of ethylene glycol on ethyl oxalate, was not homogeneous in spite of 
its fairly sharp melting point, for its apparent solubility changed with 
changing ratio of solute to solvent as shown below. 

Apparent soly. ino 
Sample, g. Acetonitrile, cc. g. per 100 g. a t  25 

0.025 15 0.0821 
.lo0 15 .2633 
.500 15 .8644 

A four-gram sample of the 153" material was then extracted repeatedly 
with 25-cc. portions of acetonitrile. With each extraction the apparent 
solubility decreased until a constant value was reached. 

Extraction Apparent soly. in 
number g. per 100 g. a t  25' M. p. of residue, OC. 

1 1.4321 152-153 
2 0.8111 152-155 
3 .3240 155-159 
4 .2390 155-160 
5 .I729 157-160 
6 .I315 157-159 
7 .0894 157-159 
8 .0891 158-159 
9 .0890 158-159 

The apparent solubility of the residue did not change on increasing the 
ratio of solute to solvent five-fold, so this material must be regarded as 
essentially homogeneous. Its apparent molecular weight in boiling aceto- 
nitrile was about 2380 (observed values, 2070,2480,2670,2370,2275,2520). 

One may conclude that a t  least two polymers of ethylene oxalateexist: 
a soluble form melting a t  158-159' of molecular weight about 2400, and an 
insoluble form melting a t  172' of unknown but probably much higher mo- 
lecular weight. Gither of these forms may arise spontaneously from the 
other, and both of them may be formed from the monomer. Definite 
evidence for the existence of other polymers of ethylene oxalate is lacking. 

TABLE I1 
SOLUBILITIES OP ALKYLENE OXALATES 

Observed ,-Solvent - 
Nature  of oxalate sample M. p., O C .  mol. wt. Acetonitrile Acetone Chloroform 

Monomeric ethylene 144 11&126 1129 4.13 0.35 
Polymeric ethylene 159 2070-2670 0.0891 . . . . .  . . . . . 
Polymeric ethylene 172 . . . . . . . < O  01 <0.01 <0.01 
Monomeric propylene 142 131-147 12.31 3.47 0.06 
Monomeric ethylene 148-150 1620-1640 0.1823" 0.1630' 0.0390a 

heated a t  90' for two weeks 
" These values have no quantitative significance since the sample was not homo- 

geneous. 
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Chemical Properties of the Polymeric Ethylene 0xalates.-Mono- 
meric ethylene oxalate is hydrolyzed with extraordinary rapidity. To  a 
certain extent this property is shared by its polymers. Hence, although 
the polymers show acid reactions toward litmus in contact with water, 
this fact cannot be used to argue for the presence of long primary valence 
chains bearing carboxyl groups 
at  the end. Attempts to pre- 
pare sodium salts from the 
polymers by the action of cold 
sodium bicarbonate solution 
led to the isolation of sodium 
oxalate and unchanged poly- 
mer. This ease of hydrolysis 
is associated with great sensi- 
tivity toward other reagents. 
The attempt to detect hy- 
droxyl groups or carboxyl 
groups by heating polymeric 
e thylene oxalate with m- 
bromobenzoic anhydride and 
with phenylhydrazine led to 
the isolation of ethylene-bis-m- 
bromobenzoate and  t o  t h e  
phenylhydrazide of oxalic acid. 
The latter reaction is what 

Fig. 4.-The crystals of Fig. 1 after two weeks 
would be expected from an a t  room temperature. X 185. 
ester having t he  s t ruc ture  
-CO-CO-0-(CH2)2--0-CO-CO-0-(CH2)z-0-, etc., whether 
the chain is open or closed, but the first reaction requires the elimination of 
-CO-CO-0- residues. These fragments of the molecules appeared as 
carbon monoxide and carbon dioxide, which were observed to be evolved 
from the reaction mixture. 

Ethylene bis-m-Bromobenzoate.-Prepared by the action of m-bromobenzoic 
anhydride on ethylene glycol or on ethylene oxalate; crystallized from a mixture of 
chloroform and alcohol; m. p. 78-79 O. 

Anal. Calcd. for ClaHlz04Brz: C, 44.86; H, 2.80; Br, 37.38; mol. wt., 428. Found: 
C, 44.85, 45.06; H, 2.92, 2.98; Br, 37.26, 37.03; mol. wt. (in boiling benzene), 430. 

Propylene 0xalate.-By heating propylene glycol and ethyl oxalate 
together and removing unchanged reactants in a vacuum, a colored viscous 
resin was obtained. In boiling acetonitrile this showed an apparent mo- 
lecular weight of about 700 (observed, 670, 660). No crystalline material 
could be isolated from it. When this resin was strongly heated a t  a pres- 
sure of 5 mm., distillation occurred. A crystalline solid that separated 



3298 W. H. CAROTHERS, J. A. ARVIN AND G. I,. DOROUGH Vol. 52 

from the liquid distillate melted a t  142' after recrystallization from hot 
alcohol. This was identified as monomeric propylene oxalate. 

Anal. Calcd. for CsHe04: oxalic acid, 69.24; saponification equivalent, 65; 
mol. wt., 130. Found: oxalic acid, 69.82; saponification equivalent, 64.5, 65.1; mol. 
wt. (in boiling acetonitrile), 131,147. 

Carbon and hydrogen values (Pregl method) were consistently low, perhaps owing 
to the loss of methane. 

The monomeric methyl ethylene oxalate showed no tendency to poly- 
merize spontaneously at  room temperature, but on being heated to 140- 
150' for eight hours it was converted to a white powder that melted at 176- 
178' and was insoluble in all common organic solvents. 

Trimethylene 0xalate.-This ester has been prepared by Tilitcheev4 
as a solid melting at  82-84' by heating methyl oxalate with trimethylene 
glycol first at atmospheric and then under diminished pressure, dissolving 
the residue in chloroform, and precipitating it with methyl alcohol. On 
distillation at 3-4 mm. pressure it was converted into an "isomeric" form 
melting a t  186-187'. 

Since the length of the chain of the structural unit of trimethylene oxalate 
is seven atoms, the reaction between oxalic ester and trimethylene glycol 
should be intermolecular and the product polymeric, in accordance with 
the generalization based on the study of other similar  reaction^.^,^ 

We prepared trimethylene oxalate" by heating ethyl oxalate with tri- 
methylene glycol. After three crystallizations from a mixture of chloro- 
form and ethyl alcohol it melted at  87-88'. Its apparent molecular weight 
in boiling acetonitrile was about 2000 (observed value, 2040, 1980). 

Anal. Calcd. for CsHeOl: C, 46.15; H, 4.65. Found: C, 46.03, 46.34; H, 4.90, 
4.95. 

When this polymeric material was heated a t  250' a t  3 4  mm., thermoly- 
sis and distillation occurred. Gaseous, liquid and carbonaceous products 
were formed. The liquid distillate from 52 g. of polymer weighed 23.6 g., 
and on being cooled and treated with alcohol it yielded a small amount of 
crystalline solid, which after repeated crystallization melted a t  186-187'. 
This was Tilitcheev's "isomeric" trimethylene oxalate. 

Anal. Calcd. for (C~HBO&: C, 46.15; H, 4.65; rnol. wt., 260. Found: C, 
45.75,46.12; H, 4.61,4.69; mol. wt. in boiling acetonitrile, 282, 278; in freezing phenol, 
272, 265. 

The molecular weight determinations prove this material to be dimeric. 
The liquid distillate from which the dimeric trimethylene oxalate was 

isolated was redistilled. I t  boiled from 70' at  20 mm. to 185' a t  0.25 mm. 
From the higher-boiling fractions a considerable amount of trimethylene 

* Tilitcheev, J. Russ. Phys.-Chem. SOC., 58, 447 (1926); C. A., 21, 3358 (1927); 
Chem. Zentr., 11, 440 (1927). 

Carothers, THIS JOURNAL, 51,2548 (1929). 
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carbonate was isolated. This is a product that Tilitcheev assumed to  be 
intermediate in the thermolysis of trimethylene oxalate, but he was nnable 
to isolate it. Saponification of the remaining liquid led to the isolation 
(as calcium oxalate) of about 1.5 g. of oxalic acid. Hence i t  is possible 
that some monomeric trimethylene oxalate may have been present in the 
mixture. 

These results lead to the following conclusions. The action of trimethyl- 
ene glycol on ethyl oxalate proceeds intermolecularly and leads to  an ester 
of the type -CO-CO-O-(CH~3-O-CO-CO-O-(CH2)3-O- 
CO-CO-O-(CH~)3-O- etc. This on being heated to a high tempera- 
ture undergoes thermal decomposition and yields a complicated mixture of 
products containing a small amount of the 14-membered cyclic ester 

rCO-CO-Q(CH2)3-O-CO-CO-0-(CH2)3-O-~ 

These reactions are analogous to those observed in the formation and 
decomposition of ethylene succinate6 and tetramethylene carbonate.' 
No truly reversible relationship between a monomeric and polymeric form 
of trimethylene oxalate exists, as it does in ethylene oxalate and in tri- 
methylene ~arbona te .~  The dimeric trimethylene oxalate shows no ten- 
dency to polymerize spontaneously. 

Hexamethylene Oxalate and Decamethylene 0xalate.-From con- 
siderations which have already been set forth i t  is to be expected that  
these esters, by whatever method they are prepared, will be linear con- 
densation polymers. They are readily prepared by heating ethyl oxalate 
with the corresponding glycols a t  first under atmospheric pressure and 
finally in high vacuum. 

Hexamethylene Oxdate.-White powder purified by precipitation from chloro- 
form by methyl alcohol, m. p. 66'. 

Anal. Calcd. for CsHla04: C, 55.79; H, 7.03; mol. wt., 172. Pound: C. 55.77, 
55.58; H, 7.17, 7.08; mol. wt. (in boiling benzene), 1050, 1160, 1120. 

Decamethylene 0xalate.-White powder purified by precipitation from chloro- 
form by methyl alcohol, m. p. 79 O. 

Anal. Calcd. for C12H2404: C, 62.57; H, 9.63; mol. wt., 232. Found: C, 62.89, 
62.73; H, 8.97,8.90; mol. wt. (in boiling benzene), 1160, 1190. 

Summary 
Ethylene oxalate exists in three mutually interconvertible forms: a 

monomer (m. p. 144')' a soluble polymer (m. p. 15g0), and an insoluble 
polymer (m. p. 172'). Ethylene oxalates showing other melting points 
are probably mixtures of these three forms, since evidence for the existence 
of any other individual forms is lacking. None of these forms are stable a t  
ordinary temperature. The monomer polymerizes spontaneously, and 
the purified polymers are partially depolymerized. 

6 Carothers and Dorough, THIS JOURNAL, 52, 718 (1930). 
Carothers and Van Natta, ibid.,  52,314 (1930). 
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Propylene oxalate exists in at  least two mutually interconvertible forms: 
a monomer and a polymer. Monomeric propylene oxalate polymerizes 
much less rapidly than ethylene oxalate. 

Trimethylene oxalate (m. p. 86') prepared from ethyl oxalate and tri- 
methylene glycol is a linear condensation polymer. I t  shows no tendency 
to depolymerize spontaneously. At  high temperature it undergoes ther- 
mal decomposition, and one of the products of this reaction is the dimeric 
14-membered heterocycle, m. p. 187'. This is stable and shows no ten- 
dency to polymerize further. 

Hexamethylene oxalate and decamethylene oxalate prepared by the 
action of the glycols on ethyl oxalate are linear condensation polymers. 

Ethyl($-hydroxyethy1)-oxalate and ethylene-bis-m-bromobenzoate are 
described. 

WILMINGTON, D E L A W A ~  

STUDIES ON PYRETHRUM FLOWERS. IV. . 

THE RELATIVE TOXICITY OF PYRETHRINS I AND I1 

Staudinger and Harder1 have shown that the two pyrethrins do not occur 
in Pyrethrum flowers in equal proportions. This concIusion has been con- 
firmed by Tattersfield and H o b s ~ n . ~  The amount of pyrethrin 11, in the 
flowers examined by these writers, was from 38 to 172% of the pyrethrin I 
content. If the two pyrethrins are equally toxic to insects, the proportion 
in which they are present is of little importance, and a determination of the 
total pyrethrin content would indicate the toxic value of a given sample. 
If, however, there is a considerable difference in the toxicity of the two 
pyrethrins, it would be necessary to determine the proportion of each pres- 
ent in a sample in order to establish its insecticidal value. 

Staudinger and Ruzicka3 state that pyrethrin I is somewhat more toxic 
than pyrethrin 11. Gnadinger and Cor14 also found that pyrethrin I is 
slightly more toxic. Tattersfield, Hobson and Gimingham5 found that 
pyrethrin I is about ten times more toxic than pyrethrin 11, and they at- 
tempted to prove that the toxicity of Pyrethrum flowers depends almost 
entirely on the pyrethrin I content. 

I n  view of the contradictory conclusions reached by different investi- 
Staudinger and Harder, Ann. acad. sci. Fennicae, 29A, 1-14 (1927). 
Tattersfield and Hobson, J. Agr. Sci., 19, 433-437 (1929). 
Staudinger and Ruzicka, Helv. Chim. Acta, 7 ,  449 (1924). 
Gnadinger and Corl, THIS JOURNAL, 51,3054 (1929). 
Tattersfield, Hobson and Gimingham, J. Agr. Sci., 19, 266-296 (1929). 
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gators, i t  was considered advisable to isolate the pyrethrins and determine 
their toxicity by the most accurate biological method available. At the 
same time the toxicity of Pyrethrum flowers assayed by the method of 
Gnadinger and Cor14 was determined, thus deciding whether or not this 
method is a true measure of the toxicity to insects. 

Through the courtesy of Mr. E. B. Phillips, Chief Chemist, the biological 
experiments were conducted a t  the laboratory of the Sinclair Refining 
Company, East Chicago, Indiana. This company was invited to  take 
part in the work because of its experience in testing Pyrethrum insecticides 
biologically, and because its facilities for this work are unexcelled. The 
experiments were carried out under the supervision of Mr. N. J. Gothard, 
Assistant Chief Chemist, and Mr. A. G. Grady, Entomologist. We express 
our appreciation to the Sinclair Refining Company, Mr. Phillips and his 
assistants; without their cooperation the work could not have been com- 
pleted. 

Experimental 
Isolation of Pyrethrins I and 11.-The isolation of pyrethrin I from 

Pyrethrum flowers by the method of Staudinger and Ruzicka6 is not par- 
ticularly difficult. It should be noted, however, that neither Staudinger 
and Ruzicka nor Tattersfield, Hobson and Gimingham isolated pyrethrin 
I1 direct from the flowers. Instead, they saponified a mixture of the semi- 
carbazones of pyrethrin I and 11, obtaining eventually, after appropriate 
treatment, the alcohol pyrethrolon and the two acids, chrysanthemum 
monocarboxylic acid and chrysanthemum dicarboxylic acid methyl ester. 
Part of the pyrethrolon and the monocarboxylic acid were esterified t o  
form pyrethrin I and another portion of the pyrethrolon was combined with 
the dicarboxylic acid methyl ester to yield pyrethrin 11. Staudinger and 
Ruzicka7 have pointed out that these partially synthesized pyrethrins do 
not yield semicarbazones of sharp melting point, and suggest that  a change 
has possibly taken place in the side chain of the pyrethrolon or that  stereo- 
isomers are present. Tattersfield, Hobson and Gimingham5 also mention 
that their synthetic pyrethrin I1 possibly contained an  isomer which low- 
ered the toxicity. Gnadinger and Cor14 were able to isolate the semicarba- 
zone of pyrethrin I1 directly from the flowers in fairly pure condition by 
repeated crystallization of the mixed semicarbazones of pyrethrin I and TI. 

For the present work, 215 kg. of Japanese Pyrethrum flowers was treated 
in substantially the manner described by Staudinger and R u z i ~ k a . ~  About 
500 g. of white, crystalline, mixed semicarbazones of pyrethrin I and TI, 
melting at 60-90' was obtained. This material was repeatedly crystallized 
from 90% alcohol, 60% alcohol and a mixture of one part benzene and 
three parts of petroleum ether, In this way were obtained 40 g. of pyreth- 

Ref. 3, p. 184. 
Ref. 3, pp. 451453. 
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rin I semicarbazone melting a t  115-117° and 30 g. of pyrethrin I1 semi- 
carbazone, melting point 55-61°. Further crystallization of the latter 
finally yielded a product melting a t  54-58' whose melting point was not 
lowered by further crystallization. I n  addition, a large quantity of mixed 
semicarbazones of pyrethrin I and I1 was obtained. 

Purity of the Semicarbazones.-About 1 g. of the pyrethrin I semi- 
carbazone, melting a t  115-117', was saponified by boiling with a solution 
of 1 g. of sodium hydroxide in 100 cc. of methanol. The alkaline 
solution was then acidified with sulfuric acid and distilled with steam. 
The chrysanthemum monocarboxylic acid in the distillate was determined 
by titration and from this the percentage of pyrethrin I semicarbazone in 
the original material was calculated. The chrysanthemum dicarboxylic 
acid in the residue from the steam distillation was determined by extracting 
with ether and titrating the residue obtained by evaporating the ether 
solution. Blanks were run on the reagents. In  the same manner, the 
percentage of pyrethrin I semicarbazone in the pyrethrin I1 semicarbazone 
melting a t  54-58' was determined. 

AnaIysis of pyrethrin I semicarbazone 
Volatile acids calculated as pyrethrin I semicarbazone. . . . . . . .96.94y0 
Non-volatile acids calculated as pyrethrin I1 semicarbazone. . . . . .8.10% 

Analysis of pyrethrin I1 semicarbazone 
Volatile acids calculated as pyrethrin I semicarbazone. . . . . . . . . .16.94% 

The pyrethrin I semicarbazone was 97% pure, while the pyrethrin I1 semi- 
carbazone contained 17% of semicarbazone of pyrethrin I. The total 
acidity found in the analysis of pyrethrin I semicarbazone was 570 higher 
than the theoretical amount. This is probably due to the formation of 
acid compounds by the action of the sodium hydroxide on pyrethrolon 
semicarbazone. Staudinger and Ruzicka8 found that pyrethrolon yielded 
dehydropyrethrolon, a compound having weak acid properties, on pro- 
longed digestion with alcoholic sodium hydroxide. 

Purity of the Isolated Pyrethrins.-The semicarbazones were con- 
verted into the pyrethrins by digestion with oxalic acid ~olution.~ The 
crude pyrethrins so obtained were extracted with petroleum ether and the 
petroleum ether solution was washed once with 10Yo potassium carbon- 
ate solution, three times with 1% sodium hydroxide, three times with 
water, three times with 3% potassium permanganate, three times with 
water, once with 1% sodium hydroxide and three times with water. It was 
then filtered and distilled in vacuo to constant weight a t  a maximum tem- 
perature of 40'. 

The monocarboxylic acid in the pyrethrin I was determined as previously 

Ref. 3, p. 220. 
Ref. 3, p. 194. 
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described, by saponification and distillation with steam, and was calculated 
to pyrethrin I. The percentage of pyrethrin I was also determined from 
the copper reducing power.4 

Analysis of pyrethrin I 
. . . . . . . . . . . . . . . . . . . .  Pyrethrin I calculated from volatile acid. .7!3.7y0 

Pyrethrin I calculated from copper reducing power.. . . . . . . . . . .  .79.5Yo 

Anal. Calcd. for C Z ~ H ~ O O ~ :  C, 76.31; H, 9.16. Found: C,  76.51, 76.20; H, 9.06, 
8.89. 

Similarly the amounts of monocarboxylic acid and dicarboxylic acid in 
the pyrethrin I1 were determined and calculated to pyrethrin I and 11, 
respectively. 

Analysis of pyrethrin I1 

. . . . . . . . . . . . . .  Pyrethrin I calculated from volatile acid. .23.30/, 
. . . . . . . . . . . . . . . . .  Pyrethrin I1 calculated from non-volatile acid. .84.3y0 

Anal. Calcd. for C22H300s: C, 70.54; H, 8.08. Found: C, 72.62, 72.00; H, 8.17, 
8.09. 

The pyrethrin I was 80% pure and contained little pyrethrin 11. The 
ultimate analysis, however, showed practically the theoretical percentage 
composition for pyrethrin I. The pyrethrin I1 contained about 20% 
pyrethrin I and 80% pyrethrin 11. As in the analysis of the pyrethrin I 
semicarbazone, the total acidity was about 7% higher than the theoretical, 
probably because of the presence of acid decomposition products of pyre- 
throlon. Ultimate analysis confirmed that the material was a mixture of 
about 20% pyrethrin I and 80% pyrethrin 11. 

Preparation of Solutions for Biological Experiments.-Solutions of 
pyrethrin I and pyrethrin I1 were prepared by dissolving the accurately 
weighed pyrethrins in a highly refined mineral oil. These solutions were 
made within twelve hours from the time the pyrethrins were isolated and 
in the interval the latter had been kept in vacuum flasks. These pre- 
cautions were taken to insure that the pyrethrins were not oxidized by 
exposure to the air. The mineral oil used was water white, nearly odorless 
and tasteless ; specific gravity 0.785 at  15.6' ; distilling range, 18&240°. 
The pyrethrin solutions were perfectly clear and were colorless. Solutions 
were prepared containing 150, 125, 100,75,50,25 and 10 mg. of the isolated 
pyrethrins per 100 cc. The actual amounts of pyrethrins in these solutions 
were calculated from the analyses given above, which showed that the 
pyrethrin I was 80% pure and the pyrethrin I1 consisted of 77% pyrethrin 
I1 and 23% of pyrethrin I. 

Extracts were prepared from four samples of Pyrethrum flowers, which 
had been assayed by the method of Gnadinger and Corl, using the same oil 
employed for making the pyrethrin solutions. The ground flowers were 
macerated for seventeen days with frequent shaking. The extracts were 



then filtered and kept in well filled bottles in a dark closet. The composi- 
tion of these extracts is fully described in Table I. 

TABLE I 
EXTRACTS OF ASSAYED FLOWERS (Pyrethrum cinerariaefolium) 

No. Description 

. - 
Composition of oil extracts 

Pyrethrins Flowers, Oil, Pyrethrins, 
6/3/29 1/28/30 Av. g. cc. mg. per 100 cc. 

6 Dalmatian open, 1926 crop 0.60 0.60 0.59 63.5 497.5 75 
.56 

7 Dalmatian half open, 1925 crop .38 .33 .36 69.5 497.3 50 
.38 

13 Dalmatian open, 1926 crop .43 .39 .42 59 5 497 6 50 
.43 

82 Japanese, 1929 crop .97 .96 104 2 996 0 100 
.97 
.93 

From the extract of sample 6, dilutions were prepared containing 60 
and 40 mg. of pyrethrins per 100 cc. ; from sample 82, solutions containing 
80, 60, 40, 20 and 10 mg. per 100 cc. were made. All of the solutions were 
kept in the dark when not in use. 

Biological Experiments.-Many attempts have been made to evaluate 
powdered Pyrethrum by actual tests on insects. Flies, roaches, bedbugs, 
bees, aphids and other insects have been employed for this purpose. The 
principal causes of error in these tests were lack of uniformity in the vitality 
of the insects used and inability to apply the same dosage of Pyrethrum 
powder to each insect. When it is considered that Pyrethrum flowers con- 
tain from 100 to 150 times the lethal dose of pyrethrins for these insects, 
it is not surprsiing that the results were meaningless. The value of these 
methods is best illustrated by the fact that closed Dalmatian flowers were 
generally considered superior to open and Japanese flowers even as late as 
1929. It is now known that open flowers are more toxic than closed and 
that  Japanese flowers contain about twice the amount of pyrethrins found 
in Dalmatian flowers.1° 

Within the last three years, however, methods for evaluating the Pyre- 
thrum-oil sprays have been developed which yield good results. Probably 
the most accurate biological method for evaluating these sprays is the 
method of Peet and Grady,ll which, briefly, is as follows. 

About 100 flies, five days old, are placed in a chamber 1.83 by 1.83 by 
1.83 meters in size, whose walls have been rendered non-absorbent with 
sodium silicate. The temperature of the chamber is kept a t  25.6'. 
Twelve cc. of Pyrethrum-oil spray is introduced through four one-half inch 
holes near the ceiling, using a special type of atomizer under a constant 
pressure of 0.88 kg. per sq. cm. At the end of ten minutes the flies clinging 

lo Gnadinger and Corl, THIS JOURNAL, 52, 680-688 (1930). 
l1 Peet and Grady, J. Econ. Entomol., 21,612 (1928). 
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to the ceilings and walls are counted and those which have dropped are 
carefully placed in wire gauze cages containing bread and milk and cheese- 
cloth saturated with water, and are allowed to stand overnight a t  25.6O 
and about 45% humidity. At the end of twenty-four hours, the number of 
disabled flies that have died or recovered is recorded. Unless water is 
supplied to the disabled flies, nearly all will die regardless of the toxicity of 
the spray. As soon as the flies have been removed from the test chamber, 
the walls are carefully wiped and the chamber is ventilated for twenty 
minutes by means of a blower and fan which draw air through a number of 
sliding doors in the chamber; it is then ready for another test. 

The flies used in the test are carefully bred for the purpose in an insectary, 
held a t  constant temperature and humidity, in substantially the manner 
described by Grady.lz By this method flies are available the year round. 
These flies are more resistant than wild flies, and since the age of each 
culture is definitely kriown, the vitality of the flies is more uniform. 

0 20 40 60 80 100 120 140 160 
Pyrethrins, mg. per 100 cc. 

Fig. 1.-Toxicity of pyrethrin I, pyrethrin I1 and Pyrethrum 
flowers to flies. 0, Pyrethrin I; @, Pyrethrin 11; B, Flowers. 
No. 82; A,  Flowers. No. 6; 0 ,  Flowers. No. 13; X,  Flowers. 
No. 7. 

Thus the method of Peet and Grady controls, as far as possible, the vi- 
tality of the insects, temperature, concentration of spray in the test cham- 
ber, pressure a t  which the spray is applied, time the insects are subjected 
to the action of the spray and humidity. 

All of the biological tests presented in Table I1 were made by Mr. Grady 
and were observed by one of us. The temperature throughout the experi- 
ments was 25.6' and the humidity 43-50%. The same atomizer was 
used in all experiments. The results of every experiment are recorded with 
the exception of five which were obviously incorrect. The controls were 
not sprayed but were kept in the same kind of cage and under the same 
conditions as the disabled flies. The values for pyrethrin I and pyrethrin 

l2  Grady, J. Econ. Entomol., 21, 598 (1928). 
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I1 and Pyrethrum flowers, after correcting for the kill due to the oil alone, 
are plotted in Fig. 1 ; the curve of the pyrethrin I solution is based on 100% 
pure pyrethrin I. The material from which the pyrethrin I1 curve was 
prepared consisted of 23% pyrethrin I and 77% pyrethrin 11. 

TABLE 11 

TOXICITY OF PYRETHRINS I AND IT AND PYRETHRUM FLOWERS TO FLIES (M. domestics) 

Pyrethriu content 
No. of Description mg. per 100 cc. 
tests of soln. I I1 Total 

7 Oil only 0 0 0  
7 Pyrethrin I 120 120 
4 Pyrethrin I1 34 116 150 
4 Pyrethrin I 100 100 
4 Pyrethrin I1 29 96 125 
6 Flowers No. 82 39 61 100 
6 Pyrethrin I 80 80 
5 Pyrethrin I1 23 77 100 
5 Flowers No. 82 31 49 80 
3 Pyrethrin I 60 60 
3 Pyrethrin I1 17 58 75 
6 Flowers No. 82 23 37 60 
4 Flowers No. 6 60 
5 Pyrethrin I 40 40 
4 Pyrethrin I1 11 39 50 
5 Flowers No. 82 16 24 - 40 
4 Flowers No. 6 40 
4 Flowers No. 7 50 
4 Flowers No. 13 50 
3 Pyrethrin I 20 20 
3 Pyrethrin I1 6 19 25 
3 Flowers No. 82 8 12 20 
3 Pyrethrin I 10 10 
3 Pyrethrin I1 3 10 13 
3 Flowers No. 82 4 6 10 
7 Controls (not 

sprayed) 0 0 0  

a Per cent. of number of flies used. 

Av. 
no. 
flies 

97 
97 
97 
96 
99 
99 
97 
94 
95 
98 
96 
96 
95 
94 

103 
93 

105 
96 
95 
98 
96 
91 
91 

101 
93 

Dis- 
abled Condition of disabled flies in 24 hrs. 
in.10 Recov- 
fun.,  ered, --Dead-- 
av., Max., Miu.. Av.. 
%a ?a' %a %a 

19 15 6 1 4 
95 20 83 68 75 
99 28 76 66 71 
95 29 71 57 66 
98 31 73 60 67 
96 33 69 53 63 
96 33 66 50 63 
97 33 71 57 64 
96 38 67 52 58 
92 41 52 50 51 
96 51 48 40 45 
94 52 52 33 42 
92 48 46 40 44 
90 44 52 40 46 
93 58 42 29 35 
91 57 44 26 34 
82 45 42 30 37 
81 47 40 30 34 
78 48 38 26 30 
69 46 29 18 23 
83 63 20 19 20 
76 60 21 13 16 
50 35 20 8 15 
64 51 17 8 13 
65 50 22 10 15 

Inspection of Table I1 indicates a t  once that the difference in toxicity 
between pyrethrin I and pyrethrin I1 cannot be great. Calculations from 
the kill (Fig. 1) a t  concentrations of 120, 100,!30, 60 and 40 mg. per 100 cc. 
show that pyrethrin I1 is at least 77% as toxic as pyrethrin I. The kill 
obtained with the extract of flowers No. 82 is further proof that pyrethrin 
I1 is nearly as toxic as pyrethrin I. Sample No. 82 was analyzed by three 
different laboratories, both by Tattersfield's method and the method of 
Gnadinger and Corl. These analyses are given in Table 111. 

The ratio of pyrethrin I to pyrethrin I1 in Sample No. 82 is 1:1.5 but the 
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ANALYSIS OF Pyrethrum FLOWERS NO. 82 
Tattersfield method, pyrethrins Gnadinger and Corl method, 

Laboratory 1. % 11, % Total, % total pyrethrins, '3% 
A 0.39 0.38 0.60 0.60 0.99 0.98 0.92 
B .95 0.95 
C .97 .97 

.97 .93 

kill is only slightly less than with pure pyrethrin I and is somewhat greater 
than with pyrethrin 11. The toxicity of Sample No. 6 is also between that  
of pyrethrin I and pyrethrin I1 while the toxicity of Nos. 7 and 13 is about 
the same as that of pyrethrin 11. Therefore the toxicities of oil extracts of 
Pyrethrum, whose total pyrethrin content has been determined by the 
copper reduction method, fall between the toxicity of pyrethrin I solt~tion 
and the toxicity of pyrethrin I1 solution of the same pyrethrin content, 
made by dissolving the pyrethrins in the same oil. Furthermore, i t  will be 
seen from Tables I and I1 that when extracts of Pyretlzrum flowers, of widely 
different pyrethrin content, are diluted to the same pyrethrin content, as 
determined by the copper reduction method, the toxicities are substantially 
the same. 

Table I1 affords an idea of the accuracy of the biological method. It 
should be noted that the percentage of flies disabled in ten minutes is not 
an index of the toxicity of the spray. 

Summary 

1. Pyrethrins I and I1 of known purity have been isolated directly from 
Pyrethrum flowers. 

2. The toxicity of pyrethrins I and 11 to house flies (Musca domestica) 
has been determined by the method of Peet and Grady. 

3. The toxicity of oil solutions of pyrethrins I and I1 has been compared 
with the toxicity of oil extracts of Pyrethrum flowers assayed by the copper 
reduction method. 
4. The comparative toxicity of extracts of Pyrethrum flowers, of widely 

different pyrethrin content by the copper reduction method, has been de- 
termined. 

5.  Pyrethrin I1 is approximately 80% as toxic to flies as pyrethrin I. 
6 .  The determination of the total pyrethrin content of Pyrethrz~m 

flowers by the copper reduction method of Gnadinger and Corl is an ac- 
curate index of their toxicity. 

MINNBAPOLIS, MINNESOTA 
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THE ANAEROBIC OXIDATION OF FATTY ACIDS 

Studies on anaerobic metabolism are of interest not only to explain 
anaerobiosis in general, but also as guides to  the early steps in the series of 
organic transformations constituting aerobic respiration. Among the 
facultative anaerobes, there is no proof that the initial changes undergone 
b y  a food material on entering the cell are governed by free oxygen. In 
animal biochemistry, also, recent progress has emphasized the role of 
organic molecules as hydrogen donors and acceptors, and relegated free 
oxygen to the function of sweeping up the debris, thus permitting the 
biologically reversible processes to run to  completion. Whether the or- 
ganic food molecule has its energy content enhanced by the protoplasm1 

or is activated by enzymes,2 the result is a degradation resulting aerobically 
in relatively simple end-products of low available energy, and anaerobically 
in more or less complex organic fragments of higher energy content than 
the aerobic products. The two considerations, the simpler fragmentation 
of organic molecules and the probable analogy between initial aerobic and 
anaerobic transformations, add interest to the study of anaerobic me- 
tabolism. 

Literature on the biochemistry of anaerobic microorganisms deals pri- 
marily with protein and carbohydrate cultures; that is, with systems of 
great chemical complexity which involve enzymic selectivity of optical 
isomers. The anaerobic degradation of fatty acids is largely free from these 
complications, and was accordingly chosen for the present studies. An- 
aerobic bacteria, capable of decomposing fatty acids, are widely distributed 
in nature; they give almost stoichiometric yields of methane and carbon 
dioxide, in a medium composed otherwise only of inorganic salts. 

Hoppe-Seyler3 found that calcium acetate could be fermented by in- 
oculation with river mud, the products being methane and carbon dioxide 
in a 1: 1 ratio. Maze4 identified a sarcina in similar acetate cultures and 
found i t  to  produce gas only when supplemented by either of two accom- 
panying rod-forms, though the latter alone could not produce gas. Omeli- 
anski6 recognized this sarcina in cultures fed with other Iower fatty acids; 
for example, butyric salts gave a 5:3 ratio of methane to  carbon dioxide. 
Sohngen6 studied fatty acid decomposition by cultures containing a sarcina 

1 Mathews, in Cowdry's "General Cytology," 1924. 
Quastel, Biochem. J., 20, 166 (1926). 

3 Hoppe-Seyler, 2. physiol. Chem., 9,561 (1887). 
Maze, Compt. rend., 137, 887 (1903); Compt. rend. soc. biol., 398 (1915). 
Omelianski, Centr. Bakt. Parasitenk., Abt. 11, 15, 673 (1905). 
Sohngen, "Proefschrift," Delft, 1906; Rec. trav. chim., 29, 238 (1910). 
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and a rod-form, these cultures being built up from canal or sewer slime by 
repeated treatment and decantation with a medium composed of 2% of 
calcium acetate in tap water to which 0.05y0 each of sodium chloride and 
dipotassium hydrogen phosphate had been added. Cultures active for 
most lower fatty acids were soop obtained and easily maintained, the 
organisms being lime-encrusted and predominantly in the sediment. 
Sohngen reports the following methane to carbon dioxide ratios: formate, 
1:3; acetate, 2:2; butyrate, 5:3; caproate, 8:4; caprylate, 11:5; caprate, 
14:6. Propionic, valeric, heptylic and nonylic acids failed to  ferment. 
Coolhaas7 has similarly studied formate and acetate fermentation by a 
thermophilic rod, obtaining ratios of 1:2 for formate and 2:2 for acetate. 

In all of these investigations, one mole of carbon dioxide is assumed to  
remain in the sediment as calcium carbonate, the equations being written, 
for example, Ca(CzH302)2 = 2CH4 f COz + CaC03; a quantitative 
balance was possible, therefore, only in terms of methane, and the im- 
portant transformations in combined oxygen had to be assumed. We have 
extended these experiments to include a complete balance of the participat- 
ing substances, and in addition have collected some data on fatty acids 
with an uneven number of carbon atoms. 

Experimental 

Active Sohngen cultures were obtained from an actively fermenting 
sewage-sludge digestion tank. In preliminary experiments, 5 to  10 g. 
of the acid under investigation, as the sodium or calcium salt, was used in 
I-liter quantities of medium, the gas being collected over saturated brine 
and analyzed in an Illinois gas apparatus for carbon dioxide, hydrogen and 
methane. Since the inoculating organic matter equaled 50 t o  75y0 of the 
fatty acid decomposed, controls on the inoculum alone were deducted from 
the final gas data. However, even controls, supplemented by analytical 
determinations of initial and final organic solids, do not completely guard 
against misleading gas ratios, and subsequent experiments have been, and 
are being, conducted in 8-liter reaction vessels, equipped for gas collection, 
to which several hundred grams of fatty acid can be fed. T o  avoid lethal 
osmotic effects and hydroxyl-ion concentrations, either the calcium salt, 
or the sodium salt plus some free acid, is fed in daily rations in the form of 
Sohngen medium, the displaced supernatant liquor being saved for analysis. 
Twenty-five to 50 g. of acid per week can be metabolized in such an appa- 
ratus, and the experiment continued until the organic matter in the initial 
inoculum is a negligible percentage of the total metabolism. Much of the 
carbon dioxide remains in the reaction vessel as carbonate or bicarbonate, 
the evolved gas showing about 30% of carbon dioxide, 65% of methane 
and small amounts of hydrogen and nitrogen. To the gaseous carbon 

Coolhaas. Centr. Bakt. Parasitenk, Abt. 11, 75,161 (1928). 
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dioxide must be added the final dissolved and combined carbon dioxide in 
the medium after deducting that determined initially in the reaction mix- 

ANAEROBIC FERMENTATION OF SODIUM PROPIONATE 
G. 6.71 of Control on 

sodium inoculum 
prop:onate alone, g. 

CHI 2.177 0.533 
Total gas evolved / C01 1.333 0.553 

[ He 0.009 0.002 

Carbon dioxide in medium 
( Initial 
\ Final 

Increase added to gas 
In inoculum / Added 

Propionic acid Sum 
I Recovered a t  end 
I 

[ Propionic metabolized 
Initial 

Organic solids in inoculum { Final 

Theoretical CH4 from 4.65 g. of acid = 1.76 g. 
CHI found (2 177 -0.533) = 1.644 g.; yield = 93 .4y0 

Theoretical COz = 3.45 g. 
CO, found (1 333 f 2 86) - 

(0 553 + 0 17) = 3.470 g. ; yield = 101.0% 
Volume ratio, CH4:C02 = 7:5.3. 

TABLE I1 

ANAEROBIC FERMENTATION OF CALCIUM ACETATE (RESULTS IN GRAMS) 

Added 

Tot+ Phos- 
Acetic organlc Calcium phate Nitrogen 
acid CHa Cop matter as Ca as P p O b  as N 

Initial inoculum Trace . . .  3.07 37.8 3.52 1.284 4.04 
. . .  . . .  As Ca acetate 159.69 . . .  159.7 42.49 . . 

. . .  . . .  . . .  As tap water . . .  0.68 0.29 0.01 
. . .  AS KzHPOa . . .  . . .  . . .  . . .  1.753 . .  

Total 159.69 . . .  3.75 197.5 46.30 3.037 4.05 

Recovered 

In reaction vessel 
I n  displaced liquor 
I n  gas 
Total 

Summary 

38.27 . . .  37.51 
7.24 . . 12.64 
. . .  28.08 32.81 

45.51 28.08 82.96 
Acetic metabolized 
Theoretical CHI 
CHa produced 
Theoretical COz 
C02 produced 
Hydrogen produced 
Volume ratio, CH4: COz 

80.5 41.36 2.819 2.55 
14.9 5.81 0.216 1.92 

107.4 . . .  . . .  . . 
202.8 47-17 3.035 4.47 

114.18 g. 
30.489 g. 
28.08 g. ; yield, 92.9% 
83.691 g. 
79.22 g. ; yield, 94.7% 
0.106 g. 

= 1: 1.03 
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TABLE I11 
ANAEROBIC FERMENTATION OF SODIVM PROPIONATE (RESULTS IN GRAMS) 

Propionic Total Organic 
Added acid solids matter 

Initial inoculum 0.00 53.06 45.07 
As sodium propionate 115.20 151.04 .... 
As propionic acid 53.28 53.28 168.48 
As tap water .... 1.51 .... 
As inorganic salts .... 6.96 .... 

Total 168.48 265.85 213.55 

Recovered 

In reaction vessel 1 38.42 
110.64 80.96 

In displaced liquor 32.90 11.84 
In gas .... 145.15 145.15 

Total 38.42 288.69 237.95 
Correction for Hz0 reacting 21.90 15.82 
Corrected solids 266.79 222.13 

( Propionic acid metabolized 130.06 

I CH4 produced 48.587; yield, 98.7% 
Summary COz produced 96.320; yield, 99.6% 

I HZ produced 0.243 
( Volume ratio, CH4:COz = 7: 5.05 

TABLE IV 

SUMMARY OF CH4:C02 RATIOS FOR FATTY ACID FERMENTATIONS 

Number of Average H4 : C02 Theoretical ratio 
Fatty acid detns. ratio found (see below) 

Acetic 2 1:0.97 1:l 
Propionic 8 7:5.04 7: 5 
n-Butyric 3" 5:2.7 5: 3 
n-Valeric la 13:6.7 13: 7 
Oleic 1" 25:12.0 . . .  
Lactic 1" 1:l.M . . .  

" Preliminary data; these data are being extended to more precise determinations 
particularly of the anabolic phase of the process. 

ture and that added as tap water in the daily rations of Sohngen medium. 
Olefins, carbon monoxide or higher homologs of the methane series were not 
present in determinable amounts, because the methane analytically de- . 
termined in the combustion pipet checked the carbon dioxide produced in 
the combustion. Table I illustrates the more essential points in the pre- 
liminary tests with 1-liter cultures and Table I1 those with &liter daily 
feeding experiments. In the latter case, calcium, phosphate and nitrogen 
balances are included to indicate the magnitude of sampling errors. Table 
I11 gives the results of a propionate feeding experiment. A summary of 
results in terms of CHa:C02 ratios is shown in Table IV. 

Oleic and lactic acids are included merely for comparison; these types 
are reserved for future consideration when the saturated normal and 
branched-chain acids have been fully studied. 
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Discussion of Results 

The lower fatty acids are characterized by (I) a high yield of methane 
from the acid metabolized; (2) a much larger yield of carbon dioxide than 
can be contributed by simple decarboxylation (except acetic); and (3) 
traces of hydrogen in the gas evolved. Of the fatty acid metabolized, 90 
t o  95% appears as gas; the remainder presumably is consumed in anabol- 
ism through intermediary production of amino acids, because the simul- 
taneous feeding of amino acid (glycocoll) temporarily stops gas production. 

i u 
8 160 
iii 
8 

150 78 8 
a 
h u .f: 
2 140 74 5 
W v 

U 
ti 
g 130 70 & 
* cJ + 
k 

i% 120 66 g 
W I  8 
d a 

-. 
W 

0 110 62 .$ 
4, .* LY 8 g I00 58 - 
8 .- 
C, 

0: 90 54 
B 

80 50 
0 10 20 30 40 50 60 

Number of "C" atoms in fatty acid. 

Fig. 1.-Theoretical weight and methane content of fermen- 
tation gases. 

With the exception of acetic acid, the respiratory degradation yields 
carbon dioxide in excess of the carboxyl group; changes in the weight of 
organic inoculum are negligible, phosphates are not reduced, sulfates are 
absent from this tap water, and the total nitrate and dissolved oxygen 
introduced in the daily ration represent quantitatively only a fraction of 
a gram of carbon dioxide. The additional oxygen, therefore, nus t  come 
from water, and the number of molecules of water needed to balance equa- 
tions expressing the observed gas ratios is found to  increase regularly with 
the length of the carbon chain, and t o  be expressed by the simple relation: 
moles of water required per mole of acid = (n - 2)/2, where n is the num- 
ber of carbon atoms in the acid. Thus the general equation is 



Aug., 1830 ANAEROBIC OXIDATION OF FATTY ACIDS 3313 

or for propionic acid i t  is 
4C3H602 + 2Hz0 = 5CQ2 + 7CH4 

While ascending the homologous series, above acetic, therefore, the weight 
of gaseous products exceeds the weight of acid (as shown in Fig. 1) by an 
increasing percentage, attaining a purely hypothetical maximum of 164% 
of the acid decomposed for an infinite number of carbon atoms. The per- 
centage of methane in the gaseous products also increases to a hypothetical 
limit of 750jo by volume, although, due to the solubility and chemical reten- 
tion of carbon dioxide in the medium, the evolved gases often contain 80 
to 850j0 of methane. 

/#aft valve 

Fig. 2.-Apparatus for anaerobic metabolism studies. 

The intermediate steps in this oxidation by water are yet to be revealed, 
but they are evidently not hydrolysis. The feeding of sodium propionate, 
for example, involves hydrolysis to liberate the free acid and due allowance 
must be made for this in analytically balancing the reactants, but the 
utilization of half a molecule of water by each molecule of propionic acid 
involves not simple hydroxylation but carboxylation of one of the carbon 
atoms; it is a process of intermolecular oxidation and reduction. 

Most of our fermentation tests have shown the production of slightly 
more carbon dioxide than is predicted by the above respiratory mechanism. 
No extra-cellular side reactions have been detected to explain the excess of 
carbon dioxide and the evolution of hydrogen; accordingly, both of these 
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substances are regarded as clues to the anabolic processes, and the following 
three types of reactions are being investigated: (a) CHEOOH + 2Hz0 = 

2C02 + 4Hz; (b) RCHzCOOH + NHI = RCH(NH2)COOH + Hz; 
(c) the production of higher homologs, such as the formation of succinic 
from acetic, which Quaste12 mentions, followed by decarboxylation to 
propionic acid. The experimental evidence favors the first two reactions, 
operating probably in the form of a cycle with hydroxy acid, then amino 
acid production representing the anabolic phase, as in the animal body;8 
the reverse process, including oxidation by water, would be the catabolic 
phase. The production of hydroxy and amino acids would yield hydrogen, 
and the catabolic oxidation would explain the excess carbon dioxide ob- 
served in these experiments. Such a cycle has the added interest of in- 
volving alpha, and not beta, oxidation of the carbon chain. 

Summary 
1. A study has been made of the anaerobic breakdown of lower fatty 

acids by microorganisms converting them into methane and carbon dioxide. 
2.  Water has been shown to act as an oxidizing agent in this degrada- 

tion, and a simple relation to exist between the number of carbon atoms 
in the acid and the number of participating water malecules. 

3. Concurrent side reactions are demonstrated and their probable 
mechanisms discussed. 

URBANA, ILLINOIS 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OI1 IOWA STATE COLLEGE] 

THE PREPARATIOM OF MERCURY DIALKYLS FROM 
ORGANOMAGNESIUM HALIDES 
BY HENRY GILMAN AND ROBERT E. BROWN 

RECEIVED APRIL 28, 1930 PUBLISHED AUGUST 5, 1930 

Introduction 
Some improvements were described recently1 for the preparation of mer- 

cury dialkyls from mercuric chloride and the Grignard reagent. This is 
one of the best methods for the synthesis of this class of compounds. The 
improvements suggested then were: first, the use of a Soxhlet extractor to 
facilitate manipulation of the mercuric halide; second, the use of a larger 
volume of ether to reduce caking; and, third, a marked extension in the 
time of heating. 

In those experiments a liberal excess of Grignard reagent was used. 
We have now shown that it is possible to synthesize some typical mercury 
dialkyls with practically an equivalent quantity of organomagnesium 

8 Knopp, Science, 71, 23 (1930). 
Gilman and Brown, THIS JOURNAL, 51, 928 (1929). This article contains 

references to earlier studies, particularly those of Marvel and co-workers. 
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halide. Furthermore, the time required to obtain essentially equal (and 
in some cases markedly superior) yields can be drastically r e d ~ c e d . ~  These 
two improvements probably make this reaction the best now available for 
the preparatio~i of mercury dialkyls on a laboratory scale. 

Experimental Part 
The appropriate Grignard reagent was decanted from unused magnesium into a two- 

liter, three-necked flask provided with a mercury-sealed mechanical stirrer and a Soxhlet 
extractor holding a water-condenser.' Dry ether was added to the reaction flask until 
its contents were 800 cc., and one-half mole of mercuric chloride3 was placed in the ex- 
traction thimble. The flask was heated until the ether boiled gently, and when all of 
the mercuric chloride had been added to the Grignard reagent,4 the extractor was re- 
placed by a long condenser set for distillation. The water in the bath surrounding the 
reaction flask was slowly brought to boiling,& and then maintained a t  this temperature 
for one hour. Stirring was continued during the entire distillation and heating. 

The water-bath was then cooled, and after returning the ether distillate to  the re- 
ection flask,= hydrolysis was efSected with water or with an ammonium chloride solution 
containing a small quantity of ammonium hydroxide. The ether layer was separated 
and combined with two 25-cc. portions of ether which were used to wash the water layer. 
The combined ether solutions were dried over calcium chloride (about 10 g.) and then 
distilled through an efficient column.' 

The troublesome, readily volatile butylmercuric halides were easily and almost 
completely removed by freezing them out (by ice and water cooling) from the mercury 
di-n-butyl after the ether was removed. This treatment is unnecessary with the 
methyl- and ethylmercuric halides because of their much lower volatility. 

One experiment was carried out for the prepargtion of mercury diphenyl by a slight 
modification of the method just described. Because of the low solubility of aryl mer- 
cury compounds in ether, 500 cc. of benzene and 300 cc. of ether were added to the 
phenylmagnesium bromide prior to the introduction of mercuric chloride. The mer- 
cury diphenyl was extracted from the reaction mixture with chloroform, and twice 
recrystallized from this solvent. The yield of mercury diphenyl was 70.6% from 1.15 
moles of phenylmagnesium bromide and 0.5 mole of mercuric chloride. 

The improved yields reported in our first paper (Ref. 1) in which the time of 
heating was extended beyond that used by earlier investigators led us to  believe that  
the yields then reported might have been increased significantly by a more protracted 
period of refluxing. From the present results it appears that the time might be re- 
duced to an even greater extent if it were possible to add the mercuric chloride in 
solution more rapidly. 

The mercuric chloride was dried in a desiccator for these experiments. I n  the 
previous study (Ref. 1) the mercuric halide was used directly from a stock bottle. 
This added precaution of drying may be unnecessary. 

* This required about four hours with the Soxhlet extractor used by us. When 
the experiment is carried out during winter or in a cool room, it is advisable to  wrap 
a towel around the extractor to prevent separation of mercuric chloride in the small 
turn of the extractor. 

During this time practically all of the ether was removed by distillation. 
The ether distillate was returned to the flask in order to moderate, where neces- 

sary, the vigor of subsequent hydrolysis. Also, this serves to assemble any small 
quantity of lower molecular weight mercury dialkyl which might have been carried 
over with the ether. 
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The results are summarized in Table I and the footnotes which ac- 
company it. 

TABLE I 
MERCURY DIALKYLS 

Grignard Mercuric chloride, % Yield of 
reagent Moles mole mercury dlalkyl 

CH3MgI 1.2" 0 . 5  71.2 
CH3MgI 1.15 . 5  70.2 
Cd&MgI 1.15 . 5  82.0, 80.4 and 84.4b 
n-CdHgMgBr 1.15 . 5  80.1 and 80.0" 

" The number of moles of each Grignard reagent refers to the quantity of halide 
used, and not the actual quantity of RMgX compound available. When allowance 
is made for the small loss incidental to decantation from unused magnesium, and, 
more particularly, to the actual yields qf Grignard reagents from a given weight of 
RX compound [see Gilman, Zoellner and Dickey, THIS JOURNAL, 51, 1576 (1929)l it 
is altogether possible that we may not have had the required one mole of Grignard 
reagent. In order to be more certain on this point, an experiment was carried out 
with 1.1 mole of ethylmagnesium iodide and 0.5 mole of mercuric chloride. Here the 
Grignard reagent was estimated quantitatively by our titration method. The yield 
in this preparation was the 84.4% reported in Table I, and a positive color test7 a t  the 
end of the reaction showed an excess of ethylmagnesium iodide. 

The yield of mercury diethyl obtained previously (Ref. 1) by us was about 88%. 
" The maximum yield of mercury di-n-butyl reported previously by us was 66.7%. 

Miscellaneous Observations.-In connection with interpretations of 
the reaction, mercury-diethyl, -di-n-butyl and -diphenyl were each treated 
with magnesium bromide and magnesium iodide, respectively. However, 
in no case (under our experimental conditions) was there a positive color 
test7 to indicate the formation, in appreciable quantities, of an RMgX 
compound. Incidental to these studies, a highly interesting observation 
was made: namely, a few drops of mercury diethyl were sufficient to in- 
duce complete solution of a relatively large quantity of magnesium iodide- 
etherate in ether. 

The stability of mercury dialkyls and diaryls varies greatly. Mercury 
dimethyl showed no signs of decomposition after five months' standing in 
a pyrex flask closed with a cork. Both mercury diethyl and mercury 
di-n-butyl showed signs of decomposition; i. e., deposition of a gray film of 
metallic mercury, within a few days even in glass-stoppered, brown bottles. 
Solid pure mercury diphenyl appears to remain white indefinitely; how- 
ever, even a slightly impure product turns yellow on standing. 

The well-known physiologically deleterious properties of mercury di- 
alkyls and diaryls were frequently noticed. Mercury dimethyl appeared 
t o  be the most objectional to work with, in part, because of its high vapor 
pressure a t  room temperature. The odor of mercury diphenyl is very per- 

' Gilman, Sweeney and Heck, TIIIS JOURNAL, 52, 1604 (1930). This article 
contains references to earlier studies on the sensitive color test for reactive organo- 
metallic compounds. 
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sistent, and this disagreeable odor becomes more acute with continued ex- 
posure to the compound or its vapors. Some individuals appear to  have 
an idiosyncrasy toward the vapor of organic mercurials, and are distinctly 
more affected than others. 

Summary 

Some improvements in the preparation of mercury dialkyls from mercuric 
chloride and the Grignard reagent make this synthesis the best for such 
compounds on a laboratory scale. 

Miscellaneous observations have been reported on the stability, physio- 
logical action and behavior toward magnesium halides of mercury di- 
alkyls and mercury diphenyl. 

AMINO-ALCOHOLS. 11. HOMOLOGS AND ANALOGS 
OF PHENYLPROPANOLAMINE 

The preparation of phenylpropanolamine and its $-methyl derivative by 
reduction of the corresponding oximino ketones has been described.' 
By employing the same technique, it has been possible to  prepare other 
members of the arylalkanolamine series from phenylethanolamine to  
phenyloctanolamine. Diphenylethanolamine was prepared by the cata- 
lytic reduction of benzoin oxime, both the a- and 8-oximes yielding the 
amino-alcohol melting a t  165'. 

Procedure 

The higher intermediate oximino ketones were prepared according to  
the method already described for isonitrosopropiophenone and its #- 
methyl derivative, with uniformly good results, although the longer the 
alkyl side chain, the poorer the yields of purified isonitroso ketone. The 
lower yields are probably caused by complications attending isolation of 
the product rather than by incomplete nitrosation, for in no case was i t  
possible to recover unchanged ketone. 

Isonitroso-acetophenone was best obtained according to the directions 
of Claisen and Manasse2 by allowing butyl nitrite and acetophenone t o  
react in an absolute alcoholic solution containing sodium ethoxide. The 
method which gave such excellent results with propiophenone and its higher 
homologs gave very poor yields with acetophenone-6 to 12%. 

1 Hartung and Munch, THIS JOURNAL, 51,2262 (1929). 
Claisen and Manasse, Beu., 20, 2194 (1887). 
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Alpha- and /?-benzoin oximes were prepared and separated according to 
the directions of Werner and DetschefL3 

The conversion of the oximino ketones, by means of palladium, into the 
corresponding amino-alcohols by hydrogenation in absolute alcoholic 
solution containing three equivalents of hydrogen chloride has already been 
described in connection with the preparation of phenylpropano1amine.l 
This process served equally well for the reduction of the higher homologs 
and of the benzoin oximes. The products were obtained as their hydro- 
chlorides, from which the free bases could be isolated. The yields were 
good. 

Isonitroso-acetophenone, however, was not so readily reduced to phenyl- 
ethanolamine, for in only one instance was it possible to go directly from 
oximino ketone to amino-alcohol; in all other attempts the reduction 
stopped a t  the amino ketone stage; this intermediate product was then iso- 
lated as hydrochloride and further reduced in aqueous solution by means of 
fresh catalyst to the desired amino alcohol. When isonitroso-acetophenone 
was reduced in the absence of hydrogen chloride a product was obtained 
which after removal of the catalyst and allowing the alcoholic filtrate to 
stand exposed to the atmosphere melted a t  195-196' and corresponded 
with the diphenylpyrazine described by Braun and M e ~ e r . ~  The forma- 
tion of this compound may readily be accounted for in the following manner 

(unstable) N 
CsH5C-CH2-N 

11 11 atmosphere 
c 6 H r d  \?H 

N-CHrC-CaH6 - CH 11 CC6Hs I 

for Gabriel5 has pointed out how free amino ketones spontaneously form 
dihydropyrazines and how readily these are in turn oxidized to the stable 
pyrazine derivatives. 

Pharmacological 

All of these compounds are of physiological interest by virtue of their 
relation to ephedrine and ephedrine-like substances. In the first paper it 
was pointed out that the pharmacodyna&c activity of primary amino- 
alcohols of the type ArCHOHCHRNH2 merited a more detailed study, 
and since then Chen and his co- worker^,^ have justified this prediction by 
showing that primary amino derivatives of the sympathomimetric type are, 
in general, more potent as pressors than the corresponding methylamino 

Werner and Detscheff, Ber., 38, 72 (1905). 
4 Braun and Meyer. ibid., 21,19 and 1269 (1888). 

Gabriel, ibid., 41, 1143 (1908). 
6 Chen, Wu and Henriksen, J. Pharmacol., 36,363 (1929). 
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derivatives; thus Chen7 points out that dl-phenylpropanolamine is a 
stronger pressor than dl-phenylpropanol-methylamine (dl-ephedrine) . Our 
present interest in compounds of the ephedrine and adrenaline type has 
been centered chiefly on the primary rather than on the methylated amines. 

The compounds prepared and studied are given in Table I. Since a 
more complete pharmacological report will be published elsewhere, a brief 
review of the hypertensive properties will suffice here. Phenylethanol- 
amine (I) has already been somewhat extensively inve~tigated.~ The 
physiological action of phenylpropanolamine and its p-methyl derivative 
(I1 and 111) has already been de~cribed;"~ a correction should, however, 
be made as to the pressor activity of p-tolylpropanolarnine, which has 
been found since our previous paper to be about three-fifths as active as 
phenylpropanolamine. Phenylbutanolamine (IV) has been investigated 
by Chen, Wu and Henriksen: and found to possess comparatively very low 
activity on decerebrate cats, which observation has been confirmed by our 
results on anesthetized dogs. Phenylhexanolamine hydrochloride (VII) 
administered intravenously to an anesthetized dog in doses of 10 mg./kg. 
caused a marked fall in blood pressure, that persisted for about thirty 
minutes and was followed by a gradual rise which after several hours 
reached a new level as much above as the fall was below normal. The re- 
maining members of the series show no pressor effect within the range of 
doses thus far tried. 

TABLS I 
PHARMACOLOGICAL DATA 

Minimum lethal dose of hydrochloride, 
Amino-alcohol mg./kg. 

'ArCHOHCH(NH2)R Subcutaneous Intravenous 
At  - R = to  guinea pigs to rabbits 

I C a 6  H 1000 90 
11" CsHs CHa 600 75 
111" CsHcMe(p) CHI 175 33 
IV CeH6 CzHs 250 60 
V CaHcMe(P) CzH6 150 25 
VI GH6 CaHdn) 300 40 
VII CBHI C1Hs(n) 250 20 
VIII C6Hs ceH~a(n) 450 10 
IX C s H s  CeH6 450 60 

" Repeated for comparison. * Alles, J. Phurmacol., 32, 121 (1927), gives this dose 
as 30 mg./kg. 

From these results it appears that pressor activity is associated with com- 
pounds having the general formula ArCHOHCHRNH-, but this activity 
is exerted at its best when the side chain contains two or three carbons. 

7 Chen, Ref. 6, p. 394. 
8 Cf. Gordon, J .  Am. Pharm. Assn., 17, 1195 (1928), and bibliography; Tainter, 

J .  Pharmclcol., 36,29 (1929). 
See also Chen, ibid., 36,394 (1929). 
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If to phenylpropanolamine (11) a methyl is added to the amino group 
(ephedrine) or to the aromatic nucleus (111), its pressor activity is modified 
but not destroyed, whereas by adding the methyl to the end of the side chain 
(IV), this potency has been so diminished as practically to be eliminated. 
The peculiar behavior of phenylhexanolamine is being further investigated. 

Considering the series as a whole, the most striking fact is the ability of 
the organism to respond so readily and characteristically to what the 
chemist may ordinarily consider as correspondingly minor changes. All 
the members of this series contain substantially the same chemically active 
groupings and give essentially the same type of reactions, yet the organism 
is capable of responding readily to a change in molecular structure which 
could, by purely chemical means, be substantiated only with the greatest 
effort and difficulty. The explanation for such selectivity on the part of an 
organism in a series of this kind would be most desirable and an invaluable 
contribution to our present limited and confused knowledge of the relation- 
ship between physiological activity and chemical structure. 

A survey of the toxicities reveals no parallelism between the two methods 
of determination. There is, however, a remarkable regularity of increase 
in the toxicity on intravenous administration of the phenylalkanolamines 
with increase in length of the side chain. Another striking fact is the much 
greater toxicity of the p-tolyl derivatives (I11 and V) as compared with the 
corresponding phenyl products (I1 and IV), which lends support to the 
observation of de Burnaga Sanchezlo that p-methylephedrine is about 20% 
more toxic than ephedrine. 

Experimental 
The ketones were all prepared by the Friedel-Crafts reaction from the appropriate 

acid chloride and benzene or, in the case of the tolyl ketones, toluene. All, with one 
exception, are described in Beilstein. 

Octanophenone (phenyl heptyl ketone) is a liquid, having an odor characteristic of 
the series, which boils a t  140-145' (5 mm.) or 150-153" (7 mm.); it forms a semi- 
carbazone which may be recrystallized from benzene-ligroin mixture and melts a t  125.0- 
125.5". 

The isonitroso ketones, with analyses, are given in Table 11. 

Oximino ketone 

------Nitrogen, yo----. 
Found (Kjeldahl) Calcd. 

Yield. % M. p.. O C .  I I1 

Isonitrosobutyrophenonea 50 49 8.03 7.98 7.91 
p-Methylisonitrosobutyrophenone 50 78 7.53 7.56 7.33 
Isonitrosopentanophenone 69 69 7.49 . . . . 7.33 
Isonitrosohexanophenone 55-60 53-54 7.07 7.05 6.83 
Isonitroso-octanophenone 25 38.5 5.88 5.83 6.0 

" This compound was isolated but not purified by Miiller and v. Pechmann, Ber., 
22, 2131 (1889). 

lo De Burnaga Sanchez, Bull. soc. chim., [4145, 284 (1929). 
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Table I11 contains a summary of the data obtained on the amino- 
alcohols. 

-Nitrogen, %- 
No. Amino-alcohol M. p., OC. Found (Kjeldahl) Calcd. 

1 Phenylbutanolaminea 80.5-81.0 . . . . . . 
2 p-TolylbutanoIamine 85.0 7.77 7.89 7.82 
3 Phenylpentanolaminea 70-71 . . . . . . 
4 Phenylhexanolaminea 72.0-72.5 . . . . . . 
5 Phenyloctanolamineb 79 . , . . . . 

-Chlorine, % 
Found, (AgC1) Calcd. 

No. M. p., "C. I I1 

" These products were prepared by Tiffeneau and L h y  [Bull. soc. chim., [4] 37, 
1247 (1925); Compt. rend., 183, 969 (1926)], according to the method 

RMgX HzNOH 
CBH&HOHCN (or CeH6CHOHCONH2) - CeHijCHOHCOR -----+ 

He 
CsHijCHOHCR=NOH --+ GHsCHOHCHRNH2 

and they give the following melting points: phenylbutanolamine, 76-78'; phenyl- 
pentanolamine, 70-72'; phenylhexanolamine, 6566'. They did not describe the hy- 
drochlorides. phenylheptanolamine was prepared but not analyzed; the following 
information is appended for reference and convenience. Isonitrosoheptanophenone, 
m. p. 33'; phenylheptanolamine base, rn. p. 62.5", hydrochloride, m. p. 181.0-181.5". 

Diphenylethanolamine may be prepared from benzoin oxime by means of sodium 
and absolute alcohol1' but that method gives relatively low yields and the product con- 
tains some isodiphenylethanolamine. The catalytic reduction of both a- and 8-benzoin 
oximes gave quantitative yields of pure diphenylethanolamine, isolated as hydrochloride, 
the salt melting a t  235 ', and the base a t  1650.12 

Summary 
1. The reduction of oximino ketones to the corresponding amino- 

alcohols by catalytic means has been extended. 
2. It has been shown that in this series pressor activity is associated 

with compounds having the general formula ArCHOHCHRNH2, but that 
this activity is more intimately connected with ethane and propane de- 
rivatives. 

3. Phenylhexanolamine caused a fall in blood pressure that was fol- 
lowed by a gradual rise which after several hours reached above normal. 

11 Polonowski, Ber., 21,488 (1888). 
l2 Cf. Beilstein, 3d ed., Vol. 11, p. 1078. 
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4. The toxicities, as determined by intravenous injection to rabbits, 
show a regular increase as the length of the side chain increases. 

BALTIMORE, MARYLAND 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OR THE UNIVERSITY OF KANSAS] 

THE ACTION OF THE HALOGEN HYDRINS AND OF ETHYLENE 
OXIDE OM THE THIOUREAS 
BY JOHN F. OLIN AND F. B. DAINS 

RECEIVED MAY 2, 1930 PUBLISHED AUGUST 5,  1930 

The basis of this investigation was the observation that thiocarbanilide 
could be desulfurized with ethylene chlorohydrin, as follows. The thiourea 
was boiled with the chlorohydrin, giving a partial yield of diphenylurea 
which could be increased to 60% by heating the reaction product with 
alcoholic potassium hydroxide, thus completing the hydrolysis of the inter- 
mediate thio ether, C~HSNHC(NC~H~)SCHZCHZOH. 

In  order to throw more light on these results, which are analogous to 
the desulfurizing effect of chloro-acetic acid, the action of the chloro- 
hydrins on thioureas and mono- and disubstituted thioureas was studied. 

The results show that the primary product is a thio ether which can be 
isolated in many cases as the halogen hydride salt. These thio ethers 
are hydrolyzed with great ease, yielding a mixture of decomposition prod- 
ucts. 

When the hydroxyl of the hydrin is replaced by an ether or ester group- 
ing, the compound is more stable. In the unsubstituted y-thio ethers 
the NH and NH2 groups react readily with acyl chlorides, yielding diacyl 
derivatives of the type RCONHC(NCOR)CH2CHZOH(R), and with 
phenyl isocyanate, ethers of thiocarbonyl-diurea, (R)HOCH2CH2SCNH- 
CONHC~HS(NCONHC~H~). 

Ethylene oxide was found to add to the C-SH groups, giving ethers, 
RNHC(NR)SCHZCH~OH, which in the case of thiocarban lide could be 
isolated; in other instances only the hydrolysis products were identified. 

Experimental 
Ethylene Chlorohydrin and Thiourea. Oxyethylthiourea Hydrochloride, HOCH2- 

CH2SC(NH)NHz.-When the molar mixture is heated for thirty minutes, allowing 
the temperature to rise slowly from 90 to 105" and no higher, no precipitation of ammo- 
nium chloride occurs. The resulting product is a heavy oil soluble in alcohol and ace- 
tone but not in other organic solvents. Cold dry ether precipitated the hydrochloride 
which crystallized from butyl alcohol in slender needles melting a t  11 1 and which prob- 
ably had been obtained by Schatzmann,' though no melting point was given 

Ana2. Calcd. for CaHaNzOSHCl: N, 17.90. Found: N, 17.87. 
A11 efforts to close the ring,thus forming the simple thiazolidine SC(NH)NHCHzCHa 
IJ 

Schatzmann, Ann., 261, 1 (1891). 
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have thus far failed. In the case of the substituted amino-ethanol-thiourea, with the 
grouping N-CHZCHZOH, ring closure with the en01 SH group is easily effected.2 

Ethylene bromo- and iodohydrins show the same general behavior as the chloro- 
hydrins, but give oily non-crystallizable products. 

When the reaction temperature of the mixture is allowed to rise to 135-140°, 
precipitation of ammonium chloride occurs, the weight of which amounts to  about one 
fourth of the total nitrogen, and the residue consists of a mixture of unidentified com- 
pounds consisting in part of polymers of thio-ethylene glycol. 

Trimethylene Chlorohydrin and Thiourea. Oxypropylthiourea Hydrochloride, 
H2NC(NH)CH2CH2CH20H.HC1.-When molar quantities of the two reagents are 
heated carefully a t  12@125O, an oil is formed which solidifies when treated with dry 
ether. The crystals from butyl alcohol melt at  130'. 

Anal. Calcd. for C~HION~OS.HCI: N, 16.43. Found: N, 16.25. 
Repeated evaporation of the thiourea with ammonium hydroxide gave guanidine, 

identified as its nitrate (m. p. 209 ") and its dibenzoyl derivative (m. p. 214 ").a Ethyl- 
amine yielded ethylguanidine, the dibenzoyl derivative of which melts a t  87 ". 

Anal. Calcd. for Ci7H17NsOn: N, 14.24. Found: N, 14.19. 
Methylguanidine was formed in like manner from the thio ether and methylamine. 
p-Bromo-ethyl Ether and Thiourea. 7-Ethoxyethylthiourea Hydrobromide, NH2- 

C(NH)SCH2CH20CZHrHBr.-The components diluted with a little alcohol were 
heated for thirty minutes at  100 ". After removal of the excess bromo ether and alcohol 
by vacuum distillation, the hydrobromide salt melting at  28-29" was isolated. The 
oily free base is unstable. 

Anal. Calcd. for C6HlzNzOS.HBr: N, 12.23. Found: N, 12.33. 
Heating the thiourea ether with potassium hydroxide gave the strong smelling 

ethoxyethyl mereaptan (b. p. 125-126' at  740 rnm.).' 
Thioncarbanilic p-Ethoxyethyl Ester, C~HKNHCOSCZH~OGH~.-TO further char- 

acterize the mermptan, it was heated in a bomb tube for four hours a t  150° with phenyl 
isocyanate. The resulting oily ester slowly crystallized in plates melting a t  45". 

Anal. Calcd. for CllHlrNOzS: N, 6.22. Found: N, 6.17. 
Its isomer, thiolcarbanilic 8-ethoxyethyl ester, is formed when phenyl mustard oil 

is heated with the monoethyl ether of ethylene glycol at  150'. 
Anal. Calcd. for CIIH~SNO~S: N, 6.22. Found: N, 6.35. 
I t  melts at  4%43 O, but a mixture of the thiol and thion esters liquefies a t  room tem- 

perature. This ester was converted into its thiol isomer by heating with ethoxyethyl 
iodide at  130 for four hours.5 The resulting product melted a t  44 ". I ts  constitution 
was proved by a mixed melting point with the thiol ester, by its dissociation into phenyl 
isocyanate and mercaptan a t  150' and by the formation of carbanilide and mercaptan 
when heated with aniline. 

Phenyl isocyanate adds to the NH and NHz groups giving with the above thiourea, 
the ethoxyethyl ether of thiocarbonyldiphenyl-diurea, C~H&THCONHC(NCONHCBH~)- 
SC2H40C2H6. The hydrogen bromide salt of the thio ether (12 g.) in concentrated water 
solution was treated with phenyl isocyanate (12 g.) and potassium hydroxide (3 g.). The 
resulting heavy oil on crystallization from alcohol gave a solid melting a t  132 ". 

Dains, Brewster, Blair and Thompson, THIS JOURNAL, 44, 2639 (1922). 
8 Korndorfer, Archiv. Phar., 241,478 (1903). 
4 Rojahn and Lemme, ibid., 263, 623 (1925). From potassium hydrosfide and 

the bromo ether. 
6 Wheeler and Barnes, Am. Chem. J., 24,71(1902). 
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Anal. Calcd. for C ~ ~ H ~ P N ~ O Z S :  N, 14.52. Found: N, 14.39. 
I ts  identity was proved by its conversion by means of alcoholic ammoniaCnto the 

diphenyl amide of guanidine dicarboxylic acid (m. p. 176 ") andmacaptan. The corre- 
sponding methyl ether gives the same guanidine derivative? Phenyl isothiocyanate 
yields only oily addition products with the thio ethers. 

p-Ethyl Acetate Derivative of Isothiourea, CH3COOCH2CH2SC(NH)NH2HBr.- 
P-Bromo-ethyl acetate heated a t  125" formed an oil which crystallized from acetone in 
needles melting a t  99 O. 

Anal. Calcd. for C6HloN2OzS.HBr: N, 11.53; Br, 32.28. Found: N, 11.64; Br, 
32.04. 

The ester heated with aniline gave phenylguanidiue and with phenyl isocyanate a 
thiocarbonyl diurea derivative melting a t  134 ". 

Anal. Calcd. for C19H2&T404S: N, 14.01. Found: N, 13.80. 
The acyl chlorides yield with the thiourea ethers a,P-diacyl derivatives of the type 

RCONHC(NC0R)S-R'. Thus acetyl oxyethyl isothiourea with benzoyl chloride 
gives a heavy oil, but with pnitrobenzoyl chloride in pyridine solution, the di-p-nitro- 
benzoyl thiourea ether, melting a t  189 O, resulted. 

Anal. Calcd. for Cl9HlbN40*S: N, 12.13. Found: N, 12.30. 
The a,p-dibenzoyl-?-methyl thiourea (m. p. 149') is readily formed from benzoyl 

chloride and the methyl thiourea in alkaline solution.8 
Anal. Calcd. for ClsH1402NzS: N, 9.40. Found: N, 9.53. 
That it has the symmetrical constitution or rearranges easily to it is shown by the 

fact that on heating with aniline the known dibenzoyl-monophenylguanidine (m. p. 
185 ") was obtained and confirmed by a mixed melting point.9 

Reactions with Monophenylthiourea. y-Hydroxyethyl-phenylthiourea Hydroio- 
dide, C6H,NHC(NH)SC2H40H.-The iodohydrin and phenyl thiourea were heated 
in alcohol solution a t  water-bath temperature and the resulting heavy oil after washing 
with ether was dried at 100 i n  vacuo. 

Anal. Calcd. for CgH13N20S.HI: N, 8.62. Found: N, 8.49. 
The free base is a heavy oil which rapidly decomposes, yielding mono-phenyl urea 

and mercaptan. Boiled with sodium hydrosulfide, the ether gives the phenyl thiourea. 
With ethylene chlorohydrin only decomposition products were obtained. 

r-Acetyl-oxyeth~l-phenylthiourea, CeH6NHC(NH)SCH2CH20COCH3, was iso- 
lated as the hydrogen bromide salt (m. p. 158'). The free is base fairly stable and melts 
a t  69-70 O. 

Anal. Calcd. for Cl1HlaN202S: N, 11.77. Found: N, 11.78. 
Aniline at 150' gave diphenylguanidine (m. p. 146"). 
Nitrobenzoyl chloride in pyridine solution formed an acyl derivative, crystallizing 

from alcohol in orange colored flakes melting a t  132 ". 
Anal. Calcd. for ClbHllN306S: N, 10.85. Found: N, 10.67. 
I ts  stability would point to the symmetrical structure.1° With phenyl isocyanate, 

it  showed the usual behavior, yielding the thio ether of 1,5-diphenyl-4-monothiobiuret, 
C~H~NHCONH(SC~H~OCOCH~)NHCE,HS, m. p. 81-82 O. 

A convenient method for this type of reaction is to dissolve the substance in al- 
cohol in a Dewar flask, add liquid ammonia and allow the solution to slowly evaporate. 

' Lakra and Dains, THIS JOURNAL, 51,2223 (1929). 
The corresponding dibenzoyl-y-ethyl thiourea melts at 112O. 
McKee, Am. Chem. J., 26,222 (1901); Karnpf, Ber., 37, 1683 (1904). 

no Wheder, Am. Chem. J., 27,279 (1902). 
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Anal. Calcd. for CI~HIQN~O~S:  N, 11.70. Found: N, 11.63. 

Disubstituted Thioureas. Thiocarbanilide and p-Chloro-ethyl Benzoate.-Molar 
proportions were heated alone or in xylene solution a t  130-150' for several hours. From 
the reaction mixture were isolated diphenylurea, phenyl mustard oil, benzanilide, benzoic 
acid, sulfur containing oils and 2,3-diphenylthiazolidine (m. p. 136'). 

Two sets of reactions evidently occur; first, the formation of a thio ether which is 
then hydrolyzed to the urea, benzoic acid, and mercaptan; second, dissociation of the 
thiocarbanilide into phenyl isothiocyanate and aniline, which with the chloro-ethyl 
benzoate gives phenylamino-ethanol benzoate. The amino-ethanol adds the mustard 
oil, yielding the thiourea. The thiazolidine results from loss of benzoic acid, closing the 
ring.ll The possibility of such a reaction is shown experimentally as follows. 

B-Phenylamino-ethyl benzoate (m. p. 78") gave with phenyl isothiocyanate in al- 
colid solution the benzoate of y,B-diphenyl-y-ethanol thiourea, CsH5NHCSN(CsH6) 
CHzCHzO-COCeH5, melting a t  145'. 

Anal. Calcd. for CZ~HZC,N~O~S: N, 7.45. Pound: N, 7.61. 
The ring is closed when the thiourea is heated with hydrochloric acid, yielding the 

2,3-diphenylthiazolidine and benzoic acid. Since no evidence of ring formation has been 
obtained from the hydroxy-ethyl thio ethers, the above seems the most probable ex- 
planation of the reaction. Thiocarbanilide and mono-m-nitrodiphenylthiourea formed 
the usual y-thio ethers with bromo and iodo ethyl ether. 

The Action of Ethylene Oxide on the Thioureas.-Since ethylene oxide unites with 
primary and secondary amines to form a substituted amino-ethanol, i t  seemed possible 
that the thiourea might add the oxide either on the NH or the en01 SH position. The 
experimental evidence indicates that the SH group alone is affected, yielding more or less 
stable thio ethers, -N-C(=NR)+CHZCH~OH, or their hydrolysis products. 

Ethylene oxide (35 g.) was added to a solution of the thiourea (38 g.) in acetone 
(200 cc.). The mixture was allowed to stand a t  room temperature for three weeks. 
On concentrating to half its volume and cooling, a yield of 25 g. of pure oxygen urea was 
obtained. The solution showed the presence of thioethylene glycol due to  hydrolysis 
of the unstable thio ether. If the acetone solution of the oxide and thiourea was heated 
a t  30-35" for forty-eight hours, there was found not only the oxygen urea but also an 
indefinite mixture of nitrogen and sulfur-containing products. With propylene oxide 
in acetone solution a t  room temperature the oxygen urea was formed. When heated a t  
SO0 there were isolated the urea and an oil (b. p. 128-135" at 11 mm.) whose sulfur con- 
tent (21.7%) suggested that it might be an addition product of propylene-oxide and 
thiopropylene glycol, HSCH(CHa)CHzOCH(CHI)CHZOH. Phenyl oxygen urea (77% 
yield) and sulfur-containing oils were formed from ethylene oxide and phenylthiourea 
in acetone solution. 

y-Hydroxyethyl-dipheny1thiourea.-A mixture of diphenylthiourea (100 g.), acetone 
(750 cc.) and ethylene oxide (50 g.) was heated a t  50-55 O for eighteen hours. On cooling, 
the ether crystallized out in transparent cubes which melted a t  145O. The same com- 
pound had been isolated in small amount in the reaction product from ethylene iodo- 
hydrin and diphenylthiourea a t  125 ". 

Anal. Calcd. for C15H16N20S: N, 10.30. Found: N, 10.32. 
When heated the fused compound solidified a t  148" and melted again a t  220°; 

this latter compound proved to be impure diphenylurea. 
That the compound (m. p. 145 ") was a thio ether and not the isomeric or$-diphenyl- 

a-ethanol-thiourea12 was proved by its melting point, 145O, by the fact that  hydrolysis 

l1 Dains, Brewster, Blair and Thompson, THIS JOURNAL, 44) 2639 (1922). 
l2 Dains, Brewster and others, ibid., 47, 1983 (1925). 
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with alkali gave diphenylurea and that heating with halogen acids yielded again the 
diphenylurea and not diphenylthiazolidine. 

Warmed in benzene solution, phenyl isocyanate united with the hydroxyl group, 
yielding a phenyl urethan (m. p. 101 O). 

Anal. Calcd. for C22HzlN30zS: N, 10.75. Found: N, 10.96. 
On hydrolysis with alcoholic potassium hydroxide, only diphenylurea was obtained 

and not a triphenylbiuret which might have formed had the isocyanate reacted with an 
NH group. 

Thiohydrolysis by Means of Potassium or Sodium Hydrosulfide.13-One of the 
characteristic properties of the isothiourea ethers is the ease with which they are 
hydrolyzed with alkalies, yielding oxygen ureas. An interesting analogous reaction has 
been developed in this investigation, viz., thiohydrolysis, whereby thioureas can be ob- 
tained from these thio ethers. 

Method for the Conversion of the p-Ethoxyethyl Ether of Thiocarbonyl Diphenyl- 
diurea to the Diphenyl Amide of Thiourea-a,@-dicarboxylic Acid, (CiHsNHCONH),- 
CS-The thio ether (8 g.) was dissolved in hot alcohol (50 cc.) together with 5 g. of 
potassium hydrosullide in water (10 cc.). Hydrogen sulfide was passed into the boiling 
solution for an hour. The hot solution was filtered and acidified with acetic acid. 
On cooling, fine needles of the thiourea (m. p. 202') separated. 

Anal. Calcd. for CI~HI~N~OZS: N, 17.85. Found: N, 17.85. 
Using this method, thioureas in good yield were obtained from the following thio 

ethers: y-methylphenylthiourea, y-methyldiphenylthiourea and the 4-methyl ether of 
1-phenyldithiobiuret.14 

1,5-Diphenyl-dithiobiuret, which melts a t  14g0, was obtained from its methyl 
ether.l6 

Anal. Calcd. for CinHlaN&: N, 14.64. Found: N, 14.63. 
The Hydrolysis of Diacyl Thiourea Ethers.--When the ymethyl ethers of di- 

benzoyl- or diacetylthiourea were treated with potassium sulfhydrate, complete hydro- 
lysis occurred.16 

y-Methyl Ether of Thiocarbonyl-di-urethan, CH3SC(NCOOCaHs)NHCOOC&.- 
Methyl isothiourea sulfate (35 g.) was dissolved in water at  0'. To it was added slowly 
ethyl chlorocarbonate (60 g.) and potassium hydroxide (50 g.) in water solution with 
constant stirring. The resulting oil was extracted with ether. Upon evaporating the 
ether and cooling, the ether melting a t  50-51 was obtained. 

Anal. Calcd. for CsH1SrT2O4S: N, 11.97. Found: N, 12.14. 
Its constitution was proved by conversion by means of liquid ammonia into sym- 

metrical dicarbethoxyguanidine (m. p. 165 O). 

Thiocarbonyl-diurethan, CS(NHCOOGH6)2.-The greater stability of the carb- 
ethoxy over other acyl groups was indicated by the ready thiohydrolysis of the methyl 
ether (m. p. 51 "). The carbethoxy thiourea melts a t  111-112O and is soluble in alkalies, 
hot water and organic solvents. Previous efforts to synthesize the compound from thio- 
phosgene and urethan had failed. 

Anal. Calcd. for CrH1aNa04S: N, 12.73. Found: N, 12.75. 

l3 Lakra and Dains, THIS JOURNAL, 51,2224 (1929). 
I* Johnson, Am. Chem. J., 30, 174 (1903); Gentz, Ann., 154, 44 (1870); Fromm, 

ibid., 275, 34 (1893); Wunderlich, Ber., 19,452 (1886); Hecht, ibid., 25, 756 (1892). 
l6 Johnson, Am. Chem. J., 30, 174 (1903). 
l6 The diacetyl-y-methylthiourea from methyl-isothiourea sulfate and acetic an- 

hydride melts at 107-108°. N, 16.10. Found: N, 15.97. 
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a-Phenyl-a-carbethoxy--y-methyl Thiourea, C~H&(COOGH~)C(SCHa)NH, is 
formed from the interaction of r-methylphenylthiourea, ethyl chlorocarbonate and 
alkali. It melts at 128O and on thiohydrolysis breaks down into thiocyanic acid mer- 
captan and phenylurethan. 

Anal. Calcd. for CI1H1,NzO&: N, 11.76. Found: N, 11.57. 

Summary 
1. The chlorohydrins, their esters and ethers react with thiourea 

giving y-thio ethers, which are easily hydrolyzed, the hydroxy derivatives 
being especially unstable. The thio ethers yield with amines guanidines, 
with acyl chlorides diacyl derivatives and with phenyl isocyanate the 
phenyl amide derivatives of a,P-thioureadicarboxylic acids. 

2. A method has been described for the thiohydrolysis of the thio 
ether ethers. 

LAWRENCE, KANSAS 

[CONTRIBUTION PROM THE FRICK CXEMICAI, LABORATORY OF PRINCETON UNIVERSITY] 

THE PARACHORS OF TWO ISOMERIC CHLORO- 
DINITROBENZENES 

BY D. V. SICKMAN AND ALAN W. C. MENZIES 

RECEIVED MAY 3. 1930 PUBLISHBD AUGUST 5,1930 

I t  has been found by Sugden and his collaborators1 that the parachors of 
isomerides which differ in structure only by the position of groups or link- 
ages in the molecule are identical within the limits of experimental error. 
On examining the published data for surface tension, i t  was noticed that 
the values for the two isomers (A) 1-chloro-3,4-dinitrobenzene and (B) 
1-chloro-2,4-dinitrobenzene differed very widely, the value for the latter 
being more than three times that for the former at like temperature. The 
reported densities differ by only a few per cent. As a consequence, the 
parachors of these two isomers, as computed from the available experi- 
mental data, show a wide divergence, namely, 258.7 for (A) and 346.4 for 
(B). The parachor computed from the atomic and structural parachors 
given by Sugden2 is 358.3, and is, of course, identical for both substances. 

Now the chloro-dinitrobenzenes differ considerably in reactivity, and 
they are known to exist in a number of different crystalline forms, so that a 
difference of parachor was not a priori unthinkable. Furthermore, it 
seemed hardly possible that experimental error could account for the enor- 
mous discrepancy found in surface tension, It therefore seemed worth 
while to redetermine the surface tensions and densities of the substance (A). 

The existing values of surface tension and density for the two isomers (A) 
(a) Sugden and Wilkins, J. Chem. SOC., 127, 2517 (1925); (b) Sugden, "The 

Parachor and Valency," 1930, p. 33. 
Ref. lb, pp. 38, 114. 
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and (B) are due, respectively, to  Miiller3 and to Jaeger;4 and these are the 
values recorded, for example, in "International Critical Tables." On 
studying the work of Miiller, who worked with both isomers although he 
reported density and surface tension only for (A), a curious confusion be- 
came apparent. Miiller's literature references for the preparation of the 
two isomers are interchanged. The three melting points which he found 
for the substance (A) are those of the substance (B) ; but the density, 1.471, 
a t  60° which he reports as that of (A) is closer (difference 1.60y0) to that 
found by us, 1.495, than it is (difference 2.65%) to that found by Jaeger, 
1.511, for (B). It is therefore uncertain upon which isomer Miiller's 
measurements of density and surface tension were carried out. In  either 
case, however, the resulting experimental values for the parachor would be 
expected to  be identical, which they are not. 

The substance (A) was, accordingly, prepared5 following the directions of 
LaubenheimerGnd had a corrected melting point, for the a-form, of 36.3', 
which is precisely that reported by Laubenheimer. We employed the 
capillary rise method for measuring surface tension in air, using a U-form 
apparatus of which one limb was of capillary core. Our experimental 
arrangements were such that, assuming the values given in "International 
Critical Tables" (1928) for benzene a t  40, 50 and 60° as correct, we were 
able to  confirm those given there for water a t  these temperatures within 
0.3%. On account of its higher viscosity, the experimental values tabu- 
lated below for the substance (A) may be in error by perhaps 1%. Density 
was measured by a dilatometric method, with an estimated error within 
0.1%. We tabulate our results below, along with those of Miiller, adding 
the resulting values for the parachor. 

SURFACE TENSIONS, DENSITIES AND PARACHORS OF 1-CHLORO-3,4-DINITROBENZ~~NE 
Surface 

Temp., tension Specific Parachor 
"C. dynes/cm. volume Obs. Calcd. Observer 

40 13.281 0.6712 259.5 358.3 Miiller 
50 12.782 .6757 258.7 358.3 Miiller 
60 12.301 .6803 258.0 358.3 Miiller 

Av. 258.7 358.3 Miiller 

Density 

40 45.1 1.516 346. o 358.3 S. and M. 
50 44.6 1.505 347.8 358.3 S. and M. 
60 44.2 1.495 349.3 358.3 S. and M. 

Av. 347.4 358 3 S. and M. 

3 Miiller, 2. physik. Chem., 86,224 (1914). 
Jaeger, 2. anorg. allgem. Chem., 101, 117 (1917). 
W e  are indebted to Mr. A. E. Rainsford for his services in this connection. 
Laubenheimer, Ber., 8, 1623 (1875); 9, 760, 1826 (1876). 
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Our average value for this parachor is, therefore, 347.4 a t  a temperature 
of 50'. We are obliged to conclude that Miiller's surface tension measure- 
ments are seriously in error, or that his specimen was impure. 

For the substance (B), Jaeger4 obtained in his lower teniperature range 
the values noted below, using for surface tension the method of maximum 
bubble pressure. We have inserted the values for the resulting parachors. 

TABLE I1 
SURPACE TENSIONS, DENSTTIES AND PARACHORS O* 1-CHLORO-2,4-DINITROBENZENE 

Surface 
Temp., tension Parachor 

OC. dynes/cm. Density Obs. Calcd. Observer 

60.4 45.5 1.515 347.1 358.3 Jaeger 
76.2 43.9 1 497 348.1 358.3 Jaeger 
95 42 2 1.477 349.4 358.3 Jaeger 

Av. 348.2 

The average value, 348.2, is for a temperature near 77'. Corrected for 
the drift of parachor with temperature, this would become 346.4 a t  50°, 
a value not very different from 347.4, which is our experimental value for 
the other isomer. 

Neither one of these values is especially close to the "calculated" value 
yielded by Sugden's adopted constants. The latter have been recalculated 
by Mumford and Ph i l l ip~ .~  By using these newer constants, the dis- 
crepancy is not diminished, and the whole matter will be dealt with else- 
where. 

From our comparison we conclude that the parachors a t  50' of these two 
isomers are identical within the experimental error, while both fall short of 
the parachor calculated as the sum of the atomic and structural parachor 
terms of Sugden by 3.2%. 

Summary. 

1. The experimental data found in the literature yield for two isomeric 
chloro-dinitrobenzenes values of the parachor which are very widely di- 
vergent, while these would be expected to be identical. 

2. By redetermination of densities and surface tensions, this dis- 
crepancy is shown to be dv.e to experimental error. 

3. The values of the two corrected parachors are shown t o  be very 
concordant, but to differ from the value calculated according to  Sugden in 
a degree requiring explanation. 

PRINCETON, NEW JERSEY 

Mumford and Phillips, J. Chem. Soc., 2112 (1929). 
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THE PREPARATION OF PHENYLMAGNESIUM CHLORIDE IN 
THE ABSENCE OF A SOLVENT 

BY HENRY GILMAN AND R. E. BROWN 

RECEIVED MAY 5, 1930 PUBUSH~D AUGUST 5. 1930 

Introduction 
Phenylmagnesium chloride has been prepared in satisfactory yiekj by a 

customary procedures in ether as a solvent.' However, because of the 
relative inertness of the chlorine in chlorobenzene, the time (but not thO 
attention) required for an approximately complete reaction is inordinate. 

Details are given at  this time for the preparation of phenylmagnesium 
chloride in 85% yields. The reaction is effected by heating chlorobenzene 
with magnesium in a sealed tube at  150-160° for three hours. The solid, 
"individual" phenylmagnesium chloride obtained in this manner is sol- 
uble in ether or in an ether-benzene mixture, and in such solutions can be 
employed to carry out the usual reactions of Grignard reagents. 

Experimental Part 
The technique followed in this preparation is essentially that of Gilman and Brown2 

for the preparation of magnesium diphenyl. 
Eleven and two-tenths grams (0.1 mole) of chlorobenzene and 3.6 g. (0.15 atom) 

of magnesiumJ are placed in a bomb tube which can be prepared from a conventional 
Carius tube. The tube is evacuated by means of a good water'pump until the chloro- 
benzene boils and then is sealed off. After heating a t  150-160' for three hours, the 
liquid disappears entirely4 and the tube is about one-half filled with a light brown powder. 

Using the technique and operations described for the related preparation of mag- 
nesium diphen~l ,~  the contents of the tube were first washed with dry benzene, and then 
the phenylmagnesium chloride was dissolved in about 100 cc. of a mixture of equal 
parts of benzene and ether. The solution was filtered in an atmosphere of nitrogenz 
to remove unaltered magnesium, and aliquots were taken for titration.6 The yield 
determined in this manner was 85%. ' 

* Gilman and St. John, Rec. trav. chim., 49, June (1930). Very probably the time 
required for this preparation might be significantly reduced with the use of higher- 
boiling solverits. 

Gilman and Brown, ibid., 49,202 (1930). 
a The magnesium used in these experiments was of 30-80-mesh. However, it 

is highly probable that ordinary magnesium turnings will serve equally well. An 
excess of magnesium is unnecessary, but aa  excess of chlorobenzene may decompose 
the RMgX compound a t  elevated temperatures. This is strikingly illustrated in related 
experiments on the reaction between alkyl iodides and magnesium in the absence of a 
solvent. 

Heating at  a higher temperature appears to be unsatisfactory because of a , 

charring effect. Under our conditions, there appeared to be no reaction when the 
tube was heated at  140' for four hours. 

Gilman, Zoellner and Dickey, THIS JOURNAL, 51, 1576 (1929). Earlier references 
to this method for the quantitative estimation of organometallic c~mpounds are to be 
found in this article. 
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Discussion of Method 
The special procedure used here for a quantitative study is, of course, 

quite unnecessary in the usual manipulation of such ether-free Grignard 
reagents. This method of preparation has a number of advantages over 
the customary procedure. First, it makes it possible to prepare Grignard 
reagents from the relatively less expensive RC1 compo~nds.~ Second, the 
quantity of ether required in subsequent operations can be drastically re- 
duced,' or possibly replaced by other less expensive and less inflammable 
solvents. These two advantages, in particular, are largely of technical 
importance. For ordinary laboratory operations the best procedure is 
that involving the use of bromobenzene in ether. Third, the method 
should lend itself to the synthesis of RMgX compounds having" alkyl or 
aryl groups, otherwise prepared with uncommon diffic~lty.~ 

The phenylmagnesium chloride prepared in this way is insoluble in ben- 
zene, but is soluble in ether or in an ether-benzene mixture. This signifi- 
cant observation should serve to correct numerous early observations on 
the chemistry of organomagnesium halides. Running through the litera- 
ture of these compounds is the observation that once the ether has been 
expelled from the Grignard reagent (in high temperature reactions wherein 
a large part of the ether is replaced by a higher boiling solvent) i t  is difficult 
or impossible to again bring the RMgX compound into solution by means 
of ether. The insolubility referred to by such writers may be due to 
secondary reactions between the ether and RMgX and MgXz compounds, 
respectively. This remains to be determined. 

We have mentioned that the Grignard reagent prepared in this manner 
should be brought into some sort of solution or suspension prior to  its 
sabsequent reaction with various reagents. This is quite necessary with 
dry gases, because the solid phenylmagnesium chloride appears not to re- 
act with carbon dioxide and gives but a small quantity of phenol in its re- 
action with oxygen. 

The authors are indebted to Dr. E. C. Britton for helpful suggestions. 

Summary 
Directions are given for the satisfactory preparation of phenylmagne- 

By this method it should be possible to obtain improved yields of RMgX com- 
pounds from such halides as p-bromodimethylaniline. Also, the yield of di-Grignard 
reagent from p-dibromobenzene should be significantly increased see [Gilman. Beaber 
and Jones, Rec. trav. chim., 48, 597 (1929)l. I t  is interesting to note that when fluoro- 
benzene is heated with magnesium a t  about 300' for many hours, a small quantity 
of diphenyl is formed. This means unquestionably that phenylmagnesium fluoride was 
formed as an intermediate compound. I t  is almost certain that phenylmagnesium fluoride 
can be prepared in this manner by heating at  a lower temperature for a longer time. 

7 Gilman and McCracken, ibid., 46, 463 (1927). 
8 A case in point is vinyl chloride. See also Ref 6 of this paper, and Evans and 

Diepenhorst, THIS JOURNAL, 48, 715 (1926). 
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sium chloride in the absence of solvents. General applications and conclu- 
sions from this sealed-tube method of preparation have been discussed. 

AMES, IOWA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OP ILLINOIS] 

OPTICALLY ACTIVE SALTS OF 2-NITRO-OCTANE 
BY R. I,. SRRINER AND J. H. YOUNG 

RECEIVED MAY 5, 1930 PUBLISHED AUGUST 5, 1930 

In  connection with the general theory of tautomerism the conversion of 
an optically active secondary nitro compound into salts of the aci-form 
which are also optically active is of considerable theoretical importance. 
Only one example is recorded in the literature a t  the present time, namely, 
Kuhn's studies on 2-nitr0butane.l Since this work represents the only 
experimental evidence against the classical formulas for the aci-form, it was 
thought that the preparation and further study of another secondary nitro 
compound would furnish confirmatory evidence and additional knowledge 
concerning the tautomerism of these types of compounds. 

The following schematic diagram shows the preparation of the optically 
active 2-nitro-octanes and indicates the products obtained from them. 
It also lists the optical rotations of all the compounds and summarizes 
the results obtained during this investigation. 

The dextro series represents the purer compounds. I t  is evident that a 
slight racemization took place during the preparation of the I-bromide 
from the I-octanol-2. 

The above data fully confirm Kuhn and Albrecht's observation that the 
sodium salts of optically active secondary nitro compounds are also op- 
tically active. That this optical activity is actually due to the sodium 
salts was proved as follows. 

(1) The optical rotation of equivalent amounts of the nitro compound 

I HCI 
C B H I ~ C - N O ~  

I at -lO°C. 

cr = +3.8G0 

Kuhn and Albrecht, Ber., 60, 1297 (1927). 
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CH3 
I HCl 

C~HI~-C-NO~ +------ 
1 at -70°C. 

a = -2.20' 

and sodium ethylate reached a constant value as soon as the solutions were 
mixed. The reading remains constant over a period of twenty-four hours. 

(2) The use of two equivalents of sodium ethylate gives exactly the same 
rotation as one equivalent. This shows that conversion to the salt is 
complete and that the observed activity is not due to unreacted nitro 
compound. 

(3) The nitro compound can be regenerated from the sodium salt. 
The product so obtained has a lower rotation than the original nitro 
compound, 24y0 in case of the dextro, where the reconversion was carried 
out a t  - lo0, and 71% in case of the levo, where the reconversion was 
carried out a t  -70'. The fact that the regenerated nitro compound was 
active at  all shows that the sodium salt was active. 

(4) The use of one and two equivalents of potassium ethylate gave opti- 
cally active potassium salts whose rotations were the same (within experi- 
mental error) as those of the sodium salts. This shows that the metal used 
has no particular effect on the rotation of the aci-nitro form and hence the 
optical activity is due to the negative aci-ion. 

(5) Treatment of the (1) sodium salt with bromine gave (1)-2-bromo- 
2-nitro-octane which was also optically active. 

(6) The (d) octyl-2-nitrite which possessed a lower rotation than that of 
the nitro compound was also treated with sodium ethylate. The rotation 
observed as soon as possible was + 3 . 4 6 O ,  but on standing the rotation 
slowly increased to +6.00°. With two equivalents of sodium ethylate the 
rotation changed in the same manner except that a shorter time was 
necessary to reach the equilibrium value. This change in rotation was 
due to the saponification of the nitrite 

CHI CHa 
I I 

C~HI-C-ON0 + NaOCzHa -f CsH13-C-ONa f CzHbONO 
I 
H 

I 
H 
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This shows that the nitrite behaves in quite a different manner from the 
nitro compound when treated with sodium ethylate. No such increase in 
rotation was ever observed in the case of the nitro compounds and hence the 
activity of the sodium salt of the nitro form is not due to nitrite present as 
impurity. 

(7) As further evidence of the difference in structure between the nitro 
and the aci-form the absorption spectra were determined. The instrument 
used permitted measurement only in the visible range, but the absorption 
curves for the two forms were quite different. 

The conversion of primary and secondary nitro compounds into salts of 
the aci-form has been discussed by many investigators and some of the 
theoretical considerations underlying the existence of these salts in an 
optically active state have been discussed by Kuhn and Albrecht.' 

The following formulas (I), (11) and (111) are those given in most of 
the older work on these substances. 

RCH-N-OH 
'o/ 

On the basis of the fundamental postulates of the electron theory, 
formulas (I) and (11) are impossible since they would place ten electrons 
in the valence shell of nitrogen. The classic formula (11) proposed by Nef2 

for the salts obviously cannot account for their optical activity. Structure 
(111), originally proposed by Holleman3 and Hantzsch and Schultze,* has 
always been regarded as a possibility but never generally accepted chiefly 
because the existence of such carbazoxy rings has never been absolutely 
e~tablished.~ Auwers and Harris6 have attempted to use refractometric 
data as a means of determining the structure of nitro compounds and cer- 
tain oxygen-alkyl derivatives which may possibly have the ring structure, 
but the results obtained are not conclusive. In any case, i t  is clear that 
(111) contains an asymmetric carbon atom which would account for the 
activity of the salts. 

Since the classical formulas (I) and (11) are inconsistent with the postu- 
lates of the octet theory it is necessary to consider electronic formulas in 
order to obtain an explanation of the above experimental data 

2 Nef, Ann., 280,263 (1894). 
Holleman, Rec. trav. chim., 13,405 (1894); 14, 129 (1895). 
Hantzsch and Schultze, Ber., 29, 699, 2251 (1896). 

6 Perhaps the best examples of such carbazoxy rings are the nitrogen ethers of the 
oximes. Beckmann, Ann., 365, 201 (1909); Scheibler, ibid., 365, 215 (1909). Even 
these may be written in a non-cyclic form by means of the electron theory R : N : : C : R. .. .. 

:0: H . . 
Auwers and Harris, Ber., 62,2281 (1929); 57,454,459 (1924). 
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Structure (IV) is the one favored by Sugden as the result of the parachor 
for nitro  compound^.^ Structures (V) and (VI) represent two possibilities 
for the salts, (V) being regarded by Sugden as the most probable and (VI) 
being used by Kuhnl to explain his results. 

It will be noted that (V) contains no asymmetric atoms and hence is not 
capable of existing in optically active forms whereas in (VI) the carbon 
atom is asymmetric and hence optical activity is possible. It is therefore 
very probable that the activity of the salts is due to the presence of the 
asymmetric ion8 (VI). 

Although the presence of this asymmetric ion explains very well the 
optical activity observed, there remains to be considered the fact that a very 
marked drop in optical rotation occurred when the nitro compound was 
converted to the salt. Also the nitro compound regenerated from this 
salt possessed a lower rotation than the original and hence was a mixture of 
the racemic modification with some of the active form. These facts raise 
the question as to the possibility of the presence of the other ion (V) in 
the solution also. While the data in the present investigation are not con- 
clusive on this point, its presence must be considered as a possibility. 
Form V is not optically active, hence if both (V) and (VI) were formed on 
addition of sodium ethylate then any activity would be due to  (VI) alone. 
The low rotation of the salts is then easily explained since only a small per- 
centage of the salt would exist in this form (VI). This is supported by the 
fact that in regenerating the nitro compound from the salts, Form (V) 
would give the racemic modification of (IV) while (VI) would give the ac- 
tive form. I t  will also be noted that the rotation of the nitro compound 
regenerated a t  - 10' was only 24% of the original whereas a t  - 70' the 
rotation was 71% of that of the original nitro compound. This would 
indicate that a t  the lower temperature a higher percentage of (VI) was 
present. Form (VI) would also explain the ready formation of the opti- 
cally active bromo-nitro compound by the action of bromine on the sodium 
salt. 

The other explanation for the low rotations of the salts and regenerated 
nitro compounds is that racemization took place during the formation of the 
salt and regeneration of the nitro compound. This might seem to be the 
explanation for the temperature effect mentioned above. However, the 

7 Sugden, J. Chem. Soc.. 122,1525 (1925). 
8 The authors are indebted to one of the reviewers for pointing 

out that this asymmetric ion (VI) is analogous to the optically active Rz : S : Ra sulfonium ions of the type shown. [ =? 1' 



3336 w. t. S H R I N ~ R  AND y. a. YOUNG Vol. 52 

fact that the rotations of the salts were remarkably constant over a period 
of twenty-four hours would seem to discount the racemization theory and 
favor the idea that there exist two forms of the aci-nitro ion, (V) and (VI). 
This is in agreement with the work of Branch and Deelman,g who studied 
the change in conductivity which took place on the addition of hydrochloric 
acid to the sodium salt of the aci-nitro compound. An abnormal con- 
ductance drop took place at  the start followed by a slow gradual drop for 
the conversion of the greater part of the aci-nitro salt back to the normal 
nitro form. Branch and Deelman suggest Form (111) for that portion 
which caused the rapid initial drop. Whether Form (111) or (VI) is correct 
cannot be stated a t  the present time, but the experimental data on both 
conductivity and optical activity can be correlated by postulating the 
presence of two different forms of the negative ion. The chief objection 
to such an assumption is the fact that racemization of VI does not occur 
readily, which means that the ions V and VI are not in rapid equilibrium 
with each other. While at  first this may seem unlikely, it is not impossible 
if the following mechanism for ion formation is considered. (1) Partial 
ionization of the nitro form to give the asymmetric ion VI 

This ion is probably stabilized by solvation 

or, the same solvated ion may be produced by the direct combination of 
the nitro compound with the ethylate ion: 

The temperature effect discussed above is good evidence in favor of 
stabilization of this asymmetric ion by combination with the solvent since 
solvation is known to be dependent on the temperature. This combination 
of VI with a molecule of alcohol prevents its conversion to the inactive ion 
V. (2) Primary rearrangement followed by ionization to give the inactive 
ion V. 

Branch and Deelman, THIS JOURNAL, 49,1765 (1927). 
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IV VII v 
This rearrangement of IV to VII parallels the conversion of a ketone into 
its active form, i. e., changing the non-polar oxygen into a semi-polar oxy- 
gen atom.I0 

From an electronic point of view, Porm (V) should be formed in prefer- 
ence to Porm (VI), since it represents a more stable arrangement and elec- 
tron distribution. This agrees with the experimental facts that  only a 
small part of the salt is active and only a portion of the regenerated nitro 
compound is active. 

Experimental 
Preparation of d- and I-Octanol-2.-Octanol-2 was resolved by crystallization of 

the brucine salts of the phthalic acid ester according to the procedure given in "Organic 
Syntheses."ll The d-octanol-2 distilled a t  86O a t  20 mm.; a$ +10.23"; and I-octanol- 
2 a t  84" at  16 mm.; a$ - 10.25'. 

1-2-Bromo-octane.-In a 500-cc. three-necked flask fitted with a stirrer, a ther- 
mometer reaching to the bottom of the flask and a separatory funnel, was placed 39 g. of 
d-octanol-2. The alcohol was cooled to -5' by means of an ice-salt bath and 90 g. of 
phosphorus tribromide was added drop by drop so that the temperature did not rise above 
$5". The mixture was allowed to stand overnight and slowly come to room tempera- 
ture. It was then heated on a boiling water-bath for one hour and cooled. The mix- 
ture was decomposed with 200 cc. of ice water and the bromide taken up in ether. The 
ether solution was dried and the ether distilled. The residual oil was vacuum distilled; 
47 g. of IS-bromo-octane boiling a t  53-84' a t  18 mm. was obtained; a? -33.1'; n? 
1.4500; yield, 80%. 

d-2-Bromo-octane.-This isomer was obtained by exactly the same procedure; 
49 g. of I-octanol-2 yielded 62 g.  of d-2-bromo-octane; b. p. 83-84' a t  18 mm.; a$ 
$29.8; n2z, 1.4501; yield, 85.3%. 

d-2-Nitro-octane.-Eighty cc. of dry benzene and 60 g. of finely powdered silver 
nitrite were placed in a 200-cc. three-necked flask fitted with a stirrer, reflux condenser 
and dropping funnel. The mixture was cooled to O o  and 47 g .  of I-2-bromo-octane run 
in slowly with stirring. The reaction mixture was stirred for three hours a t  0' and then 
heated on a water-bath for six hours. The benzene solution was decanted and the resi- 
due washed with two 25-cc. portions of benzene. The benzene was distilled and the 
mixture of 2-octyl nitrite and 2-nitro-octane was carefully fractionated in vmuo by the 
use of a modified Claisen fractionating flask. After three fractionations 5.5 g. of d- 
2-nitro-octane was obtained as a light yellow oil; b. p. 102-105 a t  23 mrn.; yield, 14.4%; 

0.9224; n21, 1.4324; MD (calcd.), 45.65; MD (found), 44.75; a2 +15.84 (abs. 
ethyl alcohol). 

Anal. Subs., 0.1042: C02, 0.2308; H20. 0.0996. Calcd. for C~HiyNoz: C, 60.37; 
H, 10.69. Found: C, 60.41; H, 10.62. 

lo Carothers, THIS JOURNAL, 46, 2229 (1924); Shriner, Struck and Jorison, ibid., 
52,2064 (1930). 

" "Organic Syntheses," J. Wiley and Sons, Inc., New York, 1926, Vol. VI, p. 68. 
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The d-2-octyl nitrite obtained was also a light yellow oil distilling a t  86-90° a t  18 
mm.; yield, 9.8 g. or 25.6%; 0.852; ny 1.4279; MD (calcd.), 45.25; MD (found), 
47.7; a? +8.17" (abs. alcohol). 

1-2-Nitro-octane.-The isomer was obtained by the same procedure as above; 
60 g. of d-2-bromo-octane and 60 g. of silver nitrite yielded 7.4 g. of 1-2-nitro-octane; 
yield, 15.0%; b. p. 100-103" a t  18 mm.; 0.9165; ny 1.4292; MD (calcd.), 45.65; 
MU (found) 44.65; a y  -10.8" (abs. alcohol). 

The 1-2-octyl nitrite was obtained in 24.1% yield; b. p. 85-90' a t  18 mm.; 
0.857; ny 1.4218; Mu (calcd.), 45.25; MD (found), 46.8; a? -6.85" (abs. alcohol). 

Sodium Salt of d-2-Nitro-octane.-A standard solution of sodium ethylate in abso- 
lute ethyl alcohol was prepared by dissolving metallic sodium in absolute alcohol. A 
sample of 0.2840 g. of d-2-nitro-octane was mixed with 4.44 cc. of 0.416 N sodium ethylate 
solution (1 equivalent) and then diluted to 20 cc. The rotation was observed imme- 
diately and a t  one-hour intervals over a period of twenty-four hours, during which time 
the readings were constant within the experimental error of reading. All rotations were 
made with D sodium light and a t  25"; average, or2; +3.31°. 

A second solution was prepared using 0.3016 g. of d-2-nitro-octane and 9.10 cc. of 
0.416 N (2 equivalents) sodium ethylate solution. The readings were again constant 
over a period of twelve hours; average, 62 +3.29 O. 

Potassium Salt of d-2-Nitro-octane.-Equivalent quantities of a standard solution 
of potassium ethylate in absolute alcohol and d-2-nitro-octane were mixed and the rota- 
tion was observed over a period of twenty-four hours. The readings were constant; 
average. or2: +3.74 O. 

With two equivalents of potassium ethylate the optical activity of the solution also 
remained constant over a period of 23 hours; average, cu2; +3.96". 

Preparation of I-2-Bromo-2-nitro-octane.-(a) To 1.0 g. of I-2-nitro octane was 
added 25 cc. of 0.3286 N sodium ethylate. Aqueous bromine was added until the solu- 
tion became permanently yellow. The reaction flask was cooled in a freezing mixture. 
The solution was allowed to stand for five minutes, after which enough sodium thio- 
sulfate was added to remove the color of the bromine; 25 cc. of water was added and 
then 100 cc. of ether to extract the product. The ether solution was dried and the ether 
evaporated a t  room temperature by use of suction. The air stream was purified by 
use of an askaritedehydrite tube; 0.3087 g. of the residue of 1-2-bromo-2-nitro-octane 
was tested for rotation; ory -2.92O. 

(b) A second sample of 2 g. of 1-2-nitro-octane was treated with an excess of dilute 
aqueous sodium hydroxide. The aqueous solution was washed once with ether to take 
out any unreacted 1-2-nitro-octane. The aqueous layer was separated and treated with 
an excess of bromine. The 1-2-bromo-2-nitro-octane obtained had a very irritating 
odor; or? -2.22O; nz: 1.4499; 1.113; Mo (calcd.), 54.5; MU (found), 57.4. 

Anal. Subs., 0.3376: 15.37 cc. of 0.0935 N AgNOs. Calcd. for CBHIGB~NOZ: 
Br, 33.60. Found: Br, 34.05. 

Reaction of d-2-Octyl Nitrite with Sodium Ethylate.-A sample of 0.3103 g. of 
d-2-octyl nitrite was treated with an equal molal quantity of sodium ethylate (2.63 cc. 
of 0.740 N). Readings were made over a period of one hundred hours. The readings 
changed from an initial value of or2: +3.46 " to a maximum of or? +6.00 ". Longer stand- 
ing caused the rotation to drop slightly. A sample of 0.3215 g. of d-2-octyl nitrite was 
treated with two equivalents of 0.740 N sodium ethylate. The average of ten readings 
over an eighty-hour period gave cu2,6 +6.15'. The initial reading was (ry +5.71°. 

Conversion of the Sodium Salt of d-2-Nitro-octane Back to d-2-Nitro-octane by an 
Addition of Acid at - 10 ".-(a) A 0.4575-g. sample of d-2-nitro-octane was made up to 
20 cc. volume by adding 95% alcohol. The rotation was taken and found to be a? 
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+12.35" instead of +15.M0 (abs. alcohol). The solution was then treated with 2.33 
cc. of 1.233 N sodium ethylate a t  - 10'. An excess of alcoholic hydrogen chloride (6.5 
cc. of 0.616 N) was then added and just enough water (2 cc.) to dissolve the sodium 
chloride formed in the reaction. The solution was diluted to 40 cc. with 95% alcohol 
and 20 cc. (0.2289 g. of d-2-nitro-octane) used for taking a rotation. Readings were 
made over a period of eighteen hours; average, a?: +3.%j0. This is 24.12% of the 
rotation of the unreacted d-2-nitro-octane. 

Wave length (mp). 
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Plate I.-Absorption spectra of d-2-nitro-octane and its sodium salt. 

(b) To remove the effect of the water on the rotation, the other 20-cc. portion 
after the addition of the acid was diluted with water and the d-2-nitro-octane extracted 
with 25 cc. of ether. The ether solution was dried with anhydrous magnesium sulfate. 
The ether was distilled off and the residue dissolved in absolute alcohol. This gave 
a2,6 +2.86'. Part of the nitro compound was probably lost due to slight solubility in 
the alcohol-water layer. 

Conversion of the Sodium Salt of 1-2-Nitro-octane Back to I-2-Nitro-octane a t  
Temperature of Carbon Dioxide Snow (-70°).--To 0.5 g. of I-2-nitro-octane was added 
an excess (10 cc. of 0.3286 N) of sodium ethylate. The solution was cooled by carbon 
dioxide snow and an excess of alcoholic hydrogen chloride added. The reaction mixture 
was allowed to stand for ten minutes in carbon dioxide snow. Water was added and the 
I-2-nitro-octane extracted with ether. A 0.3462-g. sample of the recovered 2-nitro- 
octane was made up to 20 cc. volume with absolute alcohol and the rotation taken: 
a2 -7.7", or 71.2% of the unreacted 1-2-nitro-octane. 
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Absorption Spectra of d-2-Nitro-octane and the Sodium Salt of d-2-Nitro-octane.- 
The absorption spectra (Plate I) were determined in a K and E color analyzer which per- 
mitted measurements in the visible range only. A solution of 0.5191 g. of d-2-nitro- 
octane in 20 cc. of absolute alcohol was used for obtaining curve (A) and a sample of 
0.5041 g. of 2-nitro-octane which was treated with one equivalent of sodium ethylate 
solution and diluted to 20 cc. was used to obtain curve (B). 

Summary 

1. The preparation of (d) and (I) 2-nitro-octanes is described. 
2. The sodium and potassium salts of d-2-nitro-octane were found to 

be optically active to the same extent. 
3. The d-2-nitro-octane regenerated from the sodium salt a t  - lo0 was 

optically active to the extent of 24.12% of the original d-2-nitro-octane. 
4. By use of very low temperature for the reaction, the regenerated 1- 

2-nitro-octane was optically active to the extent of 71.2% of the original 
I-2-nitro-octane. 

5. Optically active d-2-bromo-2-nitro-octane was prepared from the 
active sodium salt of d-2-nitro-octane. 
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It is a matter of common knowledge, a t  least among those versed in the 
physiology of reproduction, that the pelvis of several species of mammals is 
modified during pregnancy to facilitate the birth of young. These pelvic 
modifications commonly involve the ligaments of the symphysis pubis and 
ilio-sacral unions in a fashion which enables these bones to move apart and 
thus increase the diameter of the pelvic canal. In some animals, only the 
ilio-sacral unions are changed, while in others both these and the symphysis 
pubis are affected. One of the most striking examples of this phenomenon 
is found in pregnant guinea pigs. The pelvic ligaments of these animals 
begin to show signs of loosening, both a t  the ilio-sacral and pubic regions, 
about the middle of pregnancy and they become more and more pronounced 
with the approach of parturition. At the termination of pregnancy the 
ilia can be freely moved, and a finger can be placed between the pubic bones 
a t  the symphysis. This remarkable modification of the guinea pig pelvis 
has, for lack of a better term, been designated as ligamentus relaxation. 

"his work has been assisted by grants from the committee for Research on Prob- 
lems of Sex of the National Research Council. 
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I t  was not until quite recently that these pregnancy changes were found 
to be under hormonal control .Vt  was first discovered that a substance 
was present in the blood of pregnant rabbits which, when injected into 
virgin guinea pigs during oestrum, would produce ligamentus relaxation, 
characteristic of that which normally occurs during pregnancy. This 
substance appears in the blood of pregnant rabbits, a t  about the seventh 
day of the gestation period, in sufficient amount to give a positive test when 
2 cc. of serum is injected and disappears within twelve hours after the 
birth of young. So constant is the presence of this relaxative substance 
and so definite is its reaction that it may be used as a test for pregnancy 
in rabbits. 

Although the chemical and physiological properties of the relaxative sub- 
stance were first studied as it exists in the blood, it was later demonstrated 
that the substance had its origin in the corpora lutea and placenta. It is a 
hormone typical of the corpus luteum but, like the follicular hormone 
"oestrin," may also have other sources, particularly the placenta. The 
hormone is not species specific, but is found in the blood and tissues of 
certain mammals in greater amounts than in  other^.^ However, no matter 
where it is found it can be extracted and purified by essentially the same 
chemical procedures. 

The only physiological property thus far discovered for this hormone is 
its action on the pelvic ligaments and for this reason we propose the name 
"Relaxin." This designates its physiological activity and also adheres to 
the generally accepted nomenclature for hormones. 

The factors governing the relaxation reaction can best be demonstrated 
in castrate virgin guinea pigs. When such animals are injected with relaxin 
the pelvic ligaments do not respond, but if they are first brought into arti- 
ficial oestrum through the use of follicular hormone and are then given re- 
laxin, positive results follow. The follicular hormone must first produce its 
effect before relaxin can act. If relaxin is given first, followed by follicular 
hormone, no relaxation occurs and when both hormones are given simul- 
taneously over an extended period, the results remain negative until enough 
time has elapsed for the follicular hormone to put the animal in the proper 
physiological condition, so that the pelvic ligaments will respond to relaxin. 
Relaxation of the pelvic ligaments of the guinea pig depends upon the action 
of two hormones, namely, oestrin and relaxin, neither of which can produce 
the reaction when given alone, but the two must work in definite relation- 
ship to each other. 

It also seems that oestrin and relaxin work with each other in a quali- 
tative fashion in achieving and prolonging the ligamentus relaxation re- 
action. This idea is supported by the fact that a castrate female need not 
be brought into full oestrum before the relaxative hormone can function, 

2 Frederick L. Hisaw, Phys. Zoology, 2,59 (1929). 
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nor can the action of this hormone be hindered by large doses of oestrin. 
I t  is also true that once the relaxed condition is attained, relaxin alone 
cannot maintain it over an extended period, but can do so only when the 
animal is kept tuned up, so to speak, by frequent doses of oestrin. 

The potency of different preparations of relaxin is standardized in terms 
of their ability to produce relaxation of the pelvic ligaments of virgin female 
guinea pigs which are in full oestrum. These animals are injected subcu- 
taneously with a definite amount of the preparation to be tested and after 
ten to twelve hours the pelvic ligaments are palpated gently to see if they 
have become loose. Loosening can best be determined by alternately 
moving each half of the pelvis up and down vertically while at the same 
time keeping a finger over the symphysis pubis. The minimum amount 
of hormone which causes a definite loosening of the ligaments within ten t o  
tweve hours after a single injection is taken as a guinea pig unit. 

This paper deals only with the relaxative hormone of the corpus luteum, 
but it should be mentioned in passing that relaxin is only one of two hor- 
mones elaborated by the corpora lutea of the sow. This second hormone 
differs from relaxin in both its physiological and chemical properties. I t  
does not produce relaxation but is responsible for various other reactions 
such as the growth of placentomataI3 inhibition of ovulation and vaginal 
changes typical of pregnancyI4 progestational development in the uterus of 
 rabbit^,"^ and formation of a premenstrual endometrium in the uterus of 
castrate rn~nkeys.~ This second hormone also depends upon the cooper- 
ation of oestrin to produce its effect in a manner similar to that described 
for relaxin, with the exception that the relationship here is a quantitative 
one.8 The two corpus luteum hormones have been separated from each 
other quantitatively and the chemical nature of the second hormone is be- 
ing studied at the present time. We wish only to state that it has been 
obtained in a highly purified, water-soluble c~ndition.~ 

General Characteristics of Relaxin.--The relaxative hormone is ex- 
tracted from corpora lutea, which is its chief source, or from other tissues, 
by means of acid alcohol. The extract is subsequently purified by elimina- 
tion of proteins, phospholipins and other fatty substances by various 
methods with the result that a water-soluble extract, containing the active 
principle in concentrated form, is obtained. The hormone may then be 
obtained from this extract by either of two different methods. By crystal- 
lization of the evaporated aqueous extract from glacial acetic acid, the 

C. K. Weichert, Proc. Soc. Exptl. Biol. Med., 25, 490 (1928). 
Frederick I,. Hisaw, R. K. Meyer and C. K. Weichert, ibid., 25,754 (1928). 
G. W. Corner and W. M. AIIen, Am. J. Physiol., 88,326 (1929). 
W .  M. Allen and G. W. Comer, Proc. SOC. Exptl. Biol. Med., 27, 403 (1930). 
Hisaw, Meyer and Fevold, ibid., 27, 400 (1930). 
Hisaw and Leonard, Am. J. Physiol., 92, 574 (1930). 
Fevold, Hisaw and Meyer, Proc. Soc. Exptl. Bio2. Med., 27,606 (1930). 
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hormone is obtained in a form in which it is associated with sodium chloride. 
The product is crystalline in nature and consists largely of sodium chloride. 
The active material is present in this crystalline preparation but whether 
it is merely adsorbed on the crystals or crystallized with the sodium 
chloride is open to question. Approximately one milligram of this crystal- 
line material is sufficient to give the physiological reaction described above. 
On the other hand, the hormone may be precipitated from solution by 
means of picric acid and subsequently purified, with the result that a 
product is obtained which is effective in about 0.03-mg. doses. One gram 
of the purified material contains about 28,000 guinea pig units. 

The purified hormone is soluble in glacial acetic acid, only slightly soluble 
in distilled water and 95% alcohol, insoluble in alcohol and other 
organic solvents such as ethyl ether, acetone, petroleum ether and benzol. 
In its impure form it is sufficiently soluble in 95 or 97% alcohol so that these 
solvents may be used to purify the crude extract. The hormone dissolves 
in aqueous alkaline or acid solutions. In alkaline solution, however, above 
a PH of 9.0, the activity of the hormone is impaired quite rapidly, while in 
2y0 sodium hydroxide the hormone is destroyed almost immediately. 
In acid (non-oxidizing) and neutral solutions the hormone is stable. Solu- 
tions at  PH of 7.0 and 3.2 have been kept in the ice box for a year with no 
detectable decrease in activity. 

The hormone is also affected by oxidation, by drying in air and by 
heating. Solutions of the hormone decolorize potassium permanganate 
with consequent loss of activity. One cc. of a N/10 solution of potassium 
permanganate will inactivate completely 25 G. P. units of the hormone. 
Dilute nitric acid renders it inactive, as do also bromine, chlorine and iodine. 
If the hormone is permitted to stand at room temperatures in dry form the 
activity decreases slowly but definitely, If the dry hormone is heated 
under atmospheric conditions over 50" the activity is completely lost in 
twenty-four to forty-eight hours. Heating the aqueous solutions at  70- 
80" for five or six hours destroys all activity, while boiling for ten or fifteen 
minutes brings about the same result. 

Some of the properties of the active material would point to a peptide- 
like structure while other characteristics seem to eliminate that possibility. 
It has both basic and acidic properties, since it is soluble in both acid and 
alkaline solutions. It has a very definite isoelectric point, being precipi- 
tated from a 0.170 solution at a PH of 5.4-5.5. Proteolytic enzymes break 
down the material to a stage where it is no longer active. Trypsin and 
pepsin both destroy the hormone. I t  contains nitrogen but the amount is 
rather low to correspond to a peptide-like structure. A 0.5Y0 solution of 
the active material is negative to Millon's reaction and to the ninhydrin 
reaction, but gives a faint violet coloration with Poser's ring biuret test. 
It is also negative to Molisch's reaction. 
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Experimental Details 
Extraction of Corpus Luteum Tissue.--The following describes the preparation of 

an extract of one kilogram of corpus luteum tissue from sows' ovaries. 
Corpora lutea from sows' ovaries are finely ground and extracted twice, for forty- 

eight hours, with two liter portions of acidulated alcohol (2 cc. of concd. hydrochloric 
acid to 98 cc. of 95% alcohol) at room temperature, with frequent shaking and stirring. 
After each extraction the residue is pressed dry by means of a press. The two extracts 
are united and one-third of their volume of water is added. The fatty material which 
separates is filtered off and discarded. 

The filtrate is adjusted to a PH of 6.8 by the careful addition of 10% sodium hy- 
droxide. When the end-point is being approached, the extract becomes turbid and a t  s 
PH of 6.8 a flocculent precipitate separates out. After standing for a few hours (six 
to  eight) the precipitate is filtered off, reextracted with 200 cc. of 70% alcohol, which 
has been acidified as before, reprecipitated by neutralization and discarded. 

The united extracts are evaporated to a semi-dryness under reduced pressure at 
40 to 45' or preferably in an air dryer a t  40" and extracted with 450 cc. of 95% alcohol, 
using 150-cc. portions in three successive extractions, allowing one-half hour for each 
extraction. The insoluble residue is centrifuged off and discarded while the alcohoiic 
solution is evaporated and the residue emulsified in 200 cc. of water. Phospholipins are 
precipitated by adding an equal volume of acetone, removed and discarded. 

The aqueous acetone solution is again evaporated and the residue extracted with 
200 cc. of 97% alcohol. The material must be triturated with the alcohol until it is in 
a finely divided condition. A large volume of alcohol must not be used as this resiilts 
in a partial precipitation of the hormone. After removal of the alcohol as before, the 
solute is repeatedly extracted with ether or acetone to remove any remaining fats. 
The ether-insoluble residue is then dissolved in water a t  a PH of 3 to 4. The water solu- 
tion is clear and light brownish in color. It is usually prepared so that 1 cc. is equal to 
15 g. of the fresh tissue, although it can be concentrated to more than twice that strength. 
As a rule, enough of this extract to represent one gram of the fresh tissue is sufficient t- 
give a good positive result in the relaxation reaction. This extract has been used for a 
long time in our laboratory and has proved very satisfactory. We shall designate this 
preparation as preparation "A." 

If the residue after the ether extraction is dissolved in a small amount of 95% alcohol 
and then diluted with 99% alcohol until no more precipitate forms, the relaxative hor- 
mone is completely precipitated. The precipitate is somewhat soluble in distilled water 
but much more readily soluble in water a t  a PH of 3 to 4 (prepn. "B"). The potency of 
this preparation is the same as that of the original extract. Table I shows the number of 
units contained in preparation "A" from one kilogram of tissue and in preparation "B" 
after precipitation. 

RELATIVE POTENCY OF PXEPN. "A" AND PREPN. "B" 

Sample. . 1 2 3 4 5 
Prepn. "A," units per kilo. 1100 975 1000 800 850 
Prepn. "B," units per kilo. 1100 950 1000 750 850 

The Relaxative Hormone in the Blood of Pregnant Rabbits.-The - 

presence of the relaxative hormone in the blood of various pregnant animals 
has been previously rep~r ted .~  The amount increases with the duration 
of pregnancy, being greatest during the last half of the gestation period. 
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At this time 2 cc. of pregnant rabbit serum is sufficient to produce very 
pronounced relaxation, while 0.25 cc. ordinarily gives a positive reaction. 

The hormone can be obtained from rabbit serum by various methods. 
If sthe serum is evaporated to semi-dryness, the active material can be 
extracted by means of saline solution. Ninety-five per cent. alcohol will 
not extract the hormone from the dried residue, but if the residue is treated 
with 95% alcohol which has been acidified as previously described, the 
hormone is taken into solution. After neutralization and evaporation, 
the residue is then soluble in neutral 95% alcohol. 

To determine the type of material with which the hormone is associated 
in the blood, the following experiments were carried out. The globulins of 
the blood serum were precipitated, using sodium sulfate as the precipitant. 
The globulin-free serum was found to be inactive, while the globulin frac- 
tion produced relaxation. The euglobulins were then precipitated by the 
addition of 13 to 140jo sodium sulfate. In this case the precipitated fraction 
was inactive while the remaining serum retained its activity. It appears, 
therefore, that the hormone was associated with the pseudoglobulin fraction 
of the serum proteins. To test this further, the entire globulin fraction 
was precipitated from a sample of pregnant rabbit serum by one-half 
saturation with sodium sulfate. They were then fractionated by fractional 
precipitation with the same precipitant. As before, the fraction designated 
as the euglobulins was inactive while the pseudoglobulins contained the 
hormone. 

Preparation of the Hormone Associated with Sodium Chloride.-The ether-ic- 
soluble material from one kilogram of fresh tissue is dissolved in 200 cc. of glacial acetic 
acid. Thc solution is then pcrmittcd to evaporate slowly, in the air dryer, until a11 the 
acetic acid has been removed and crystals.of a ddnite form appear. These crystals 
are insoluble in ethyl alcohol, so the brown sirupy material is removed by dissolving in 
50 cc. of 99% alcohol. Here again the volume must be kept small. If a large volume 
of a!cohol is used, a flocculent precipitate will appear. This precipitate dissolves if the 
volume of alcohol is small, while the crystals remain insoluble. To remove any traces of 
the flocculent precipitate, the following procedure is used. The 50 cc. of alcoholic ex- 
tract is diluted with 99% alcohol until no more precipitate forms, the precipitate is 
centrifuged off, and the alcoholic solution again concentrated to 50 cc. The impure 
crystals are then reextracted, using the alcoholic solution as the solvent. Any of the 
flocculent material which remained will dissolve. After this has been repeated twice, 
the crystals are washed several times with absolute alcohol, leaving them in a "pure" 
con

di

tion. Microscopically nothing remains but the crystalline material. The crys- 
talline fraction contains the relaxative hormone while the alcohol solution is relatively 
inactive. Approximately 85% of the hormone is obtained in the crystalline fraction 
while 15% remains in the alcoholic solution. This can be completely removed by the 
addition of a small amount of sodium chloride and recrvstallization from acetic acid. 
The crystals in this case are, however, as a rule irregular and contain an excess of sodium 
chloride. 

The crystalline product is composed of approximately four parts ash and one part 
volatile material. The ash is made up of sodium chloride, as is shown by the following 
facts. If the ash is dissolved in a little water and crystallized on a slide, characteristic 
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crystals of sodium chloride appear. If the chlorine in the ash is determined and calcu- 
lated as sodium chloride the results agree with the weight of the ash. Also, the crystals 
give a strong sodium test while tests for other cations of non-volatile chlorides have been 
negative. The volatile fraction contains the active material which, as we shall see 
later, contains a definite amount of nitrogen. 

The crystals dissolve readily in water. When this aqueous solution is injected, in 
the same proportion as that given for the tissue extract, it produces relaxation of the 
pelvic ligaments of guinea pigs in oestrum. The dose which gives a positive reaction 
represents approximately one milligram of crystalline material or two-tenths of a milli- 
gram of volatile material. The amount of crystalline material obtained, in different 

' preparations, from the same amount of tissue, is relatively constant although not entirely 
so. One kilogram of corpus luteum tissue yields approximately 0.8 g. of crystalline 
material, varying in individual preparations by *0.2 g. 

Purification of the Hormone by Precipitation with Picric Acid.-The 
aqueous solution of the crystalline material is made acid (PH 4 to 5) with 
hydrochloric acid and an excess of picric acid is added. A precipitate is 
formed which is separated by centrifuging. The precipitate is washed 
several times with distilled water, dissolved by adding just enough sodium 
hydroxide to cause solution and reprecipitated by making acid with hydro- 
chloric acid. The product is insoluble in water, alcohol and ether but dis- 
solves in glacial acetic acid. I t  retains the activity of the original prep- 
aration quantitatively, as is shown by Table 11. 

TABLE I1 
RELATIVE POTENCY OF CRYSTALLINE PREPARATION AND PICRIC ACID PRECIPITATE 

Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 3 4 5 
Crystalline prepn., G. P. units.. . . . . . . . 700 800 850 770 800 
Picric acid prepn., G. P. units.. . . . . . . . . 700 800 83 5 740 775 

While this insoluble picrate was first prepared from the crystalline prepa- 
rations, it was later found that the hormone could be precipitated and 
purified more conveniently before crystallization from glacial acetic acid 
as follows. The hormone is precipitated by means of 99% alcohol as 
previously described and dissolved in water acidified with hydrochloric 
acid (Prepn. "B"). To this solution is added an excess of picric acid, which 
precipitates the active principle as described. The product is again just 
as active as the solution from which it was precipitated. 

The active substance, whether i t  is prepared from the crystalline fraction 
or from preparation "B," is freed from picric acid and obtained in an ex- 
tremely pure form by the following procedure. The picrate is dissolved in 
a small amount of glacial acetic acid. To this solution is added five times 
its volume of ethyl ether. The active material is precipitated as a brown- 
ish-yellow flocculent precipitate. It is centrifuged off and dissolved in 
distilled water, in which it now dissolves readily. The aqueous solution is 
adjusted to a PH of 5.4, whereupon the active substance again precipitates 
and is centrifuged off. The successive precipitation from acetic acid with 
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ether and from aqueous solution a t  its isoelectric point is repeated several 
(4-5) times. The purified product finally comes down as a flesh colored 
flocculent precipitate which dries in clear, shiny amber plates with no 
definite structure. Table I11 gives the yield in milligrams from different 
kilogram samples and the guinea pig units contained in each sample. 

TABLE I11 
ASSAY OX PURIFIED RELAXATIVE HORMONE 

Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 3 4 5 6 
Yield per kg., C. I,. tissue, mg.. ....... 35 30 17 21.5 43.5 32 
G. P. units.. . . . . . . . . . . . . . . . . . . . . . . .  1000 858 500 672 1230 914 
Mg. of dried material per G. P. unit.. . 0.035 0.035 0.034 0.032 0.034 0.035 

The figures in Table I11 are selected to show the variation which may 
occur in different samples of tissue. The general yield which is ordinarily 
obtained varies from 850 to 1100 guinea pig units per kilogram of fresh 
tissue, but wider variations sometimes occur as shown in the table. Vari- 
ation in the yield from a given amount of tissue is to  be expected since 
no attempt is made to obtain corpora lutea only from pregnant or non- 
pregnant sows in the same stage of development. The more important 
fact, which is demonstrated in Table 111, is that the amount of purified 
material representing a guinea pig unit is constant throughout. 

The nitrogen content of the isolated material has been determined by 
Kemmerer's micro Kjeldahl method.l"l1 The samples were prepared by 
reprecipitation a t  the isoelectric point a t  least ten times, dried a t  3 5 O  under 
atmospheric conditions, ground in an agate mortar and then dried a t  60° 
in vacuo. The amount of nitrogen found in different preparations is 
constant as shown in Table IV. 

TABLE IV 
NITROGEN CONTENT OF PURIFIED MATERIAL 

Sample . . . . . . . . . . . . . .  1 2 3 4 5 6 7 8 
Nitrogen,% . . . . . . . . .  11.52 11.78 11.55 11.24 11.55 11.49 10.78 11.38 

Discussion 
As to the chemical nature of relaxin, not much can be said conclusively 

a t  the present time. We believe that the purified product which we have 
obtained is a t  least a close approach to the pure substance and while we 
have not as yet obtained i t  in a pure crystalline form we may hope to  do so. 
The product seems to act as a chemical individual toward all solvents and 
reagents to which we have subjected it. Its composition seems t o  be con- 
stant, if we may judge from the constant amourit of nitrogen in every 
sample. As mentioned before, the product is amphoteric in nature and 

lo G. Kemmerer and I,. T. Hallett, Ind. Eng. Chem., 19,1295 (1927). 
11 The authors are indebted to T.  F. Setterquist for the analysis of the purified 

material. 
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has several other properties which would point to a peptide-like structure. 
However, with a nitrogen content of only 11% the chemical structure of 
the material appears to be different from typical peptides or polypeptides. 
The work which is reported in this paper lays the foundation for a more 
exact study of the chemical nature of the hormone. 

Since insulin is generally considered to be peptide-like in nature, it is 
interesting to compare the two hormones, relaxin and insulin. Insulin is 
more definitely positive to protein reactions than is relaxin, but it can 
readily be seen that the two are very similar in a number of their properties. 

COMPARISON OR THE PROPERTIES OR INSULIN AND RELAXIN 
Insulin Relaxin 

Isoelectric point 
Acid solution 
Alkaline solution 
Millon's reaction 
Biuret reaction 
Molisch Reaction 
Picric acid 
Trypsin 
Pepsin 

About Pa 5.0 
Stable 
Unstable 
Questionable 
Positive 
Negative 
Precipitated by 
Destroyed 
Destroyed 

PH 5.4-5.5 
Stable 
Unstable 
Negative 
Questionable 
Negative 
Precipitated by 
Destroyed 
Destroyed 

Summary 

1. Methods for the extraction and purification of the relaxative hormone 
(Relaxin) are given. 

2 .  The hormone has been obtained in a form in which it is associated 
with sodium chloride in relatively pure condition. 

3. The hormone has also been concentrated to a highly purified form 
in which 0.035 mg. constitutes a guinea pig unit. 

4. The chemical properties of the purified product are given. These are 
compared with those of insulin. 

5. The name "Relaxin" is proposed to designate the relaxative hor- 
mone. 

MADISON, WISCONSIN 
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THE PRELIMINARY FORMATION OF ADDITION COMPOUNDS 
IN SUBSTITUTION REACTIONS OF AROMATIC TYPES. THE 

BROMINATION OF ETHYL 2-FURYLACRYLATE 

Introduction 
Numerous explanations have been proposed to account for the mecha- 

nism of substitution reactions of aromatic compounds. Among these is 
that of Holleman, l postulating the formation of an intermediate addition 
compound which subsequently loses a hydrogen from the ring and a part 
of the addenda to give the ultimate substitution product. The following 
reaction may be taken by way of illustration of the bromination of benzene. 

H H 
I I 

/'!\ 
H-C C-H (Bra) H-C C-Br (-HBr) H-C C-Br 

I1 I ---t I 1  I ___) 
H-C C-H H-C C-H 

II I 
H-C C-H 

\c/ \'!/ \c/ 

Two objections, in particular, have been raised against an interpretation 
of this kind. First, the preliminary addition compounds in such typical 
substitution reactions as halogenation, nitration, sulfonation, mercuration, 
arsonation, etc., have not been isolated. Second, if substitution did 
proceed via addition compounds, then such reactions should lead to the 
very ready formation of poly-substitution products, a conclusion which is 
not borne out by the readily controllable substitution reactions so char- 
acteristic of aromatic types. The expectancy of the facile formation of 
poly-substitution products appears reasonable to many in view of the 
fact that with the formation of the addition compound, the aromatic 
character is destroyed and the resulting dihydro-aromatic type should lend 
itself to the prompt formation of poly-addition compounds which in turn 
should yield poly-substitution products. 

The first objection is not entirely valid. A part of i t  may be due to un- 
familiarity with scattered references which may be proffered in support 
of preliminary addition. For example, the following observation2 has 

1 Holleman, "Die direkte Einfiihring von Substituenten in den Benzolkern," 
Leipzig, Veit and Co., 1910. In the illustration of the bromination of benzene, we might, 
of course, have 1,4-addition of bromine followed by 1,4-removal of hydrogen bromide. 

2 Muskat and Becker, THIS JOURNAL, 52,812 (1930). We must confess that we 
were unaware a t  first of all of the addition compounds referred to in our paper. It is 
certain that those which we have culled from a cursory examination of the literature are 
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just been made: "Ia studying the addition reactions of conjugated sys- 
tems, we have a marked advantage over the study of similar reactions in 
the aromatic nucleus for i t  is possible to isolate the intermediate addition 
compound prior to its breakdown to  the substitution derivative; in the 
reactions of aromatic compounds, only substitution products can as yet be 
isolated." The second objection has been tested recently by Van Alphen3 

and shown to lack validity, a t  least with A-2,6-dihydrophthalic acid. 
The following references are pertinent to some of the illustration avail- 

able in the literature which may be advanced in support of addition com- 
pounds being precursors of bromine substitution products: b e n ~ e n e , ~  
na~hthalene,~ anthra~ene,~ phenanthrene,' pyridine? f ~ r a n , ~  thiophene1° 
and pyrrole.ll 

We are presenting a t  this time evidence for the preliminary addition of 
bromine to the furan nucleus incidental to the ultimate substitution of one 
of the nuclear hydrogens by bromine. It has long been known that some 
heterocyclic types like furan, thiophene and pyrrole have properties 
(physical, chemical and phy~iological~~) which warrant their formal cor- 
far from being a complete list. A general account of addition preceding substitution may 
be found in Chapters I X  and X of Johnson and Hahn's translation and enlargement of 
Henrich's "Theories of Organic Chemistry," Chapman and Hall, New York, 1922. 

a Van Alphen, Rcc. trav. chim., 47, 169 (1928). This article contains references to 
related studies, and particularly to another type of addition (involving one and not two 
carbon atoms) proposed by Prins. 

Meunier, Ann. chim. phys., [6] 10,223 (1887). Mitscherlich, Poggendorff's Ann. 
Phys. Chem., 35,374 (1F35). 

Laurent, Ann. chim. phys., 59, 196 (1835); 66, 196 (1837); Orndorff and Moyer, 
Am. Chem. J. ,  19,262 (1897). 

Laurent, Ann., 34,295 (1840) ; Meyer and Jacobson, Vol. 11, part 2, p. 516. 
Hayduck, ibid., 167, 177 (1873); Austin, J. Chem. Soc., 93, 1760 (1908); Hen- 

stock, ibid., 119, 55 (1921); 123, 3097 (1923). The prior formation of phenanthrene 
dibromide has been confirmed frequently by Dr. Arthur J. Hill. 

8 Hofmann, Ber., 12, 988 (1879), and just recently Englert and McElvain, THIS 
JOURNAL, 51,863 (1929). In these and related instances, it is definitely known that the 
bromine is initially attached to nitrogen. However, it is not definitely known whether 
the bromine subsequently adds to an ethylenic linkage. 

9 Tonnies, Ber., 11, 1086 (1878); Schiff and Tassinari, ibid., 11, 842 (1878); Tre- 
filev, Ukrainskii Khem. Zhur., 1, Sci. Pt., 121-296 (1925); [C.  A . ,  23,3926 (1929)l. 

lo Whitmore, "Organic Compounds of Mercury," The Chemical Catalog Co., 
New York, 1921, p. 36. This reference is to the general principle of preliminary addi- 
tion. Very probably the initial step in bromination of sulfides at  low temperatures is 
addition of the bromine molecule to sulfur. This is the case with diary1 sulfides [see 
Fries and Vogt, Ann., 381,337 (1911)l. 

l1 The problem of preliminary addition to the nitrogen in pyridiie probably applies 
to pyrrole. Too little, however, is known about these very unstable bromopyrroles. 
(See Hess and Wissing, Ber., 48, 1884 (1915).) 

LS Gilman and Pickens, THIS JOURNAL, 47, 245 (1925). Meyer and Jacobson, 
"Lehrbuch der Organischen Chemie," Vol. 11, part 3, section I, pp. 12-17, contains a 
general critical account of the formulas of these compounds. 
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relation with benzene types. We have resolved a typical substitution 
reaction, the bromination of the furylacrylic nucleus, into two distinct 
steps: first, the addition of bromine to the ring, and then subsequent re- 
moval of hydrogen bromide. We previously demonstrated13 that the sub- 
stituted bromine occupies the 5-position. 

H-C-C-H 

This ethyl 5-brornofurylacrylate results definitely from a bromine addition 
compound, which subsequently loses hydrogen bromide. One atom of the 
bromine molecule1* which added initially must have been attached t o  
carbon 5. If addition occurred a t  one ethylenic linkage, then the other 
atom of bromine may have been on carbon 4, and this second atom of 
bromine subsequently combined with the hydrogen of carbon 5 to  give 
hydrogen bromide and ethyl 5-bromofurylacrylate. 

However, because of the multiple series of conjugated linkages in the 
ethyl furylacrylate, there are possibilities that the second bromine was 
attached (by 1,Paddition) to carbon 2 of the conjugatedls system 
-(2,3,4,5) ; or (by 1,G-addition) to carbon 7 of the system -(7,6,2,3,4,5) ; 
or to oxygen 9 (by l,&addition) to the system -(9,8,7,6,2,3,4,5). This 
last we consider highly improbab1e.I6 A common interpretation would be 
addition to the 4,5-ethylenic linkage, although evidence with other re- 
actions of the furan type under consideration makes i t  altogether likely 
that with some addenda we are dealing with 1,4- and with 1,6-additions. 
With 1,4-addition of bromine to the carbon atoms 2 and 5, i t  would only 
be necessary to have l,4-removal of hydrogen bromide from carbon atoms 
5 and 2. We are a t  present inclined to view the addition as 1,4-, partly 
because the second molecule of bromine apparently adds laterally to  
carbon atoms 6 and 7; because no ethyl 3- or 4-bromofurylacrylate has 

l3  Gilman and Wright, Rec. trav. chim., 49, 195 (1930). 
l4 Possibly both bromine atoms may have been attached initially to carbon 5; 

see Ref. 3 of this paper. 
l6 There are other theoretically possible conjugated systems, namely, those in- 

volving oxygen 1. If we assume that the oxygen is capable of functioning, latently or 
otherwise, in an oxonium form, then we have a hypothetical double bond emerging 
from this oxygen. and by virtue of such a condition, the conjugated systems -(1,5.4) 
and -(1,2,3) might be considered. However, neither of these would account (rearrange- 
ments excluded) for the attachment of bromine to carbon 5. In this connection, it is 
interesting to note that Moureu, Dufraisse and Johnson, Ann. chim., 7, 8 (1927) have 
postulated prior addition of bromine to the oxygen in a study of furylacrylic acid. 
This will be considered in a later report on the more extensive brornination of furylacrylic 
acid and its ethyl ester. 

l6 Kohler and Butler, THIS JOURSAL, 48,1036 (1926); Lutz, ibid., 51,3008 (1929). 
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been isolated; and, finally, because polynuclear substitution takes place 
with great difficulty when the hydrogens attached to carbon atoms 2 and 
5 have been replaced. 

Experimental Part 
The ethyl furylacrylate was prepared in accordance with the improved directions 

of Gilman, Brown and Jones.17 
To  83 g. (0.5 mole) of ethyl furylacrylate in 200 cc. of dry carbon disulfide there was 

added dropwise and with constant stirring 80 g. (0.5 mole) of bromine in 50 cc. of car- 
bon disulfide. One experiment was carried out a t  room temperature and another a t  
- 15 ". The crystals which separated on chilling this solution to about - 10 " weighed 
51 g., or 31y0 of the theoretical amount for the dibromide, and melted a t  60". When 
crystallized a t  a low temperature (-80 to 20") from petroleum ether (b. p. 40-Boo), 
the compound melted a t  70 O. Because of the high instability of the dibromide, it  was 
analyzed immediately. 

Anal. Calcd. for CgH,OaBrz: Br, 49.08. Found: Br, 49.15. 

The same compound was also prepared after the technique employed by Moureu, 
Dufraisse and Johnsonla for the bromination of furylacrylic acid. To 41.5 g. (0.25 mole) 
of the ester in 100 cc. of chloroform was added slowly 40 g. (0.25 mole) of bromine. This 
reaction was carried out a t  - 15' in an atmosphere of carbon dioxide which was circu- 
lated through a 500-cc. three-necked flask provided with a stirrer, dropping funnel and 
thermometer. When addition was completed, most of the solvent Was removed a t  room 
temperature and under reduced pressure. The crystals which formed were separated 
by filtration and washed with a small quantity of petroleum ether. The yield of com- 
pound melting a t  60° was 30 g. The compound was recrystallized from petroleum 
ether by dissolving it  a t  room temperature and cooling to -80". The compound so 
obtained showed no depression in a mixed melting point determination with the dibro- 
mide prepared in carbon disulfide. During the crystallization about one-half of the 
original product did not dissolve in petroleum ether and this compound was identified 
as ethyl 5-bromo-2-fury1 dibromopropionate, the acid of which was described previously 
by  Gibson and Kahnweiler.'g There appears to  be less decomposition in the addition 
of bromine in a carbon disulfide solution. 

When the dibromo addition comp~und was dissolved in alcohol and treated with 
zinc dust, the bromine atoms were removed and ethyl furylacrylate was obtained. The 
dibromo ester, dissolved in either chloroform or alcohol, appears to  be unaffected by 
mercury. 

A solution containing 6.5 g. (0.02 mole) of the dibromo ester in alcohol was treated 
with alcoholic potassium hydroxide until the mixture was alkaline. The potassium 
bromide (determined by silver bromide) obtained by filtration was 97.5y0 of the theo- 
retical quantity. The filtrate was heated with dilute sodium hydroxide in order to  hy- 
drolyze the ester to the more readily workable acid. Acidification of this hydrolysate, 
subsequent to  decolorization by Norite, yielded 5-bromofurylacrylic acid, which was 
identified by  a mixed melting point determination with a n  authentic specirnen.13 

When the dry dibromo compound is permitted to  decompose spontaneously (ac- 
companied by the evolution of hydrogen bromide), very small quantities of 5-bromo- 
furylacrylic acid can be isolated by the subsequent hydrolysis of the oil. 

17 Gilman, Brown and Jones, Iowa State Coll. J. of Science, 2, 317 (1928). 
18 Moureu, Dufraisse and Johnson, Ann. chim., 7, 8 (1927). 
'9 Gibson and Kahnweiler, Am. Chem. J., 12,314 (1890). 
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Summary 
When ethyl furylacrylate is treated with bromine, an unstable dibromo 

addition compound is formed which readily loses hydrogen bromide to  give 
ethyl 5-bromofurylacrylate. The isolation and analysis of this interme- 
diate dibromo compound is advanced as supplementary evidence for the 
prior formation of addition compounds in substitution reactions of aromatic 
types. 

AMES, IOWA 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF ALBERTA] 

SOME DERIVATIVES OF DIPHENYL SULFIDE AND DIPHENYL 
ETHER 

The importance of the diaryl sulfide and diaryl oxide groupings in com- 
pounds which have therapeutic value has been demonstrated in the im- 
portant work of T. B. Johnson1 and C. R. Har ing t~n ,~  respectively. For 
this reason i t  was considered of interest to synthesize some sulfur ether 
analogs (Formula I)  of 2,6-di-iodo-4-nitro-4'-methoxydiphenyl ether and 
its reduction compound 2,6-di-iodo-4-amino-4'-methoxydiphenyl ether. 
The latter compounds are intermediates in Harington and Barger's syn- 
thesis of thyr~x ine .~  It was also considered of importance to prepare some 
oxygen ether isomers (Formulas I1 and 111) of the above-mentioned com- 
pounds, viz., 2,6-di-iodo-4-nitro-3'-methoxydiphenyl ether, 2,6-di-iodo-4- 
nitro-2'-methoxydiphenyl ether and the corresponding amino compounds. 

The ultimate aim in view was to synthesize a sulfur ether analog of 
thyroxine3 and also two oxygen ether isomers of thyroxine. Because this 

OCHl 

1 Hilbert and Johnson, THIS JOURNAL, 51, 1526 (1929); Bass and Johnson, ibid., 
52, 1146 (1930). 

2 Harington, Biochem. J., 20, 293, 300 (1926); Harington and Barger, ibid., 21, 
169 (1927). 

3 This work is now in progress. 
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was a rather extensive field of investigation, and because of the departure 
of the junior author from this Laboratory, it was decided to report the 
work up to date. 

In this work the authors have followed, in the main, the methods out- 
lined by Harington and Barger.2 The two isomers of hydroquinone 
monomethyl ether, viz., guaiacol and resorcinol monomethyl ether, were 
condensed with 3,4,5-tri-iodonitrobenzene. The yields of the compounds 
produced, however, were much smaller than the yield of the corresponding 
hydroquinone monomethyl ether compound reported by Harington and 
Barger.2 The yield in each case, which was really disappointing, appar- 
ently falls off as the methoxy group moves from position 4' to position 2'. 
The use of copper dust and longer periods of refluxing seemed to produce 
no beneficial results. The reduction of the nitro compounds to the amines 
was found to be a smooth reaction. For the purpose of identifying the 
amines, the acetyl derivatives and in some cases the benzoyl derivatives 
were prepared. The hydrochlorides of the amines were also prepared as a 
necessary step to subsequent diazotization. 

The interaction of 3,4,5-tri-iodonitrobenzene and p-methoxythiophenol 
gave a fairly good yield of the sulfur ether compound. In fact, the yield 
was comparable to that of Harington's yield of 2,6-di-iodo-4-nitro-4'- 
methoxydiphenyl ether. Agair? the esperimenta! conditions, with slight 
modifications, were those of Harington and Barger.2 The sulfur ether 
compound was reduced, the amine acetylated and converted into the hydro- 
chloride without difficulty. 

Since these compounds have been prepared by standard methods, only 
the preparation of 2,6-di-iodo-4-nitro-4'-methoxydiphenyl sulfide will be 
described. The general properties, analytical data and some of the 
yields of these substances are given in the tables. 

DERIVATIVES OF DIPEIENYL SULFIDE 
No. Compound Solvent Yield, % Crystal form 

1 2,6-Di-iodo-4-amino-4'-me- 
thoxy- (Et)zo 64 Gray-white needles 

2 2,6-Di-iodo-4-acetylamino-4'- 
methoxy- AcOH Nearly quant. Nearly colorless needles 

3 Hydrochloride of 2,6-di-iodo-4- 
amino-4'-methoxy- . . . . Nearly quant. Colorless flakes 

DERIVATIVES OP DIPHENYL SULFIDE 
Analyses 

No. Formula M. p., O C .  (corr.) Calcd. Found 

1 CI~HI~ONSI~ 172-173 I 52.5 I 52.4 52.6 
2 CisHi304NSI2 230 1 48.38 I 48 .4  48 .2  
3 C13H120NSC11~ Decomp. 200 HC1 7.02 HC1 7.27 7.35 
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TABLE IIA 

DERIVATIVES OF DIPHENYL ETHER 

No. Compound Solvent Yield, % 
1 2,6-Di-iodo-4-nitro-2'- 

methoxy Acetone or AcOH 25 
2 2,6-Di-iodo-4-nitro-3'- 

methoxy AcOH 45-50 
3 2,6-Di-iodo-4-amino-2'- 

methoxy Benzene 60 
4 2.6-Di-iodo-4-amino-3'- 

methoxy (Et)zO 60 
5 2,6-Di-iodo-4-acetylam- 

ino-2 '-methoxy AcOH Nearly quant. 
6 2,6-Di-iodo-4-acetylam- 

ino-3 '-methoxy Dil. AcOH Nearly quant. 
7 2,6-Di-iodo-4-benzoylam- 

ino-2'-methoxy EtOH . . . . . .  
8 2,6-Di-iodo-4-benzoylam- 

ino-3'-methoxy EtOH ...... 
9 Hydrochloride of 2,6- 

di-iodol-amino-2'- 
methoxy . . . . . . Nearly quant. 

10 Hydrochloride of 2,6-di- 
iodo-4-amino-3 '-me- 
thoxy ...... Nearly quant. 

Crystal form 

Light gray needles 

Yellow needles 

Light gray needles 

Light pink needles 

White needles 

White needles 

White needles 

White needles 

Gray-white flakes 

Gray flakes 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

TABLE IIB 

DERIVATIVES OF DIPHENYL ETHER 

Analyses 
Formula M. p., OC. (con.) Calcd. Found 

Ci~Hs04NIa 149-150 I 51.1 I 51.1551.48 
C I ~ H ~ O ~ N I ~  139-140 I 51.1 I 51.1 51.3 
CI~HIIOZNIZ 17&179 I 54 4 I 54.3 54.7 
Ci3Hn02NI2 124-125 I 54 4 I 54.3 54.2 
ClbH1303NI2 227-228 I 49 9 I 49.8 49.7 
CISHI~O~NIZ 177-178 I 49.9 I 49.7 50.2 
C2oHisO~NIz 239-240 I 44.4 I 44.4 44.6 
CzaH1603NIz 201-202 I 4 4 4  I 43.9 
C13H1202NClI2 236-237 (decornp ) HCl 7.24 HC1 7.14 7.08 
C1~H~202NC112 132-134 (decornp.) HCl 7.24 HC1 7.32 7.37 

Experimental Part 
2,6-Di-iodo-4-~itro-4'-methoxydiphenyl Sulfide, 111.-Fifty grams (0.1 mole) of 

3,4,5-tri-iodo-nitrobenzene2s4 and 14 g. (0.1 mole) of p-methoxythiopheno16 were added 
to 250 cc. of boiling methyl ethyl ketone. To this mixture was added 30 g. of finely 
powdered, anhydrous potassium carbonate. After heating under a reflux condenser 
and in a current of hydrogen gas for five hours, the mixture was filtered. On cooling 
the filtrate, the bright yellow crystals of the pure nitro compound were obtained. On 

4 Kalb, Schweizer, Zellner and Berthold, Ber., 59, 1869 (1926). 
Prepared from p-anisidine by the method of Leuckart, J. prakt. Chern., 41, 179 

(1890) 
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evaporating the mother liquor the yield was increased. It was readily crystallized from 
acetone or methyl ethyl ketone. I t  melted a t  13&13g0 (corr.) and the yield was 30 g. 
or 6OY0. 

Anal. Calcd. for CI~HSO~NSIZ: I, 49.5. Found: I, 49.7,49.2. 

Summary 
1. Some new derivatives of diphenyl sulfide and diphenyl ether have 

been prepared. 
2. This work, with the possibility of leading to thyroxine-like com- 

pounds, is being continued. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OP NORTHWESTERN UNIVERSITY] 

THE PYROLYSIS OF ALLYL ARYL SULFIDES 

The most striking property of allyl aryl ethers is their rearrangement1 

into o-allylphenols when they are heated. In some instances small yields 
of the isomeric methylcoumaranes have been observed as by-products. 
Allyl phenyl ether, for example, rearranges into o-allylphenol (80% yield) 
and 2-methylcoumzi-ane (5y0 yield) by refiuxing for six hours. 

0 0-CH&H=CHz 
and some ~ 2 ~ : ; ~ ~ ~  

By analogy, one would infer that allyl aryl thioethers should rearrange 
similarly, if an ortho position is available, into a-allylthiophenols. Small 
amounts of dihydrothionaphthenes, the sulfur analogs of the coumaranes, 
might also be anticipated. 

This problem has been approached by studying allyl phenyl sulfide and 
allyl p-tolyl sulfide, both of which were prepared in nearly quantitative 
yields from allyl bromide and the sodium salt of the aryl mercaptan. Allyl 
phenyl sulfide gradually undergoes rearrangement into o-allylthiophenol 
by refluxing, as witnessed by the increase in the boiling temperature dur- 
ing six hours from 207 to 240'. The o-allylthiophenol was identified by 
analysis of its lead salt, and by oxidation into o-sulfobenzoic acid 

-S-CHzCH=CHz 0 oxidn. 
-CHZCH=CHZ - 

heat O S H  
There is some evidence for the belief that a small amount of the hitherto 
undescribed 2-methyl-2,3-dihydrothionaphthene, A, was also formed during 

For a survey of this topic, see Hurd, "The Pyrolysis of Carbon Compounds," 
The Chemical Catalog Co., Inc., New York, 1929, pp. 214-228. 
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the rearrangement. At least, a straw-colored liquid of higher boiling point 
than the original thioether and of lower boiling point than o-allylthiophenol 
was isolated which failed to form a salt with alcoholic lead 
acetate solution. The oxygen analog, 2-methylmumar- 
ane, also boils a t  a higher temperature than phenyl allyl 
ether and lower than o-allylphenol. It is interesting to  

A 
note that o-allylthiophenol is insoluble in alkalies. 

Allyl p-tolyl sulfide yielded 2-allyl-4-methylthiophenol by refluxing for 
several hours and as before, much of the original thioether was recovered. 

Experimental Part 
Allyl Phenyl Sulfide.-To an alcoholic solution (30 cc.) of sodium ethoxide (0.1 mole) 

was added 11 g. (0.1 mole) of thiophenol, followed by 13 g. (0.11 mole) of allyl bromide. 
There was an appreciable heat of reaction and an immediate precipitation of sodium 
bromide. The reaction completed itself by standing overnight, a t  which time it was no 
longer alkaline toward litmus. The alcohol and the excess of allyl bromide were dis- 
tilled away on the water-bath, following which water was added to dissolve the sodium 
bromide. The upper oily layer was separated and the aqueous layer twice extracted 
with 25-cc. portions of ether. The combined product was dried over anhydrous calcium 
chloride, the ether removed and the residue vacuum-distilled. The yield was nearly 
quantitative (15 g.). 

Phenyl allyl sulfide was found to have boiling points of 104-106' a t  25 mm., and 
215-218" a t  750 mm. The refractive index, n? 5, was 1.4772. The thioether was inert 
toward an alcoholic solution of lead acetate, thus demonstrating the absence of a mer- 
captan group. 

Effect of Prolonged Refluxing.--Twelve grams of phenyl allyl sulfide was refluxed on 
a fused salt bath in a small flask fitted with an upright air condenser and a thermometer 
immersed in the liquid. In the course of six hours the temperature rose from 207 O to a 
maximum of 240 ". The liquid darkened considerably. Also i t  acquired a pronounced 
mercaptan odor which was in decided contrast to the gasoline-likc odor of the original thio- 
ether. By vacuum distillation, 8 g. of the original allyl phenyl sulfide was recovered and 
3 g. of higher-boiling material was obtained. The constants for the latter were: b. p. 
183-190' a t  17 mm. ; n: 1.6098. This o-allylthiophenol had a decidedly unpleasant odor. 

Lead Salt.-Although it was alkali insoluble, the liquid was considered to be o- 
allylthiophenol. To support this contention, the lead salt was precipitated metatheti- 
cally by reaction of it with lead acetate, using alcohol as a common solvent. The heavy 
yellow precipitate which formed was washed with a little alcohol, then with dilute 
acetic acid, and dried in a desiccator. For analysis it was dissolved in dilute nitric 
acid and converted into lead sulfate in the usual way with sulfuric acid. 

Anal. Subs., 0.2010, 0.2125: PbS04, 0.1206, 0.1284. Calcd. for (CsH9S)zPb: 
Pb, 41.0. Found: Pb, 41.0, 41.3. 

Oxidation of o-Allylthiopheno1.-In order to establish the structure of this substance, 
1.5 g. of it was converted into o-sulfobenzoic acid by oxidation with a solution of 3 g. 
of potassium permanganate in 75 cc. of water. After two hours of refluxing, the pre- 
cipitate of manganese dioxide was filtered off, the filtrate was concentrated to 40 cc., 
cooled and acidified. The white flocculent precipitate which appeared was purified by 
recrystallization from water; m. p. 66-67 O. The pure trihydrate of o-sulfobenzoic acid, 
purified similarly, is known2 to melt a t  69 ". 

2 Krannich, Ber., 33, 3485 (1900). 
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Ally1 p-Tolyl Sulfide.--This derivative of thiocresol was prepared in 97% yield by a 
method which was analogous to the one wherein thiophenol was used. Thus, 4.6 g. 
(0.2 mole) of sodium, 60 cc. of absolute alcohol and 25 g. (0.2 mole) of p-thiocresol (m. p. 
44") were admixed and caused to react with 25 g. (0.22 mole) of allyl bromide. The 
same vigorous reaction was noted but it was necessary to reflux the mixture for a short 
time to make it neutral to litmus. Upon working up as in the preceding case, there was 
obtained 32 g. of allyl p-tolyl sulfide, boiling a t  123-127" and 25 mm. ; ny 1.5711. 

2-Allyl-4-methylthiopheno1.-When 11 g. of this thioether was refluxed for four 
hours, the temperature rose from 228 to 264". By vacuum distillation, 5 g, of the thio- 
ether was recovered and 3 g. of yellow oil was collected a t  190-196° and 11 mm.; r i 2  
1.6921. This allylthiocresol possessed a pronounced odor. There was a small amount 

of tany residue. 

H02C- C O ~ H  A portion of the 2-allyl-4-methylthiophenol was oxidized as 
in the preceding experiment. A white solid subliming a t  320" 
was isolated which is undoubtedly a sulfo-isophthalic acid of " 

B the structure shown (B). This compound is not described in 
the literature. 

Lead Salt of 2-Allyl-4-methylthiopheno1.-Part of the allylthiocresol was dissolved 
in alcohol and treated with alcoholic lead acetate solution. Heavy precipitation ensued. 
The precipitate, when first formed, was orange-colored and amorphous, but on standing 
for an hour it changed into light yellow needles which melted quite sharply at 330" 
with decomposition and formation of metallic lead. 

Anal. Subs., 0.2100, 0.2236: PbS04, 0.1190, 0.1286. Calcd. for (CIOHIIS)~P~: 
Pb, 38.9. Found: Pb, 38.7, 38.5. 

2-Methyl-2,3-dihy&othionaphthene.-In order to ascertain the presence of a cyclic 
isomer of o-allylthiophenol, 8 g. of the purified rearrangement product, prepared from 
allyl phenyl suEde as previously indicated, was treated with alcoholic lead acetate solu- 
tion until precipitation was complete. The lead salt was filtered off and the alcohol 
removed from the filtrate by evaporation. The residue was then filtered from the excess 
of lead acetate and fractionated. In the lower-boiling fraction, about 0.2 g. of a straw- 
colored liquid was obtained a t  103-108' and 8 mm. which yielded no precipitate with 
lead acetate and which unquestionably was different from o-allylthiophenol or the origi- 
nal thioether. Its refractive index was 1.5811, as compared with 1.4772 for the allyl 
phenyl sulfide and 1.6099 for o-allylthiophenol. Work is being continued on this subject. 

Summary 

A simple method of preparation has been given for allyl phenyl sulfide 
and for allyl ptolyl sulfide. At the reflux temperature, the former under- 
goes a partial rearrangement into o-allylthiophenol. Small amounts of 
2-methyl-2,3-dihydrothionaphthene are also produced. Similarly, allyl 
p-tolyl sulfide was found to pyrolyze into 2-allyl-4-methylthiophenol. 
The similarity in the pyrolysis of allyl aryl sulfides and of allyl aryl ethers 
is pointed out. 
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AN APPARATUS FOR MICRO-CATALYTIC HYDROGENATION 

In the course of some work concerning the reduction of chlorophyll 
deri~atives,~ i t  became necessary to have a means of quantitatively measur- 
ing the amounts of gas absorbed by very small samples of material. The 
most desirable form of apparatus seemed to be either that devised by Bar- 
croft,2 or that devised by W a r b ~ r g . ~  Both forms are used extensively by 
biologists for measuring reactions which involve small quantities of gases 
After a modified form of the Barcroft - - - - - 
apparatus had been used with moderate 
success, the apparatus to be described was 
devised. It seems to be better adapted I 
for chemical purposes than either of the I 
other types mentioned, since it is equally 
accurate and is more easily manipulated. 
It is furthermore much less expensive 
than the present form of the Warburg 
apparatus. 

The details of construction of the appa- 
ratus are shown in Fig. 1. It is most easily 
made from pyrex glass. The dimensions 
may be varied depending upon the size 
of samples with which one expects to be 
working. For reactions involving quanti- 
ties of gas up to 0.04 millimole, the follow- 
ing size was found to be convenient. The 
bottles, A and Al, are of sixty to seventy 
cubic centimeters' capacity. The mano- 
meter side arms are twenty centimeters 
in length and are made from one milli- 
meter capillary tubing. The three way 
stopcock a t  E: allows repeated evacuation 
and filling of the apparatus with the de- Fig 1. 

6 
sired gas. The stopcock a t  D holds back the manometer liquid during 
evacuation and filling. The section of medium-sized glass tubing between 
F and D acts as a reservoir for the manometer liquid. F consists of a rubber 
tube closed a t  the upper end by a glass rod, and is fitted with a screw-clamp, 

Conant and Hyde, THIS JOURNAL, 52, 1233 (1930). 
Barcroft and Haldane, J. Physiol., 28, 233 (1902). 
Warburg, Biochem. Z., 152, 51-63 (1924). 
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by means of which the liquid can be drained from the manometer or set a t  
any level as in the Warburg apparatus. This arrangement makes it possible 
to take readings very rapidly. The glass apparatus is fastened to the wooden 
mounting H with a millimeter scale attached along the middle capillary tube. 
F is conveniently attached to either side of the mounting. The bottles A 
and A1 are held in position by means of a small block of wood, I, which is 
placed under the bottles and held there firmly by passing under i t  a rubber 
band or wire spring, the ends of which are fastened to the wooden mounting. 
The latter is provided with a bearing near the center, by which i t  is sup- 
ported on a shaft whose axis is perpendicular to the plane of the apparatus. 
Shaking is accomplished by means of a connecting arm attached to the 
mounting a t  a position near the top. The other end of the arm is fastened 
to a motor-driven eccentric. The shaft carrying the apparatus is clamped 
to  a ringstand in such a way that it can be raised and lowered easily, since 
the bottles are to be immersed in a water-bath during the course of a re- 
action in order to keep both bottles a t  the same temperature. The sample 
tube G is made from ordinary six millimeter glass tubing about eight 
centimeters in length. A small bulb is blown on the end so that the glass 
is comparatively thin and can be broken a t  the proper time by shaking. 
With a little practice they are easily made so that premature breaking from 
the shaking of the apparatus a t  its usual speed (300-400 vibrations per 
minute) is avoided. The breaking of the tube a t  the desired time is made 
easier by inserting along with the sample a short pointed piece of glass rod. 
Before mounting the glass part i t  is necessary to measure as accurately as 
possible the volume in each side of the apparatus, including the bottles and 
the capillary up to the positions marked B and C in the manometer arms. 
This permits using the proper amounts of solvent in each bottle to make 
the remaining gas volumes equal to each other. The volume measurement 
is accomplished by filling with mercury and weighing. 

The principle is the same as that involved in the use of the Warburg 
apparatus, namely, measuring the change in pressure a t  constant volume. 
The difference in pressure in the bottles A and Al is obtained by raising the 
level of the manometer liquid to the positions marked B and C successively, 
and each time noting the position of the meniscus in the central capillary 
tube. If these respective heights are designated hB and he, the difference 
between the initial value of hB - hc and the final value of hlB and hlc, 
after equilibrium has been established in the reaction, becomes a measure of 
the pressure change due to absorption of gas during the reaction. Since 
the filling in both sides of the apparatus is the same except for the sample, 
the one side serves as a blank. 

The readings obtained as described are independent of any partial 
pressure effects, of the initial pressure, and of changes in atmospheric 
pressure. This can be shown in the following way. Let P and PI be the 
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initial and final pressures, respectively, in a reaction involving nc moles of 
gas. Suppose that the initial pressure had been Pz instead, with the 
corresponding final pressure Ps. Since the temperature is assumed con- 
stant, we may write the following equation from the gas law, 

3' - - P, - P, P, - - - = -  
n nl nz n3 (1) 

where n, nl, nz, n3 are the corresponding number of moles of gas present in 
the given volume. 

Then 

but by definition 
n - nl = nz - ns = nc: 

hence 
P - P, = P* - Pa 

The reading is, however, not independent of temperature changes. 
A simply constructed thermostat is suitable to use in measuring rates, but 
under ordinary circumstances, where it is desired to know only the total 
amount of gas absorbed, a few degrees' change in the temperature of the 
water-bath is negligible. The readings can be corrected for any tempera- 
ture change if it is necessary, as is shown by the following calculations. 
Let P and PI be the initial and final readings at  temperature T, and let P1 
and P: be the initial and final readings at  a temperature T1. Then, con- 
sidering the volume as constant, the following equatioas can be written 

P P' 
- T = p  and PI - = -  pi 

T T' 

Subtracting the second equation from the first, the following equations are 
obtained 

P - PI P1 - P: - = -----, or 
T T1 

T p - p1 = (PI - P') - ' T1 (4) 

The correction therefore involves multiplying the one reading by the 
ratio of the absolute temperatures. 

The number of millimoles of gas equivalent to a change in pressure of 
one centimeter of the manometer liquid is calculated from the equation 

where V is the volume of gas, d is the density of the manometer liquid, 
and T is the average absolute temperature of the bath. If the same gas 
volume is used, n/cm will be always the same. 

The substance is weighed into the sample tube, using a small glass tube as a funnel 
so that none of the material sticks to the part which will be heated. The sample tube 
is then drawn out to a thin capillary of such length and diameter that it will just about 
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enter the capillary tube in the stopper of the reaction bottle, but is not sealed off. The 
bottles A and A, are then filled with the proper amounts of solvent and approximately 
two milligrams of platinum oxide catalyst, prepared in the manner described by Adams 
and Sh~ ine r .~  The sample tube is placed in one of the bottles. The bottles are then 
placed in position and made fast after the ground joints are lightly greased. Excess 
grease is avoided, since it may dissolve in the solvent or the catalyst may stick to any 
exposed greasy surface. The apparatus is now evacuated four or five times with the 
stopcock D closed, each time refilling with hydrogen. I t  is very convenient to have one 
arm of the stopcock E connected throughout the run to a large bottle, which serves as 
a gas reservoir. The reservoir bottle is in turn attached by a siphon tube to another 
bottle so that as gas is used in sweeping out and filling the apparatus, it is displaced by 
water. The stopcock D is turned so that the apparatus and reservoir are connected. 
The apparatus is shaken for two to five minutes, during which time the platinum oxide 
is reduced. The shaking is now interrupted and the manometer liquid raised so that 
readings may be taken at  B and C. The apparatus is now trapped off from the reser- 
voir by the manometer liquid. The shaking is continued until after a ten or fifteen 
minute period the value of h~ -hc is constant. This usually requires from half to three- 
quarters of an hour. At this point, if found desirable, the pressures may be readjusted 
by lowering the manometer liquid below the junction and raising it again. The appa- 
ratus is then removed from its shaft and the sample tube broken by a vigorous shake 
while holding it with the hands. With this accomplished the apparatus is replaced 
and the shaking continued. Readings are taken a t  frequent intervals until the pressure 
difference h~ -hc becomes constant, indicating that equilibrium is again reached. In 
taking readings the shaking is interrupted by seizing the apparatus with one hand and 
adjusting the manometer levels with the other. The belt of the motor used for shaking 
is therefore adjusted so that it will slip with a little added resistance without jumping 
off. The product of the pressure change in centimeters multiplied by the calculated 
number of millimoles per centimeter is the number of millimoles of gas absorbed. 

Table I contains some typical results for catalytic hydrogenation which 
show that an accuracy of f 2% is readily obtainable. In all these experi- 
ments the gas volume V was 68.4 cc. The manometer liquid was tetra- 
chloro-ethane, density 1.58, and the temperature of the bath was 29S°K. 
The corresponding value of n/cm was 0.0043 millimole. Glacial acetic acid 
was used as a solvent, 5 cc. being used in each experiment. In  some cases 
the samples were weighed on a micro balance and in others aliquot portions 
of a solution of a larger sample were taken. The time required for the 
complete reduction of these substances was between thirty and sixty min- 
utes. 

TABLE I 
EXPERIMENTAL DATA 

Millimoles of Change of Millimoles of 
Substance sample pressure, cm. Hz absorbed 

Maleic acid 0.0267 6 . 1  0.0263 
Maleic acid .0384 9 . 2  .0392 
Dimethylacrylic acid ,0277 6.35 .0272 
Dimethylacrylic acid ,039 1 9.35  .0399 
d-Pinene .0394 9 . 6  ,041 
d-Pinene .0394 9 .35  .040 

Adams and Shriner, THIS JOURNAL, 45, 2171 (1923). 
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These results indicate that any possible sources of error such as a change 
in the state of saturation of the catalyst with the slight change in pressure 
may be neglected. In one or two instances the sample failed to be reduced, 
presumably on account of poisoning of the catalyst. This difficulty was 
largely eliminated by washing the reaction bottle thoroughly each time, 
rinsing with 10% potassium hydroxide solution and finally with distilled 
water. 

The apparatus is not limited in use to hydrogenations. It has already 
been used with success in measuring the rate and extent of oxygen absorp- 
tion of free radicals. In this work,5 it has been found that using a 5-cc. 
sample of 0.01 M solution of free radical in tetrachloro-ethane a t  25O and 
shaking at  the rate of 400 vibrations per minute, absorption rates of oxygen 
having a half-time period as low as thirty-four seconds can be measured. 
The rate of solution of oxygen is great enough to maintain 90% saturation 
in the liquid phase under the stipulated conditions. 

It has been suggested to us that this apparatus might be used for the 
measurement of vapor tension and its depression by solutes, photochemical 
and catalytic accelerations, equilibria in gas reactions involving liquids, 
solids or other gases and in bacteriological studies, such as those con- 
cerned with nitrogen-fixing bacteria. 

Summary 

1. An apparatus for the measurement of small quantities of gas ab- 
sorbed or evolved in a chemical reaction has been described. 

2 .  It is particularly adapted to catalytic hydrogenations on a micro- 
scale, in which case an accuracy of =t20j, has been obtained under the 
conditions described. 

CAMBRIDGE, MASSACHUSETTS 

To be published by Conant and Scherp. 
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THE REACTION OF SODIUM PHENOXIDE WITH ALPHA- 
CHLOROHYDRACRYLIC ACID 

BY C. FREDERICK KOELSCH 

RECEIVED MAY 16, 1930 PUBLISHED AUGUST 5, 1930 

In  a recent paper1 i t  was reported that the reaction between sodium 
phenoxide and 0-chlorolactic acid led to the formation of a mixture of the 
two isomeric monophenyl ethers of glyceric acid, the amount of P-phen- 
oxylactic acid isolated being some one hundred times greater than that of 
a-phenoxyhydracrylic acid. The occurrence of a-phenoxyhydrarylic 
acid was explained on the basis of the following formulation, involving 
the intermediate formation of glycidic acid 

CH20CsH6 
I 
I 

CHgC1 CH2 
I NaOCsH6 I '0 

CHOH -----+ CH / + CeH50H + NaCl I 
COONa 

I , $%OH 
COONa 

 COON^ 
As was pointed out, it was possible that the P-chlorolactic acid used in 

the reaction was contaminated with a small quantity of a-chlorohydracrylic 
acid, and that the direct replacement of the chlorine in the latter compound 
gave rise to a-phenoxyhydracrylic acid; but since the reaction between 
a-chlorohydracrylic acid and ammonia had been reported2 to yield only 
iso-serine, CH2NH2CHOHCOOH, i t  was argued that even if a-chloro- 
hydracrylic acid were present, it would react with sodium phenoxide to 
give glycidic acid, which would then add phenol, forming a mixture of 
monophenylated glyceric acids. Since the addition of phenol to glycidic 
acid could take place in two different ways, two isomers would be formed 
in a ratio dependent on factors which are discussed by Michael3 in his 
"Partition Principle." The positions of the phenoxyl and hydroxyl in the 
product would thus be independent of the positions of the chlorine and 
hydroxyl in the reactant containing these. 

Such reasoning, based on analogy, might easily lead to false conclusions. 
Accordingly, it was deemed advisable to verify the statement that a-chloro- 
hydracrylic acid and sodium phenoxide would react to form mainly P- 
phenoxylactic acid. The results obtained, which are the subject of this 
paper, are in complete accord with the prediction. 

Koelsch, THIS JOURNAL, 52, 2430 (1930). 
Melikoff, Ber., 13, 1265 (1880). 
Michael. J. prakt. Chem., [2] 60,290 (1899). 
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The or-chlorohydracrylic acid taken was prepared by a method similar 
to that used for the preparation of the corresponding bromo acid4 by the 
action of silver carbonate on a,P-dichloropropionic acid. Although i t  
was obtained as a non-volatile, uncrystallizable sirup, it was shown to be 
reasonably pure by analysis. That it was quite free from p-chlorolactic 
acid was shown by dehydration to form a-chloro-acrylic acid which crystal- 
lized in needles that melted a t  65°.5 The dehydration of P-chlorolactic 
acid would be expected to give P-chloro-acrylic acid which crystallizes in 
plates that melt at  8 4 O . ' j  The formation of the latter acid was not observed. 

a,P-Dichloropropionic Acid.?-A mixture of 50 g. of red fuming nitric acid (d. 1.5) 
with 100 g. of nitric acid (d. 1.4) was added to 50 g. of glycerol a,@-dichlorohydrin,8 
the temperature was kept below 15" during the addition by external cooling. The mix- 
ture was then allowed to come to room temperature, when a vigorous reaction set in. 
After the mixture had stood overnight, it was distilled under reduced pressure. The 
part boiling above 100" (15 mm.) was redistilled, giving 38 g. boiling a t  112-115" (12 
mm.), which soon solidified to a mass of colorless needles melting a t  47-50". 

a-Chlorohydracrylic Acid.-A solution of 37 g. of silver nitrate was treated with a 
slight excess of sodium carbonate (32 g. of Na2C03 + 10HzO) solution. The silver car- 
bonate was washed repeatedly by decantation, suspended in 100 ml. of water, and added 
to a solution of 30 g. of a,p-dichloropropionic acid in 50 ml. of water. The mixture was 
heated on a steam-bath for two hours and then filtered. Since the filtrate still contained 
silver, the heating was continued for two hours. The solution, then free from silver, 
was filtered and evaporated to a sirup on a steam-bath. After standing for three days 
in a vacuum desiccator over sulfuric acid and sodium hydroxide, the product was 
analyzed; yield, 16.5 g. 

Anal. Subs., 0.1862: AgC1, 0.1988. Calcd. for CaH603Cl: C1, 28.44. Found: 
C1, 26.42. 

a-Chloro-acrylic Acid.-To a mixture of 2.5 ml. of sulfuric acid (d. 1.84) with an 
equal volume of water was added 1.0 g. of a-chlorohydracrylic acid. The mixture was 
refluxed for one hour, cooled, diluted with 7 ml. of water, filtered from carbonaceous 
material, and extracted with five 2-ml. portions of alcohol-free ether. The ether was 
evaporated from the combined extracts, and the brown residue, which was almost com- 
pletely crystalline, was purified by slow sublimation a t  10 mm. The product formed 
colorless monoclinic prisms melting a t  64-66 O ;  yield, 0.3 g. 

P-Phenoxylactic and a-Phenoxyhydracrylic Acids from a-Chlorohydracrylic Acid.- 
To a mixture of 15 g. of phenol with 10 g. of a-chlorohydracrylic acid and 20 ml. of water 
was added a solution of 9 g. of sodium hydroxide in 30 ml. of water. The mixture was 
refluxed for thirty minutes, acidified with hydrochloric acid, and steam distilled until a 
test with ferric chloride showed the absence of phenol from the distillate. The separa- 
tion of a-phenoxyhydracrylic and 8-phenoxylactic acids was carried out as described 
previously.' 

After recrystallization from water there was obtained 4.6 g. of 0-phenoxylactic 

4 Neuberg and Mayer, Biochem. Z., 3,  119 (1907). 
Otto and Beckurts, Ber., 18,242 (1885). 
Otto, Ann., 239,270 (1887). 

7 Cf. Henry, Ber., 7, 414 (1874). 
8 Prepared according to the directions of King and Pyman, J. Chem. Soc., 105, 

1257 (1914). 
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acid which crystallized in plates that melted a t  157-159'. The anilide prepared from 
this acid, after crystallization from alcohol and from water, melted a t  122-123 ". 

The a-phenoxyhydracrylic acid obtained was purified by crystallization from tolu- 
ene and from water, the usual crystallization from chloroform being omitted because of 
the small quantity in hand; the product formed needles melting a t  102-106'; yield, 
0.083 g. A mixture with an equal amount of the pure acid (m. p. 109-110") melted a t  
103-106 ". 

The assistance of Professor S. M. McElvain is gratefully acknowledged. 

Summary 
The reaction between sodium phenoxide and a-chlorohydracrylic acid is 

shown to yield a mixture of a-phenoxyhydracrylic acid and p-phenoxy- 
lactic acid in which the latter predominates greatly. 

This is in agreement with the prediction based on the behavior of a- 
chlorohydracrylic acid toward ammonia and indicates that the a-phenoxy- 
hydracrylic acid formed in the reaction between sodium phenoxide and 
0-chlorolactic acid does not owe its origin to the presence of a-chlorohy- 
dracrylic acid as an impurity in the 8-chlorolactic acid. 

MADISON, WISCONSIN 

[CONTRIBUTION FROM THE LABORATORY OF GENERAL CHEMISTRY OF THE UNIVERSITY OF 

WISCONSIN] 

T H E  DETERMINATION OF THE PURITY OF ACETIC ANHYDRIDE 

Introduction 
A rapid and accurate method for the quantitative determination of acetic 

anhydride is of great practical importance because of the extensive indus- 
trial uses of this reagent. In a publication by Whitford1 and the senior * 

author of this paper it was shown that anhydrous oxalic acid is decomposed . 
quantitatively in the presence of pyridine, acting as a catalyst, according 
to the equation 

(COOH)2 + (CHaC0)rO = CO2 + CO + 2CHaCOOH 

This reaction had been reported by Dr. Schierz2 of this Laboratory, who 
observed that various tertiary bases such as picolines, butidine, collidine, 
etc., could also be used as catalysts. Whitford found that the pyridine acts 
as a catalyst for the reaction through the formation of pyridine acid oxalate 
C5HsN-(COOH)2 which is subsequently decomposed by the acetic an- 
hydride. 

The carbon dioxide and carbon monoxide evolved in the reaction were 
measured by Whitford to give a gasometric method for the determination 
of acetic anhydride. He found his method to be accurate to within 0.1% 

Whitford and Walton, THIS JOURNAL, 47, 2934, 2939 (1925). 
Schierz, ibid.. 45, 455 (1923). 
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for samples of pure acetic anhydride and also for 92% acetic anhydride. 
In the present investigation the same reaction was used but instead of 
measuring the gases evolved, the excess oxalic acid was determined by a 
potassium permanganate titration. 

Procedure 
About one gram of different samples of acetic anhydride was weighed from a weigh- 

ing pipet into a wide-mouthed glass-stoppered bottle containing about one gram of an- 
hydrous oxalic acid prepared by the method of Hultman, Davis and Clark.8 Two cc. 
of pyridine dried over barium oxide and calcium hydride was then added and the bottle 
kept cool in water for five minutes to prevent vaporization of the acetic anhydride. After 
standing for ten minutes longer a t  about 50°, the excess oxalic acid was titrated with 
N/10 potassium permanganate. The results were checked by the standard alkalimetric 
titration carried out as follows. 

About 170 cc. of 0.1351 N sodium hydroxide was measured from a buret into a flask 
and about one gram of acetic anhydride was then weighed into the sodium hydroxide 
solution from a weighing pipet. The anhydride was allowed to hydrolyze a t  40° for 
eight hours and the excess sodium hydroxide then titrated with N/10 hydrochloric acid. 
The results were calculated by the method described by Scott.' 

RESULTS 
Percentage of acetic anhydride 

Sample (COOH)B method NaOH titration 

A 79.01 79.15 
B 86.52 86 .2  
C 92.19 91.7 

Notes.-All materials were tested for oxidizing and reducing substances 
and if any were present, a blank was run. Other acids or acid-forming 
materials in the acetic anhydride did not affect the oxalic acid method but 
did give high results when an alkalimetric titration was run with certain 
samples of commercial anhydride. In an alkalimetric titration of a one- 
gram sample, the presence of 0.2% of acetyl chloride will raise the calcu- 
lated percentage of acetic anhydride by 1%. The presence of small 
amounts of acetyl chloride, however, does not affect the oxalic acid method. 
Similarly an error of only 0.1 cc. of N/10 sodium hydroxide will change the 
calculated percentage of acetic anhydride by about 0.4%. The other 
standard methods5 are more accurate than an alkalimetric titration but 
require considerable time and care. 

The purity of the anhydrous oxalic acid used in this investigation was 
found to be 99.84% by a potassium permanganate titration. The presence 
of a small percentage of water in the oxalic acid apparently does not 
vitiate the results, as is evidenced by the fact that 99.69% pure anhydrous 
oxalic acid when used gave correct values. This is explained by the fact 

Hultman, Davis and Clark, THIS JOURNAL, 43,366 (1921). 
' Scott, "Standard Methods of Chemical Analysis," D. Van Nostrand Company, 

New York, 1922, Vol. 11, p. 1054. 
6 See Radcliffe and Medofski, J. Soc. Chem. Ilzd., 36,628 (1917). 
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that the reaction between oxalic acid and acetic anhydride is so rapid that 
the water does not have opportunity to react with the anhydride. The 
only considerable error that can be introduced was found to be a lowering of 
the results caused by the vaporization of the anhydride due to the heating 
when pyridine was added. This error varied from 0.2 to 0.5% but is 
avoided by cooling the container. The amount of pyridine added was 
varied from 1 to 5 cc. with no effect on the results. An error of 0.1 cc. in 
the potassium permanganate titration causes a deviation of only 0.05%. 

Summary 
A method has been devised for the determination of the purity of acetic 

anhydride based on the decomposition of anhydrous oxalic acid by acetic 
anhydride using pyridine as a catalyst, and subsequently determining the 
excess oxalic acid with potassium permanganate. The method is simple, 
rapid and easily accurate to within O.lyo. 

MADISON, WISCONSIN 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

SYMMETRICAL DIALKYL-TETRA-TERTIARY-BUTYLETHINYL- 
ETHANES 

Recent work by Ziegler and Schnelll and by Conant and his students2 

has indicated that certain dialkyl-tetra-arylethanes have properties that 
resemble quite closely those of the hexa-arylethanes. In particular, it 
has been found that a tertiary butyl group or a cyclohexyl group can re- 
place a phenyl group without greatly changing the amount of dissociation 
of the ethane. Work in this Laboratory on the acetylenic ethanes has 
shown that hexa-tert.-butylethinylethane3 (I) is cleaved by lyo sodium 
amalgam and resembles in this respect the hexa-arylethanes. Rossander 
and Marvelqave observed that diphenyl-tetra-tert.-butylethinylethane 
(11) requires 40% sodium amalgam for cleavage and hence is more stable 
toward alkali metals than is the hexa-acetylenic compound. The series 
of tetra-acetylenic ethanes has now been extended to include di-tert.- 
butyl-tetra-tert.-butylethinylethane (111) and dicyclohexyl-tetra-tert.-butyl- 
ethinylethane (IV) . 

[(CH~),C-CEC]~-C-C [CzC-C(CH,)a]a 
I 

I Ziegler and Schnell, Ann., 437,252 (1924). 
2 Conant and Small, THIS JOURNAL, 47, 3068 (1925); Conant, Small and Sloan, 

ibid., 48,1743 (1926) ; Conant and Bigelow, ibid.,  50,2041 (1928). 
Salzberg with Marvel, ibid., 50, 1737 (1928). 
Rossander and Marvel, ibid., 51, 932 (1929). 
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[(CH3)3C-C=C]2C--C [C=C-C(CH~)S]~ 
I I 
C6H5 c6H6 

I1 
[(C\H3)3C- C=C ]I-C------ C [C=C--C(CH3)3]2 

I I 
C(CH3)3 C(CHa)3 

I11 
[ (CH~)QC-C~C 12-C----C [C=C-C(CH3)3]2 

I I 
C6Hll C6Hll 

IV 

Di-tert.-butyl-tetra-tert.-butylethinylethane (111) was prepared by a series 
of reactions starting with ethyl trimethylacetate and tert.-butylethinyl- 
magnesium bromide. The steps in the synthesis and structure proof are 
indicated 

(CH3)aC-C--CMgBr PBra 
(CHS)SCCOZCPHE r [(CH3)3C-C=C]2-COH 

1 
(CCH3)3 

I 
'02 ( C(CH3)a then H C ~ L  

k ( ~ ~ 3 ) 3  

This ethane was found to be more stable than the corresponding di- 
phenyl derivative (11) since cleavage could be accomplished only by use of 
liquid sodium-potassium alloy. The ethane was stable toward heat at  
140°, since i t  could be recovered unchanged after boiling the xylene solu- 
tion. It did not absorb oxygen when dissolved in p-dibromobenzene and 
heated to 140'. 
Dicyclohexyl-tetra-tert.-butylethinylethane was prepared from ethyl 

hexahydrobenzoate by much the same method that had been used for the 
tertiary butyl derivative. Cyclohexyl-di-tert.-butylethinylbromomethane 
(VI) did not react readily with silver although a low yield of a hydrocarbon 
was obtained. Then several other methods of preparation were studied. 
When the bromide was treated with 40% sodium amalgam, very little 
metal alkyl was obtained, but the same hydrocarbon was formed. This 
hydrocarbon was not cleaved by liquid sodium-potassium alloy. Some 
metal alkyl was obtained by the action of liquid sodium-potassium alloy6 

on the methyl ether of cyclohexyl-di-tert.-butylethinylcarbinol (VII) . 
6 Ziegler and Schnell, Ann., 437,227 (1927). 
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From this derivative the acid was obtained by the action of carbon di- 
oxide. With tetramethylethylene dibromide the metal alkyl gave the 
same hydrocarbon that had been obtained previously by the action of 
silver on the bromide. 

Since this hydrocarbon was not cleaved by alkali metals its structure 
has not been established beyond question. However, the fact that i t  
has been obtained by so many different methods seemed to leave little 
doubt concerning its structure. An attempt was made to prepare the 
isomeric hydrocarbon which would have formed if the carbinol (V) had 
teen dehydrated and then halogen acid had added to the double bond to 
give an isomeric halogen derivative of the structure represented in formula . 

IX. The carbinol (V) was dehydrated to give di-tert.-butylethinyl- 
cyclohexylidenemethane (VIII) and hydrogen chloride was added to the 
olefin in alcohol solution. The chloride was oily and was never obtained 
in a pure condition. When this crude chloride was treated with 40% 
sodium amalgam, no evidence of metal alkyl formation was found. The 
only hydrocarbon that could be isolated from this reaction mixture was 
the original olefin. This behavior of the isomeric chloride furnished 
additional evidence that the hydrocarbon obtained from the true chloride 
of cyclohexyl-di-tert.-butylethinylcarbinol is the desired dicyclohexyl- 
tetra-tert.-butylethinylethane. 

These reactions are represented graphically as follows 

(CHd)sC-CsCMgBr PBr3 
CsH1lCOzCzHs -+ [(CH3)3C-C=C]2-COH - [(CH3)3C-C=C]2CBr 

I 
-HZ01 V c6H11 

L( Gz [(CH3)3C-CrC ]zC=C6Hio 
VIII  

[(CH~)~C-CEC]~C-OCH~ [(CH3)3C-C=C 12-C----C [CEC-C(CH3)rI 
I 

VII C6Hli -HCIl i+HCl  CaHu I C6Hii I 
[(CH3)3C-C~C]zC-CeHioCl 

\ 
H 

IX 

(CHa)2C--C(CH3)2 
Br Br 

I then HCl I // [(CHJ)~C-C=C]CCCOZH +---- [(CH3)3C--C]2CK 

C6Hll c6Hll 

I t  is interesting to note the variation in the ease of cleavage of the 
compounds of the general formula 

[(CHI)~-C-C~C]~-C-C-[~C-C(CH~)~]~ 
I I 
R R 

with alkali metals as R changes. When R is the cyclohexyl group the 
molecule is very stable; when R is the tertiary butyl group the molecule 
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is cleaved by liquid sodium-potassium alloy; when R is the phenyl group 
the molecule is cleaved by 40% sodium amalgam; and when R is the 
tert.-butylethinyl group the molecule is cleaved by 1% sodium amalgam. 
The stability of the cyclohexyl derivative is particularly surprising in 
view of the ease with which tetracyclohexyldiphenylethane reacts with 
1% sodium amalgam to give a metal alkyL6 

Experimental Part 
Tert. - butyl- di-tert. - butylethinylcarbino1.- Tert. - butyletl~inylmagnesium bromide 

was prepared by adding 35 g. of tert.-butylacetylene from a dropping funnel to  108 cc. 
of a 3.945 N ether solution of ethylmagnesium bromide during four hours. The heat 
of reaction was sufficient to  cause the ether to reflux and an efficient condenser filled 
with water a t  about 5" was needed to avoid loss of acetylene. Half of the theoretical 
amount (13.4 g.) of ethyl trimethylacetate was then added during three to  four hours 
and the mixture was stirred overnight. The remainder of the ester (13.4 g.) was added 
during four hours. The mixture was stirred for about three hours longer and then de- 
composed by pouring it on cracked ice and 25 g. of ammonium chloride and then adding 
the theoretical quantity of dilute hydrochloric acid. The ether layer after being dried 
over anhydrous magnesium sulfate was heated on the steam-bath to remove the sol- 
vent. The residue was distilled under diminished pressure and the fraction boiling a t  
95-99' a t  5 mm. or 103-107 " a t  7 mm. was collected. This distillate solidified on stand- 
ing to give white rhombic crystals; m. p. 46-47". The yield was 4042  g. (78-82% of 
the theoretical amount). 

Anal. Subs., 0.2429: CO2, 0 7322; H20, 0 2487. Calcd. for C I ~ H ~ ~ O :  C, 82.19; 
H,11.37. Found: C,82.20; H, 11.46. 

Tert.-butyl-di-tert.-butylethinylbromomethane.-Three grams of the carbinol was 
dissolved in 25 cc. of low-boiling petroleum ether and the solution was cooled to 0". 
Then 1 g. of phosphorus tribromide was added and the solution stirred a t  0 for one hour. 
To the mixture was slowly added 100 cc. of 10% sodium bicarbonate solution and stir- 
ring was continued for ten minutes. The ether layer, after being dried over anhydrous 
magnesium sulfate, was evaporated under reduced pressure. The bromide appeared 
as a viscous yellow oil. All attempts to crystallize it failed The yield of crude prod- 
uct was 2.4-2.6 g. (6349y0 of the theoretical amount). This crude bromide was s ~ & -  
ciently pure for the preparation of the ethane. 

One run of the bromide was distilled under reduced pressure and the fraction boil- 
ing a t  68-71 ' a t  13 mm. was collected. 

Anal. (Stepanow). Subs., 0.1482: 11 19 cc. of 0.4387 N AgN03. Calcd. for Cn- 
HZIBr: Br, 25.69. Found: Br, 26.12. 

Sym.-di-tert.-butyl-tetra-tert.-butylethinylethane.-The crude tert.-butyl-di-tert: 
butylethinylbromomethane obtained from 3 g of carbinol was dissolved in 10 cc. of dry 
ether and shaken mechanically with 3 g. of molecular silver for twenty-four hours. The 
ether solution was evaporated under reduced pressure almost to dryness and 5 cc. of 
absolute alcohol was added. The evaporation was continued until crystallization be- 
gan and then the mixture was cooled. The yield was 0.87 g. (31.6y0 of the theoretical 
amount) ; m. p. 12G120.5 '. 

Anal. Subs., 0.1942: C02, 0.6267; HzO, 0.2042. Calcd. for C34H64: C, 88.23; 
H, 11.76. Found: C, 88 00; H, 11.77. Mol. wt. (Cryoscopic in benzene). Subs , 
0.0901, 0.2421; benzene, 13.1765; nt,  0.086, 0.208". Calcd. for C34H54: rnol. wt., 462. 
Found: 452.449.3. 

6 Rossander, Bock and Marvel, THIS JOURNAL, 52, 2976 (1930). 
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Cleavage of the Ethane with Alkali Metals.-A solution of 0.1 g. of ethane in 10 cc. 
of dry ether was shaken with 2 cc. of liquid sodium-potassium alloy in an atmosphere 
of dry nitrogen. The solution instantly became yellow in color and a deep red color 
developed within one to two minutes. The isolation of the tert.-butyl-di-tert.-butyl- 
ethinylacetic acid is described below. 

When 0.1 g. of ethane was shaken for twenty-four hours with 4-5 cc. of 40% so- 
dium amalgam under the conditions described above, no red coloration appeared and 
most of the ethane was recovered. 
. A solution of 0.5 g. of the bromide in dry ether was shaken for twenty-four hours 
with 4-5 cc. of 40% sodium amalgam in an atmosphere of nitrogen. No red color de- 
veloped and no acid was formed upon treating the reaction mixture with carbon dioxide 
and mineral acid. From the ether of the reaction there was obtained 0.05 g. of the 
ethane melting at 119-120 O. 

Tert.-butyl-di-tert.-butylethinylacetic Acid. (A) From Di-tert.-butyl-tetra-tert.- 
butylethiny1ethane.-One gram of ethane was shaken for twenty-four hours with 4-5 cc. 
of liquid sodium-potassium alloy in ether. Dry carbon dioxide was then passed into the 
reaction mixture until the red color disappeared. The ether and acid salt were de- 
canted from the excess alloy and carefully treated with a little absolute alcohol to  de- 
compose any small particles of the alloy, then with water and finally with dilute hydro- 
chloric acid. The ether layer was extracted with a solution of 2.5 g. of potassium hy- 
droxide in 50 cc. of water. The alkaline layer was cooled to 0' and acidified. The 
brown oil which separated was extracted with ether and the ether solution was dried 
over anhydrous magnesium sulfate. The ether was then evaporated a t  room tekpera- 
ture. The oil was shaken up in a little hot glacial acetic acid and filtered. The crys- 
tals which separated on cooling the filtrate were again recrystallized from glacial acetic 
acid. The yield was 0.426 g. (35.7% of the theoretical amount); m. p. 151.5-152.5'. 
This acid caused no depression of the melting point when mixed with a sample of the 
acid prepared from the bromide. 

(B) From Tert.-butyl-di-tert.-butylethinylbromomethane.-Te crude bromide ob- 
tained from 6 g. of carbinol was dissolved in 20 cc. of dry ether and shaken with a large 
excess (8-10 cc.) of liquid sodium-potassium alloy for twenty-four hours in an atrnos- 
phere of dry nitrogen. Dry carbon dioxide was then passed into the reaction mixture 
until the red color disappeared. The ether and acid salt were then treated as described 
above with a little absolute alcohol and then with water. The ether layer was separated 
and thoroughly extracted with water. The extracts were added to the main aqueous 
layer, which was then cooled to 0 and acidified. The red gum which separated was ex- 
tracted with ether and reprecipitated by extracting the ether solution with a solution 
of 5 g. of potassium hydroxide in 50 cc. of water and acidifying the alkaline extract. 
The gum was then isolated as described above and recrystallized several times from gla- 
cial acetic acid. The yield of pure acid was 0.75 g. (11.2'30 of the theoretical amount); 
m. p. 152.5-153.5'. 

Anal. Subs., 0.2007: C02, 0.5781; Hz0, 0.1860. Calcd. for C~sHzsOz: C, 78.21; 
H, 10.21. Found: C, 78.53; H, 10.37. Neutral equivalent. Subs., 0.1069: 3.35 cc. of 
0.1153 N NaOH. Calcd. for C~sHnsOz: 276.3. Found: 276.7. 

In  one run similar to the one described above, not enough of the alloy was used to 
provide a large excess. In this case a few white crystals were isolated from the ether of 
the reaction mixture after its separation from the aqueous solution. After recrystalliza- 
tion from ether and alcohol these melted a t  170-173.5'. This was probably a rearranged 
hydrocarbon but not enough was isolated for further identification. Conant and Bigelow2 

observed a similar production of a rearranged hydrocarbon when diphenyl-tert.-butyl- 
chloromethane was shaken with an insufficient quantity of liquid sodium-potassium alloy. 



Effect of Heat on the Ethane.-A solution of 0.1 g. of ethane in 4 cc. of absolute 
alcohol was heated in a sealed tube a t  100" for one hour. No color was developed. 
Upon concentrating the alcoholic solution and cooling to 0°, 0.07 g. of ethane was re- 
covered (m. p. 120.5'). 

A solution of 0.1 g. of ethane in 3 cc. of dry xylene was heated in a sealed tube to 
140° for one hour. No color developed and 0.05 g. of ethane was recovered (m. p. 
120.5O). 

Oxygen Absorption.-Seven hundredths of a gram of di-tert.-butyl-tetra-tert.- 
butylethinylethane was placed in a 50-cc. Florence flask and 5 g. of p-dibromobenzene 
was added. The flask was then placed in an oil-bath a t  140 O and connected to  a eudiom- 
eter filled with oxygen. The same temperature was maintained for one and one-half 
hours but no absorption of oxygen was observed. 

Cyclohexyl-di-tert.-butylethinylcarbinol-The same procedure was followed in the 
preparation of this carbinol as described under tert.-butyl-di-tert.-butylethinylcarbinol. 
The tert.-butylethinylmagnesium bromide was made from 24 g. of tert.-butylacetylene 
and 93.5 cc. of a 3.12 N ether solution of ethylmagnesium bromide. To the aeetylenic 
Grignard reagent was added 22.5 g. of ethyl hexahydrobenzoate. The carbinol was iso- 
lated and distilled under diminished pressure, collecting the material boiling a t  123- 
128" a t  3 mm. The yield was 28 g. (70% of the theoretical amount). It had the fol- 
lowing constants: sp. gr. gg, 0.8991; n? 1.4729. Calcd. for CmHroO: MD, 85.42. Found: 
MD, 85.47. 

Anal. Subs., 0.2294: COZ, 0.6984; H20, 0.2202. Calcd. for ClsHaoO: C, 83.21; 
H, 10.95. Found: C,82.02; H, 10.74. 

In  a small side-arm test-tube (25 cc.) was placed 0.293 g. of pure carbinol dissolved 
in a few ec. of dry benzene. The side arm was connected to an outfit for drying and 
collecting ethane gas. An excess of ethylmagnesium bromide was added to  the carbinol 
from a dropping funnel, and 25 cc. of ethane a t  S. T. P. was collected. The theoretical 
yield of ethane is 23.9 cc. 

The carbinol was further characterized by converting it to a solid acetate. 
Cyclohexyl-di-tert.-butylethinylmethyl Acetate.-One and one-half grams of the 

carbinol was added to a suspension of I g. of powdered potassium in petroleum ether 
(b. p, 40-60") and stirred for about ten minutes. The supernatant liquid was decanted 
and treated with 2 cc. of acetic anhydride with stirring. The mixture was decomposed 
with water and neutralized with sodium bicarbonate solution. The ether layer was 
separated, dried with magnesium sulfate and concentrated to 3 4  cc. under diminished 
pressure. On cooling, the ester crystallized. The yield was 0.5 g.; m. p. 91-93". 
Recrystallization from acetone raised the melting point to 9596 ". 

Anal. Subs., 0.1725: C02, 0.5018; H20, 0.1584. Calcd. for C21H3202: C, 79.69; 
H, 10.20. Found: C, 79.33; H, 10.28. Mol. wt. (cryoscopic in benzene). Subs., 
0.1513; benzene, 13.1765; at, 0.195'. Calcd. for C21H3202: mol. wt. 316.4. Found: 
301.5. 

Cyclohexyl-di-tert.-butylethinylbromomethane.-Five grams of the carbinol was 
dissolved in 25 cc. of petroleum ether (b. p. 20-40') and treated with 2 g. of phosphorus 
tribromide as described under tert.-butyl-di-tert.-butylethinylbromomethane. The 
crude bromide was isolated and used in subsequent experiments without purification 
as i t  was feared that distillation would cause the elimination of hydrogen bromide from 
the molecule. 

Cyclohexyl-di-tert.-butylethinylchloromethane.-Five grams of the carbinol was 
dissolved in 15 cc. of dry benzene and 1.8 g. (10% excess) of aeetyl chloride was added. 
The mixture was allowed to stand for twenty-four hours with occasional shaking. The 
benzene was then evaporated under reduced pressure and 5 cc. of absolute methyl 
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alcohol was added to destroy the excess acetyl chloride. The methyl acetate was then 
evaporated under reduced pressure. The crude chloride was used for subsequent ex- 
periments. 

Cyclohexyl-di-tert.-butylethinylmethyl Methyl Ether.-Ten grams of carbinol was 
dissolved in 10 cc. of absolute methyl alcohol (5 times the theoretical amount) and 0.4 
cc. of concentrated sulfuric acid (sp. gr. 1.84) was slowly added with shaking and cooling. 
The amount of acid added did not exceed 3% of the total weight. The mixture sepa- 
rated into two layers within a few hours. The reaction was complete in twenty-four 
hours. Water was then added and the organic material was extracted with ether. 
The ether layer was dried over magnesium sulfate and the solvent evaporated. The 
residue was distilled under diminished pressure and the fraction boiling at  116-121 " 
a t  3.5 mm. was collected. The yield was 5 g. (52.6y0 of the theoretical amount). The 
constants found were: sp. gr. zg ,  0.8680; n2: 1.4640. Calcd. for CzsHazO: MD, 90.04. 
Found: MD, 91.55. 

Anal. Subs., 0.1865: COZ, 0.5683; HzO, 0.1887. Calcd. for C & $ s ~ O :  C, 83.33; 
H, 11.11. Found: C, 83.10; H ,  11.32. 

Sym.-di-cyclohexyl-tetra-tert.-butylethinylethane. (A) From the Bromide and 
Molecular Silver.-The crude bromide from 2 g. of carbinol was dissolved in 10 cc. of 
dry ether and was shaken mechanically for twenty-four hours with 2 g. of molecular 
silver in an atmosphere of dry nitrogen. The ether solution was then filtered, concen- 
trated to about 2 cc. under reduced pressure and 5 cc. of absolute alcohol was added. 
The concentratign was continued until crystals appeared and the mixture was then 
cooled. The solid material was filtered and recrystallized from an ether-alcohol mixture. 
I t  melted a t  149-150'. 

(B) From the Bromide and Liquid Sodium-Potassium Alloy.-The alcoholic fl- 
trate from the above hydrocarbon was evaporated to dryness under diminished pressure. 
The residue contained bromine. I t  was dissolved in 10 cc. of dry ether and shaken for 
twenty-four hours with 3 4  cc. of sodium-potassium alloy in an atmosphere of dry 
nitrogen. The solution had a reddish-brown tint. I t  was treated with dry carbon di- 
oxide and worked up as described under ter-1.-butyl-di-tert.-butylethinylacetic acid. The 
ether contained more of the hydrocarbon obtained above, m. p. 149-150". A small 
amount of acid was isolated as a yellow powder (m. p. 114-117°). Further treatment 
of this will be described later. Several runs of the bromide were then treated directly 
with liquid sodium-potassium alloy. The results were exactly the same. 

(C) From the Bromide and 40% Sodium Amalgam.-The bromide from 5 g. of 
carbinol was dissolved in 50 cc. of dry ether and placed in a 250-cc. flask. Forty grams 
of 40y0 sodium amalgam was added, the flask was filled with nitrogen and the mixture 
was shaken mechanically for twenty-four hours. The amalgam was frozen and the 
ether decanted into a 3-liter nitrogen-filled flask. The amalgam was washed once with 
50 ce. of petroleum ether (b. p. 40-60°), freshly dried over ethylmagnesium bromide. 
The petroleum ether washing was also poured into the 3-liter flask and 100 cc. of dry 
petroleum ether was added to insure precipitation of all metal alkyl. A cloth filter 
reinforced by copper gauze was then fitted to the flask which was inverted and the 
petroleum ether filtered out while maintaining a nitrogen atmosphere. 

The petroleum ether was evaporated to dryness under reduced pressure and the 
residue was recrystallized from ether-alcohol mixture. Three-fourths of a gram of the 
same hydrocarbon described above was obtained, m. p. 149-150". There was no de- 
pression of the melting point when it was mixed with the hydrocarbon from the reaction 
of silver with the bromide. 

Anal. Subs., 0.1404, 0.1815: C02, 0.4542, 0.5898; H20, 0.1436, 0.1753. Calcd. 
for Ca8Hsa: C, 88.82; H, 11.38. Found: C, 88.42, 88.62; H, 11.45, 10.81. Mol. wt. 
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(cryoscopic in benzene). Subs., 0.3138; benzene, 13.1765; at, 0.253O. Calcd. for CS~H~S: 
mol. wt., 514. Found: 482. 

About 100 cc. of diethyl ether, freshly dried over ethylmagnesium bromide, was 
added t o  the residue of metal alkyl in the 3-liter flask. To this was added 0.5 g. of tetra- 
methylethylene dibromide dissolved in 25 cc. of dry ether. Thc ether solution was then 
filtered and concentrated to  dryness under reduced pressure. The residue was kept 
under reduced pressure for some time in order to  volatilize the excess tetramethyl- 
ethylene dibromide. It was then recrystallized from an ether-alcohol mixture. The 
yield was 0.1 g. of the same hydrocarbon. Apparently very little metal alkyl had formed 
in the reaction. 

(D) From the Chloride and 407, Sodium Amalgam.-The chloride prepared from 
5 g. of carbinol as previously described was treated with 40 g. of 40% sodium amalgam 
for a twenty-four hour period. Dry carbon dioxide was then passed into the reaction 
mixture. The amalgam was frozen and the ethereal suspension of the acid salt was de- 
canted. This was worked up as described under tert.-butyl-di-tert.-butylethinylacetic 
acid. About 0.2-0.3 g. of a yellow powder was isolated which melted between 114-117' 
as did the acid from the reaction of sodium-potassium alloy on the bromide. 

From the ether solution a small amount of hydrocarbon, m. p. 146-14S0, was iso- 
lated with difficulty as it tended t o  form a paste. 

(E) From the Methyl Ether of the Carbino1.-Three and one-half grams of cyclo- 
hexyl-di-tert.-butylethinylmethyl methyl ether was dissolved in 50 cc. of dry ether, 
placed in a nitrogen filled flask, and 10 cc. of liquid, sodium-potassium alloy was added. 
This was shaken for twenty-four hours. The reaction mixture became yellowish-brown 
in color. Then 2 g. of powdered potassium was introduced into the flask and shaking 
was continued for another twenty-four hours. The ether suspension was then decanted 
from the excess alloy into another nitrogen-filled flask fitted with a dropping funnel. 
From the dropping funnel was added 1.4-1.8 g. of tetramethylethylene dibromide dis- 
solved in 25 cc. of dry cthcr. The yellowish brown tint of the reaction mixture slowly 
changed to light greenish blue. A small amount of alcohol was added t o  decompose any  
particles of the alloy, and then the ether solution was washed with water. The ether 
layer was dried over magnesium sulfate and the ether evaporated under reduced pressure. 
The residue was kept under diminished pressure for some time t o  remove all traces of 
tetramethylethylene dibromide. It was then recrystallized from a n  ether-alcohol 
mixture and melted a t  149--150'. The yield of hydrocarbon was 0.8 g. (27% of the 
theoretical amount). 

The hydrocarbon isolated in all five of the reactions a s  just described was un- 
doubtedly the desired sym.-dicyclohexyl te'ra-tert.-butylethinylethane. 

Cyclohexyl-di-tert.-butylethinylacetic Acid. (A) From the Bromide and Chloride.- 
The isolation of an acid from the action of sodium-potassium alloy on the bromide, 
and also from the action of 40% sodium amalgam on the chloride, has already been 
mentioned. The acids from both sources melted in a similar fashion so they were com- 
bined and recrystallized from glacial acetic acid. The product was then pure white 
and melted a t  125-126 O. 

Neutral equivalent. Subs., 0.1170: 3.30 cc. of 0.1163 N NaOH. Calcd. for C z a H ~ 0 0 z :  
302. Found: 304.6. 

(B) From the Methyl Ether of the Carbino1.-One and eight-tenths grams of the 
methyl ether of cyclohexyl-di-tert.-butyl-ethinylcarbino was dissolved in 15 cc. of dry 
ether and shaken with 4-5 cc. of sodium-potassium alloy in a n  atmosphere of dry ni- 
trogen for twenty-four hours. Dry carbon dioxide was then passed into the reaction 
mixture and the red color of the metal alkyl disappeared immediately. The ethereal 
suspension of the sodium salt of the acid was decanted from the excess alloy and water 
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was added cautiously to the ether. The ether layer was extracted several times with 
water. The aqueous extracts were combined, cooled to 5' and acidified with dilute 
hydrochloric acid. The organic acid separated in white flocculent crystals, which were 
filtered. It was recrystallized from glacial acetic acid and melted a t  125-126'. The 
yield was 0.5 g. (27% of the theoretical amount). When a sample of this acid was 
mixed with that obtained from the bromide and chloride, there was no depression of the 
melting point. 

Anal. Subs., 0.1757: C02, 0.5090; H20,  0.1589. Calcd. for CzaHaoOz: C, 79.41; 
H, 10.00. Found: C, 78.87; H, 10.10. 

Di-tert.-butylethinyl-cyclohexylidenemethane.-Twenty-eight grams of cyclo- 
hexyl-di-tert.-butylethinylcarbinol was heated to  125-130' for twelve hours with 28 g. 
of potassium acid sulfate. The water was removed as formed by means of a current of 
dry air. The reaction mixture was extracted with ether and dried over magnesium 
sulfate. The solvent was evaporated and the residue distilled under diminished pres- 
sure. The portion boiling a t  105-110' a t  3 mm. was collected. The yield was only 
5 g. The product gave an intense coloration when treated with tetranitromethane, 
whereas the carbinol gave no coloration with that reagent; sp. gr. ig, 0.8578; n$ 1.4838. 

Anal. Subs., 0.1676: C02, 0.5485; HzO, 0.1635. Calcd. for ClsHzs: C, 89.06; 
H, 10.94. Found: C, 89.25; H, 10.92. 

Chlorocyclohexyl-di-tcrt.-butylethinylmethe.-Five grams of di-tert.-butylethinyl- 
cyclohexylidenemethane was dissolved in 25 cc. of absolute alcohol. Dry hydrogen 
chloride was passed into the ice-cooled solution until i t  was saturated. The solution 
was then warmed to 40" for one-half hour and again saturated with dry hydrogen chlo- 
ride. The alcohol was removed under reduced pressure. The residue was dissolved in 
dry ether and anhydrous sodium carbonate was added. The ether was evaporated 
under reduced pressure. There was left a brown oil which contained chlorine. 

Anal. (Stepanow). Subs., 0.2263: 7.91 cc. of 0.1005 NAgN03. Calcd, for CtsH~s- 
C1: C1, 12.14. Found: C1, 12.43. 

This oil was dissolved in 50 cc. of dry ether and shaken with 30 g. of 40% sodium 
amalgam for twenty-four hours in an atmosphere of dry nitrogen. Dry carbon dioxide 
was passed into the reaction mixture and it  was worked up as described in the prepara- 
tion of dicyclohexyl-tetra-tert.-butylethinylethane from the bromide and 40% sodium 
amalgam. No acid was isolated. From the ether there was isolated a light yellow 
oil, b. p. 105-110" a t  3 mm.; n2f 1.4843. This oil gave an intense coloration with 
tetranitromethane. I t  was di-tert.-butylethinyl-cyclohexylidenemethane. 

Summary 

1. Sym.-di-tert.-butyl-tetra-tert.-butylethinylthane has been prepared 
by the action of silver on tert.-butyl-di-tert.-butylethinylbromomethane. 

2. This hydrocarbon reacted with liquid sodium-potassium alloy 
to form the alkali metal derivative of tert.-butyl-di-tert.-butylethinylmethyl. 
It did not react with 40% sodium amalgam. It was not affected by heat 
and was more stable than sym.-di-phenyl-tetra-tert.-butylethinylethane. 

3. Sym.-dicyclohexyl-tetra-tert.-butylethinylethane has been prepared 
by several methods. This hydrocarbon was not cleaved by liquid sodium- 
potassium alloy. 
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Numerous interesting condensations of various types of ketones and 
aldehydes, capable of being expressed in enolic forms, with ethyl cyano- 
acetate, have been described by several  author^,^ most of whom interpreted 
their results on the basis that the ketone or aldehyde first reacts in its 
enolic form with the sodio derivative of ethyl cyano-acetate, eliminating 
water and giving P,y-unsaturated cyano esters or acids. This mode of 
interpretation was shown by Lapworth and McRae3 to have led to  an 
erroneous conclusion in the condensation of cyclohexanone with ethyl 
cyano-acetate and Kohler and Corson4 have demonstrated that it is clearly 
inapplicable in certain cases. ~ n ~ o l d , ~ ~  who has used this mechanism most 
recently, has now5 abandoned it in favor of the mechanism emphasized by 
Lapworth and McRae, which leads to an a,O-unsaturated structure for 
the substances produced initially (if the aldol stage be omitted), although 
subsequent isomeric changes may yield a 0, y-unsaturated form. In  view 
of the uncertainty which, therefore, is attached to the structures previously 
assigned to many of the substances described in the foregoing papers2 

it has seemed to us desirable to reinvestigate some of the more interesting 
cases in which it appears that the initial condensation has been followed 
by further reactions. 

In the present communication we describe the results obtained on in- 
vestigating the condensation of benzoin with ethyl cyano-acetatezb and 
the related condensation of benzil and ethyl cyano-acetate. We have also 
compared the behavior toward hydrogen cyanide of the product from the 
latter condensation with that of ethyl camphorylidene-cyano-acetate, 
derived from condensing camphorquinone (a l,2-diketone) with ethyl 
cyano-a~etate.~ 

Haworth obtained an acid, C20H1404N2, m. p. 136O, by condensing 

We gratefully acknowledge our indebtedness to the Canadian National Research 
Council for the award of a bursary in 1924-1925 to one of us (A. I,. K.), during the 
tenure of which most of the work here described was carried out. 

(a) Harding, Haworth and Perkin, J. Chem. Soc., 93, 1943 (1908); (b) Haworth, 
ibid., 95, 480 (1909); (c) Gardner and Haworth, ibid., 95, 1955 (1909); Harding and 
Haworth, ibid.,  97,486 (1910); Simonsen and Nayak, ibid., 107, 792 (1915); (d) Ingold 
and Thorpe, ibid., 115,143 (1919). 

Lapworth and McRae, ibid., 121,2741 (1922). 
Kohler and Corson, THIS JOURNAL, 45,1975 (1923). 

5 Ingold, J. Chem. Soc., 184 (1930). 
6 Forster and Withers, ibid.. 101, 1327 (1912). 
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benzoin with ethyl cyano-acetate in the presence of sodium ethoxide and 
assigned to it the structure a,G-dicyano-0, y-diphenyl- A'-butene-a,& 
dicarboxylic acid (I), based solely on the assumption that benzoin had 

COOHCH(CN)C(CsH5)=C(C&) (CN)COOH I 

reacted in its enolic form CtH~C(OH)=C(OH)CsHS. We have carried out 
this condensation many times and have followed scrupulously Haworth's 
directions but we have failed to isolate a substance agreeing in properties 
or analysis with that described by Haworth. On the contrary, we have 
obtained consistently by acidification of the reaction mixture a substance, 
m. p. 141°, having the formula C ~ ~ H ~ ~ O P N .  The substance dissolves slowly 
in caustic soda and has an equivalent of 264 (C17H1102N requires 261). 
svidently i t  has been formed by the condensation of equimolecular pro- 
portions of the reactants and the only satisfactory structure we are able to 
assign to it is that of the lactone of a-cyano-8,~-diphenyl-y-hydroxycrotonic 
acid (11). This Iactone has been formed apparently by the hydrolysis of 
the ester (111), followed by elimination of water. 

CeHsC=CH(CN)CO CaHsC=C(CN)COzCzHr 
I 

CqHsCH- 
I 
0 

I 
CaH6-C ( O H )  

I1 I11 

In agreement with the structure assigned, the substance is oxidized to 
benzil by chromic acid and to a-cyano-8-benzoylcinnamic acid (IV), by 
dilute nitric acid. The latter is identical with the acid produced by hy- 
drolyzing ethyl a-cyano-8-benzoyIcinnamate (V), which was obtained by 
condensing benzil with ethyl cyano-acetate. 

CsH5C=C(CN) COOH CsHaC=C(CN) COOCaHa 
I I 

An attempt was made to prepare ethyl a-cyano-@, y-diphenyl-y-hydroxy- 
crotonate (III), by acting on the supposed silver salt of the corresponding 
acid formed from the lactone with ethyl iodide, but ethyl benzoyl a- 
cyanocinnamate was obtained instead, the corresponding silver salt hav- 
ing evidently been produced on dissolving the lactone in ammonia and 
treating the neutral solution with silver nitrate, oxidation taking place 
during the process. 

The action of concentrated nitric acid on the lactone gave a markedly 
acidic substance, a-cyano-P-benzoyl-P-(m-nitropheny1)-acrylic acid (VI) . 

NOtCsHaC=C(CN) C02H 
I VI 

CsHsCO 

This on oxidation gave at1 excellent yield of m-nitrobenzil (m. p. 118") 
which Chattaway and Coulson7 recently described, having isolated it 

Chattaway and Coulson, J.  Chem, Soc., 1080 (1928). 
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(m. p. 120') in small quantity from the action of nitric acid on benzoin. 
On account of the markedly different yields in the two processes by which 
m-nitrobenzil is obtained, we assign the nitro group in (VI) t o  the benzene 
radical in closest proximity to  the =C(CN)COOH group, although no 
other case of this group acting as a meta directing group has been observed. 
The identification of our substance as m-nitrobenzil followed from its oxi- 
dation by chromic acid into benzoic and m-nitrobenzoic acids, both of 
which were fully identified. 

The foregoing lactonic structure is also in agreement with the behavior 
of the substance toward concentrated sulfuric acid, which converts i t  into 
8-phenyl-6-benzoylpropionic acid, whose identity was proved by direct 
comparison with a specimen prepared according to  the description of 
Avery and McD01e.~ This conversion arises as follows 
CaHsC=C (CN) CO CaHsC=C(COOH)a - COz CsHsC=CH(COOH) 

I I ---+ I ---3- I + 
CBHKCH------0 C~HE,CHOH CaH6CHOH 

CaHsCCHzCOOH CsHsCHCH2COOH 
I .--) 

CaHsCOH 
I 

CeH6CO 

Forster and Witherse state that benzil had been condensed with ethyl 
cyano-acetate in Dr. Forster's laboratory but a description of the sub- 
stance obtained was not published. The condensation, we have found, 
takes place readily with the formation of ethyl cr-cyano-P-benzoylcinnamate 
(V), which curiously has the same melting point as the lactone (11) but 
analyses, a mixed melting point determination and hydrolysis of (V) t o  
the acid (IV) all show that the two substances are not identical. With 
neither the lactone (11) nor the ester (V) were we able to effect the addition 
of hydrogen cyanide, a reaction which is characteristic of simple cyano- 
acrylic acids and estersg The condensation of benzil with ethyl cyano- 
acetate adds another example of the occurrence of condensation between 
ethyl cyano-acetate and a ketone in which there is no possibility of enoliza- 
tion. However, we were unable to bring about condensation between 
ethyl cyano-acetate and the methyl ether of benzoin. 

In contrast with the behavior of the ester (IV) toward hydrogen cyanide, 
ethyl camphorylidene-cyano-acetate (VII) reacts rapidly and adds on 

CHrCH-C(CN) CH (CN) COOCzHs 
I I I 

VII VIII 

hydrogen cyanide both a t  the ethenoid linkage and the carbonyl linkage 
as well, giving ethyl 1,7,7-trimethyl-2,3-dicyano-Z-hydroxy-b~0-(1,2,2)- 
heptune-3-cyano-acetate (VIII). This addition reaction agrees with the 

8 Avery and McDole, Tms JOURNAL, 30, 1423 (1908). 
9 Cf. Lapworth and McRae, Ref. 3. 
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structure given their substance by Forster and Withers, who rejected the 
alternative P,y-unsaturated formula. This ester loses hydrogen cyanide 
readily on treatment with alcoholic potash, giving presumably (a'-cyano- 

C (CN) CH (CN) COOH 
camphory1)-a-cyano-acetic acid (IX), c ~ H , ~ /  1 

'co 
(m. P. 

107-109°), although the substance has not been compl6tely identified. 

Experimental 
Lactone of a-Cyano-B,y-diphenyl-y-hydroxycrotonic Acid. (II).-To a mixture of 

21.2 g. of benzoin in 70 cc. of absolute alcohol there was added 14 g. of ethyl cyano- 
acetate followed by 2.3 g. of sodium dissolved in 70 cc. of absolute alcohol. There is a 
momentary purple color on adding sodium and heat is developed. On shaking the 
benzoin dissolved to form a clear reddish solution. This was heated on the water-bath 
under a reflux condenser for three hours, after which it was poured into 800 cc. of water. 
A small precipitate of unchanged benzoin was filtered off and the clear filtrate acidified. 
A granular semi-solid precipitate was filtered off, rubbed with a small amount of ether 
and the white crystals filtered from the ether; yield about 85%. Recrystallization from 
alcohol yielded white needles melting a t  141 ", soluble in chloroform, benzene and alcohol, 
nearly insoluble in ether. 

Anal. Calcd. for Cl7HllOzN: C, 78.1; H, 4.22; N, 5.36; equivalent, 261. Found: 
C, 77.5; H, 4.26; N, 5.48; equivalent, 264. 

The lactone absorbs bromine only very slowly and failed to add hydrogen cyanide. 
Hydrolysis of the Lactone a-Cyano-ay-diphenyl-i-hydroxycrotonic Acid to P- 

Phenyl-8-benzoylpropionic Acid.-The lactone (5.2 g.) was heated with 85 cc. of con- 
centrated sulfuric acid and 50 cc. of water at a temperature of 130-140' for five hours. 
The mixture after standing overnight was poured on 400 g. of cracked ice and the pre- 
cipitated semi-solid brown mass was filtered off. This was warmed with a solution of 
dilute caustic soda and a small amount of insoluble material filtered out. The alkaline 
solution was acidified, when a mass of brown crystals was obtained (2.3 g.). Three re- 
crystallizations from alcohol failed to remove a brown color. After boiling with charcoal 
colorless octahedra were obtained, m. p. 160.5". 

This substance was found to be identical with P-phenyl-P-benzoylpropionic acid 
made by oxidizing 0,y-diphenyl-y-cyanobutyric acid according to the method of Avery 
and McDolt8 no depression of the melting point being observed on making a mixed 
melting point determination. 

a-Cyano-P-(m-nitropheny1)-8-benzoylacrylic Acid.-The lactone (40 g.)  was 
heated under a reflux with concd. nitric acid (200 cc.) until the evolution of brown 
fumes ceased (about one hour). On cooling, pure white crystals separated which were 
filtered and washed thoroughly with water. I t  is necessary to allow the crystals to 
separate here, for, if the clear solution is poured into water, a sticky semi-solid mass is 
obtained from which pure crystals are obtained with some difficulty. After twice re- 
crystallizing from alcohol, the substance softens a t  212" and melts a t  218-220" with de- 
composition; yield of pure crystals, 41%. 

Anal. Calcd. for C17HloOsNt~: C, 63.3; H, 3.11; N, 8.7; equivalent, 322. Found: 
C, 63.1; H, 3.18; N, 9.14; equivalent, 323. 

The substance is soluble in hot chloroform, alcohol and benzene but insoluble in 
ligroin. From alcohol the crystals are obtained as colorless needles. 

a-Cyano-8-(m-nitropheny1)-P-benzoylacrylic acid can also be obtained by oxidizing 
ethyl a-Cyano-P-benzoylcinnamate with concentrated nitric acid. 
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Oxidation of a-Cyano-p(-rn-nitropheny1)-&benzoylacrylic Acid to rn-Nitrobenzi1.- 
The acid (10 g.) was dissolved in 80 cc. of acetone and a saturated aqueous solution of 
potassium perrnanganate slowly added until an excess was present. The reaction mix- 
ture was kept cool during the addition of the permanganate. The mixture was allowed 
to stand for one hour and then the heavy precipitate of manganese dioxide was cleared 
by passing in sulfur dioxide and adding sulfuric acid. The yellow precipitate of nitro- 
benzil was filtered and recrystallized from alcohol as pale yellow crystals, m. p. 117-118"; 
yield, 60-70%. 

This substance was shown to be rn-nitrobenzil by oxidizing with chromic acid in  
boiling acetic acid solution. The mixture of m-nitrobenzoic acid and benzoic acid was 
separated by forming the methyl ester and recrystallizing from alcohol. 

Anal. Calcd. for ClaHsOlN: N, 5.49. Found: N, 5.82. 

a-Cyano-8-benzoylcinnamic Acid. Oxidation of Lactone of a-Cyano-p,r-diphenyl- 
y-hydroxycrotonic Acid to a-Cyano-8-benzoylcinnamic Acid.-Six g. of the lactone was 
boiled gently under a reflux condenser with 48 cc. of concentrated nitric acid t o  which 
had been added 12 cc. of water. When the evolution of brown fumes had ceased, a small 
amount of water was added and the solution cooled. A yellow semi-solid mass separated 
which was recrystallized twice from benzene and ligroin. The crystals soften a t  112" 
and melt a t  116- 117"; yield, 5.4 g. 

Anal. Calcd. for C17H1~03N.1/2C6H6: C, 75.9; H, 4.43; N, 4.43; equivalent, 31G. 
Found: C, 75.5; H, 4.54; N, 5.03; equivalent, 317. 

The crystals are soluble in alcohol, chloroform and hot benzene. The same sub- 
stance can be obtained by oxidizing the lactone in hot acetic acid solution with concen- 
trated nitric acid. These crystals were found to be identical with those prepared by the 
hydrolysis of ethyl a-cyano-P-benzoylcinnamate and also contained benzene of crys- 
tallization. 

Attempted Esterification of the Lactone of crCyano-p,y-diphenyl-y-hydroxycrotonic 
Acid.-The lactone (5 g.) was dissolved in dilute ammonia and the excess ammonia 
boiled off. The solution was cooled and silver nitrate was added. A white precipitate 
was formed which immediately turned black. This silver salt was dried over sulfuric 
acid and boiled with 15 g. of ethyl iodide in 40 cc. of dry ether for thirteen hours. The 
ethereal solution was filtered and evaporated, leaving a red oil which deposited a small 
amount of white crystals. After two recrystallizations these melted a t  141 and were 
shown to be identical with the ethyl a-cyano-P-benzoylcinnamate obtained by  condens- 
ing benzil with cyano-acetic ester. 

Anal. Calcd. for ClsHl6OsN: C, 74.7; N, 4.96. Found: C, 75.2; H, 5.18. 

Preparation of Ethyl a-Cyano-p-benzoy1cinnamate.-Benzil (8.4 g.) was added t o  a 
solution of 1 cc. of piperidine in 60 cc. of absolute alcohol. To this was added 9.02 g. of 
cyano-acetic ester, when a purple color was formed which disappeared almost imme- 
diately. The mixture was heated on a water-bath under a reflux condenser for five 
hours and allowed to stand overnight, when crystallization took place. After acidifica- 
tion the crystals were filtered and washed with alcohol and usually were found now t o  
contain no unchanged benzil and gave a constant melting point of 141" without further 
purification; yield, 8.2 g. 

Anal. Calcd. for ClgHls03N: C, 74.7; H, 4.96; N, 4.6. Found: C, 74.4; H,  4.97; 
N, 5.1. 

It is necessary that alcohol be not used in excess of the amount mentioned to pre- 
vent the decomposition of the benzil into benzaldehyde and ethyl benzoate. Sodium 
ethylate may also be used as a condensing agent. 
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The ester crystallizes from alcohol as colorless needles and is soluble in benzene, 
chloroform and hot acetic acid. I t  does not absorb bromine. 

Benzil is readily obtained from this esttr by dissolving in acetone and adding an 
aqueous solution of potassium permanganate. 

a-Cyano-@-benzoylcinnamic Acid.-Five grams of the ester was allowed to stand 
with a solution of potassium hydroxide in alcohol. After fifteen minutes the crystals 
had all dissolved and the solution no longer became turbid on diluting with water. This 
was poured into 300 cc. of water and acidified and the brown oil thrown down was ex- 
tracted with ether. The ether was dried and evaporated and the brown oil dissolved in 
benzene. When ligroin was added an oil was again obtained which solidified on standing. 
After another recrystallization from benzene and ligroin white crystals were obtained 
which softened at 112' and melted a t  116-117'; yield of pure crystals, 58%. 

The substance was found to contain benzene of crystallization and have the constitu- 
CeHaC=C(CN) COOH 

tion represented by the formula ) 1/2C6H6. This substance 
( a H h = o  

gave an equiva1ent.b~ titration of 318. CaIcd. for C17H1103N.1/2C6H6: equivalent, 316. 
The benzene can be driven off by heating in an oven a t  90' for several hours. The 

sqbstance then melted a t  135-136 "; equivalent, 283. Calcd. for C17H1103N: equivalent, 
277. 

Colorless needle-like crystals, m. p. 135-136 O ,  can be obtained by recrystallizing from 
alcohol. 

Benzil can readily be obtained from or-cyano-8-benzoylcinnamic acid by oxidizing 
with potassium permanganate in sodium carbonate solution. 

Ethyl (1,1,7)-Trimethyl-2,3-dicyano-2-hydroxy-bicyclo- (1,2,2)-heptane-3-cyano- 
acetate.-Ethyl camphorylidene-cyano-acetate (13.9 g.) prepared according to Forster 
and Withers6 was dissolved in 85 cc. of absolute alcohol a t  40-50 ". Thirteen and seven- 
tenths g. of potassium cyanide in 40 cc. of water was added and the mixture kept a t  
40-50' for one hour. Six grams of glacial acetic acid in 25 cc. of water was added care- 
fully without mixing. Overnight the product separated as long white needles. The 
solution had lost all of the yellow color of the camphorylidene-cyano-acetic ester, indi- 
cating that the reaction had gone to completion. The crystals were filtered and washed 
with 50y0 alcohol. The total yield obtained was almost the theoretical. After re- 
crystallization from hot alcohol the crystals melted a t  202-204'. The substance is 
soluble in hot alcohol, chloroform and benzene; [a ]D + 115.1 O. 

Anal. Calcd. for Cl~H2103Na: C, 64.8; H, 6.7; N, 13.3. Found: C, 64.6; H, 
6.86; N, 13.3. 

Summary 

1. The lactone of a-cyano-P,y-diphenyl-y-hydroxycrotonic acid has 
been obtained as the principal product from the condensation of benzoin 
with ethyl cyano-acetate. Various reactions of this substance support the 
structure assigned. 

2. m-Nitrobenzil is readily obtained by oxidizing the acid produced by 
nitrating the foregoing lactone. 

3. Benzil has been condensed with ethyl cyano-acetate and the be- 
havior of the product toward hydrogen cyanide has been compared with 
that of ethyl camphorylidene-cyano-acetate toward the same reagent. 
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METALLIC SALTS OF KETONES 
BY HAROLD H. STRAIN 

RECEIVED MAY 19, 1930 PUBLISHED AUGUST 5, 1930 

Upon attempting to use metallic amides as dehydrating agents to  pro- 
mote the reaction between ketones and liquid ammonia, the writer found 
that metallic salts of the ketones were formed.' A search of the literature 
then revealed that such salts had been prepared by the action of ketones 
on metallic amides in the presence of indifferent  solvent^,^ and by the 
action of sodium on the  ketone^.^ 

Because of the very weak acid properties of the ketones, the use of the 
indifferent solvents as a liquid medium in the preparation of their salts has 
been requisite. In general such liquids are poor solvents for metallic salts, 
so that much difficulty is entailed in preparing and recrystallizing the latter. 
The poor ionizing properties of the common indifferent solvents also causes 
the reaction between the ketone and the metallic amide to proceed very 
slowly. 

Since liquid ammonia possesses unique ionizing, solvolyzing and solvent 
properties which make it an advantageous medium for preparing salts of 
very weak acids,4 it was tested as a solvent for the salts of ketones and 
found to serve admirably. The salts prepared by its use are described 
below. 

Methods 

All salts were prepared and purified in liquid ammonia solution. The 
methods of handling the ammonia were essentially the same as those de- 
scribed by Franklin. b 

The salts were formed in two-legged tubes by pouring a solution of the 
ketone over an excess of the metallic amide. After the reaction had run t o  
completion the solution was decanted from excess amide and concentrated 
until crystals separated. The crystals were then washed with liquid am- 
monia and dried in vacuum. The tube was subsequently opened by scratch- 
ing with a file and breaking with a drop of hot glass. The end of the tube 
containing the crystals was stoppered and the weight of the sample deter- 

' Strain, THIS JOURNAL, 52,820 (1930). 
Werling, Chrzesuuski and Pfeffer, U. S. Patent 1,169,341, January, 1925; C. d., 

10,952 (1916). 
Haller, "Dissertation," Nancy, 1879, p. 41. Haller and Bauer [Ann. chim. phys., 

[8] 28, 373 (1913); [8] 29, 313 (1913)l have shown that many ketones are alkylated 
when treated with sodium amide and an alkyl halide, a reaction which indicates the 
intermediate formation of a salt of the ketone. 

4 Franklin, J. Phys. Chem., 24,81 (1920) ; Strain, THIS JOURNAL, 49, 1995 (1927) ; 
Cornell, ibid., 50, 3311 (1928). 

5 Franklin, J. Phys. Chem., 15, 513 (191 1) ; Ref. 4. 
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mined by weighing the stoppered tube before and after removing a portion 
of the salt to a platinum crucible. Sodium and potassium were determined 
as sulfates, calcium as the oxide. 

All salts are stable to 60' either in vacuum or in an atmosphere of am- 
monia. Exposed to the air, however, they undergo a very vigorous de- 
composition. They are rapidly hydrolyzed by water to the ketone and 
the metallic hydroxide. 

TABLE I 
SALTS OF KETONES 

Cryst. -Metal, %-. 
Ketone Metal Formula form Color Soly. Calcd. Found 

Acetonea Na C8H60Na . . . . . . None Very 28.8  29.2 
Ca (C3HsO)nCa . . . . . .  None Very 26.0 26.3 

Methylpropyl Na C5H~0Na None None Very 21.3 24.5 
Acetophenone Na CsHrONa . . . . . .  None Very 16.2 16.9 

Ca (C8Hr0)~Ca Prisms None Sol. 14.4 14.2 
Methyl p-tolyl Na CgH90Na None . . . Very 14.8 15.4 
Camphor Na ClaH150Na . . . .  None Med. 13.2 13.8 
Fenchone Na Cl0Hl50Na.XNH3 Distorted cubes None S1. . . . . 

CIOHIKON~ Amorphous White . . . 13.2 12 6 
~enzo~henone '  Na Cl8HloONaNH2 Short needles None Sol. 10.4 11.0 

K C13HioONIC3 Flakes None S1. 37.4 39.8 
40.8 

Nitrogen, calcd. 4 . 5  6 .0  

a For references relating to the preparation of metallic salts of acetone in indifferent 
solvents see Bacon and Freer, C. A., 1, 1695 (1906); Bayer and Company, ibid.,  10, 
2615 (1916). 

~ a l l e r  and Bauer [Ann. chinz. plzys., [8] 16, 146 (1909) ] report the formation of a 
compound having the formula (CeHs)zC(NH2)0Na which they analyzed and found to 
contain 10.6-10.9% sodium. These values are in rather good agreement with the 
theoretical value, which is 10.4%, rather than 11.7% as given by Haller and Bauer. 
The potassium salt of benzophenone represents a rather unusual compound. For a time 
it appeared that this salt might be dipotassium benzamide, which should contain 
39.7y0 potassium [Pauline Lucas, ibid.,  [8] 17, 127 (1909)l. However, benzamide does 
not form a dipotassium salt [Ruth Fulton, "Thesis," Stanford University (1926)l. 
This salt is also quite different from the dipotassium derivative of benzophenone pre- 
pared by the action of potassium on benzophenone [Wooster, THIS JOURNAL, 50, 1388 
(1928) ; ibid.,  51,1856 (1929)l. 

Summary 

A number of metallic salts of ketones have been prepared by the action 
of metallic amides on ketones in liquid ammonia. 
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[CONTRIBUTION PROM THI$ DEPARTMENT OF CHEMISTRY AND ENTOMOLOGY, IOWA STATE 
COLLEGE] 

CATALYTIC REDUCTION OF NICOTINE AND METARICOTINE 
BY W. R. HARLAN' WITH R. M. HIXON 

RECEXV~D MAY 20, 1930 PUBLISHED Auousr 5, 1030 

In the study of the toxicity to insects of compounds structurally related 
to  nicotine, considerable quantities of the reduced derivatives of nicotine 
were desired. The catalytic reduction of nicotine by means of platinum- 
oxide platinum black and hydrogen as used by Smith2 on the dipyridyls and 
by Hamilton and Adams3 on the pyridine and quinoline derivatives was 
selected as the most feasible method of preparation. During the course 
of these investigations, this method was also used by LaForge4 for the 
reduction of metanicotine to dihydrometanicotine. 

Nicotine was first reduced by I,iebrecht6 by the use of sodium in absolute 
alcohol. Since he regarded nicotine as hexahydrodipyridyl, he described 
the reduction product as &P'-dipiperidyl. Pinner,6 after establishing the 
constitution of nicotine, considered that the above reduction yielded largely 
hexahydronicotine. Blau7 showed the majority of the reduction products 
to  consist of octahydronicotine (also called octahydrometanicotine by 
Maass and Hildebrandt)$ together with some hexahydronicotine. Both 
the method of reduction and the method of separation used in these studies 
would preclude their use as methods of preparation for any quantity of 
these derivatives. 

Contrary to expectations, in the catalytic reduction of nicotine, rupture 
of the pyrrolidine ring takes place simultaneously with the hydrogenation 
of the pyridine ring. Complete reduction with the absorption of 3.7 moles 
of hydrogen to each mole of nicotine hydrochloride gives a mixture con- 
taining 25% hexahydronicotine hydrochloride and 75y0 octahydronicotine 
hydrochloride. If the reduction is interrupted a t  the point where three 
moles of hydrogen have been absorbed for each mole of nicotine hydro- 
chloride (theoretical amount for reduction to hexahydronicotine), the 
resulting mixture consists of 19% hexahydronicotine hydrochloride, 57% 
octahydronicotine hydrochloride and 21% unchanged nicotine hydro- 
chloride. An efficient method of separation for such a mixture has been 

These studies were made possible by a fellowship maintained by the Tobacco 
By-Products and Chemical Corporation under the joint supervision of the Depart- 
ments of Entomology and Chemistry at Iowa State College. 

Smith, THIS JOURNAL, 50, 1936 (1928). 
a Hamilton and Adams, ibid., 50,2260 (1928). 
* LaForge, ibid., 50, 2483 (1928). 

Liebrecht, Ber., 18, 2969 (1885). 
Pinner, ibid., 26,765 (1893). 
Blau, ibid., 26, 628, 1029 (1893). 

* Maass and Hildebrandt, ibid., 39, 3700 (1906). 
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devised by taking advantage of the differences in solubilities of the hydro- 
chlorides and picrates. 

The catalytic reduction of metanicotine to dihydrometanicotine as car- 
ried out by LaForge4 was duplicated. The complete reduction to octa- 
hydronicotine is also reported in the experimental data. 

The compounds, with their constants and a suitable derivative, are 
listed in Table I. The hydrochlorides are hygroscopic and as a rule not 
suitable for characterization of the bases. The picrates of nicotine and 
dihydrometanicotine melt a t  162 and 163O, respectively, so that this de- 
rivative cannot be used to distinguish between these compounds. The 
picrate of octahydronicotine is difficult to obtain sufficiently pure so that 
i t  will not be oily, while the bis-phenylsulfone derivative is easily prepared 
and melts sharply. 

TABLE I 
CONSTANTS AND REFERENCES TO COMPOUNDS SUITABLE POR CHARACTERIZATION OP THE 

REDUCED NICOTINE DERIVATIVES 

B. p. of free 
base, "C. Suitable deriv. M. p., "C. 

Nicotine C~OHIINZ 246a Picrate 2 1 8 ~  
Metanicotine C1&14N2 276C Chloroplatinate 255' 
Dihydrometanicotine Cld-IlaNz 25gd Chloroplatinate 19gd 
Hexahydronicotine C~OH~$\T~  246' Picrate 202" 
Octahydronicotine CloHzzNz 25gf Hydrochloride 2 0 2 ~  

Bis-phenylsulfone 143.5" 
" Wolffenstein, "Pflanzenalkaloide," Julius Springer, Berlin, 1922, 3d ed., 9.  136. 

* Pinner and Wolffenstein, Ber., 24,66 (1891). Pinner, ibid.,  27, 1053 (1894). Mffler 
and Kober, ibid., 42, 3431 (1909). " Blau, ibid.,  26, 1029 (1893). Hexahydronicotine 
is a solid melting a t  36-37' when absolutely anhydrous. Blan gives the m. p. 198-201" 
for the picrate; when pure, the melting point is 202" sharp. Blau, ibid., 26,628 (1893). 

Experimental 
Nicotine Hydrochloride.-The standard methods of obtaining pure nicotine depend 

upon fractional extraction between ether and water and final purification by distillation. 
A more convenient method has been found in the direct crystallization of the hydro- 
chloride salt using a commercial product containing 95% water-free nicotine as a source 
When dry hydrogen chloride gas is passed into an ether solution of commercial 95% 
nicotine containing a small amount of acetone, crystallization of nicotine hydrochloride 
takes place with little difficulty. Sufficient hydrogen chloride gas should not be added 
to completely precipitate the nicotine as considerable amounts of the oily impurities 
present come down with the last portions of the nicotine hydrochloride. The small 
amount of acetone present in the ethereal solution serves to aid crystallization. After 
precipitation of the nicotine hydrochloride, it was rapidly filtered on a Buchner funnel 
and twice recrystallized from a mixture of absolute alcohol and acetone. This was 
accomplished by dissolving the hydrochloride in a small amount of hot absolute alcohol 
and adding acetone until the solution just became turbid. "Seeding" at  this stage 
aided materially in crystallization. After cooling, the crystallized salt was rapidly 
filtered and the above procedure repeated. Because of the very deliquescent nature of 
nicotine hydrochloride, it was stored over calcium chloride or stick sodium hydroxide, 
the latter serving to remove any occluded hydrogen chloride present. 
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Metanicotine Hydrochloride.-hfetanicotine was prepared according to Lijffler's 
and Kober'ss modification of Pinner'slo method involving the formation and subsequent 
hydrolysis of benzoylnicotine. This method was also used by LaForge.' 

The traces of unchanged nicotine can be removed from the benzoylnicotine by wash- 
ing with dilute acetic acid, the weakly basic benzoyl derivative being only slightly sol- 
uble. The hydrochloride of the free base was prepared and recrystallized as described 
above for nicotine. 

Catalyst and Reduction Apparatus.-The platinum-oxide platinum black was pre- 
pared from c. p. chloroplatinic acid according to the directions of Adams and Shriner." 
The reduction was carried out in an apparatus similar to that used by Adams and stu- 
&nts12 in their investigations. 

Reduction of Nicotine.-As a standard run 0.1 mole (23.5 g.) of nicotine hydro- 
chloride in 150 cc. of 95% alcohol with 0.2 g. of the platinum-oxide platinum black 
catalyst was used. The catalyst was not reduced previous to adding the nicotine salt. 
The time required for complete reduction (absorption of 0.37 mole of hydrogen) varied 
from three to four hours when the initial pressure of hydrogen gas was 40 pounds per 
square inch. For the partial reduction (0.30 mole of hydrogen absorbed) two to  three 
hours were required. 

When the reduction had been carried to the point desired, the hydrogen was removed 
and the mixture shaken with oxygen for a short time to coagulate the colloidal catalyst. 
The catalyst was then removed by filtration and the solvent evaporated as completely 
as possible under reduced pressure. There is not sufficient difference in the boiling points 
of the free bases to effect a sharp separation by distillation. 

The oily mixture of hydrochlorides was dissolved in a small amount of hot absolute 
alcohol and acetone was slowly added until the solution just became turbid. Most 
of the octahydronicotine hydrochloride crystallized on cooling since i t  is much less 
hygroscopic and less soluble than either nicotine or hexahydronicotine hydrochlorides; 
this was removed by filtration. The picrates of the hydrochlorides in the filtrate were 
formed by adding a saturated alcoholic solution of picric acid. Octahydronicotine pic- 
rate is very soluble in alcohol but insoluble in water, hexahydronicotine picrate is soluble 
in hot but relatively insoluble in cold alcohol, while nicotine picrate is comparatively 
insoluble in both hot and cold alcohol. The mixed picrates were extracted with hot 
alcohol on a hot water funnel leaving the nicotine picrate on the funnel and dissolving 
the he~ah~dronicotine picrate together with any octahydronicotine present. Upon 
cooling the filtrate, the hexahydronicotine picrate crystallized and was filtered from the 
remaining octahydronicotine picrate. By the evaporation of a portion of the alcohol 
and addition of water, any octahydronicotine which was not previously removed as the 
hydrochloride was precipitated as the picrate. The hydrochloride of octahydronicotine 
was recrystallized from absolute alcohol and acetone, the picrate of hexahydronicotine 
from alcohol. Yields were calculated on the amounts of these recrystallized salts ob- 
tained. 

The free bases were obtained from the hydrochlorides by treating with sodium 
hydroxide and extracting with ether. The ether was evaporated and the bases distilled 
under reduced or atmospheric pressure. To obtain the free bases from the picrates the 
best procedure was found to be to treat the picrate with a small amount of 20y0 hydro- 
chloric acid, which hydrolyzed the picrate almost immediately and precipitated a large 

Loffler and Kober, Ber., 42, 3431 (1909). 
lo Pinner, ibid., 27, 1053 (1894). 
l1 Adams and Shriner, THIS JOURNAL, 45,2171 (1923). 
la Adams and Voorhees, "Organic Syntheses," John Wiley and Sons, Inc., New York, 

Vol. VIII, 1928, p. 10. 
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part of the picric acid. This was filtered off and the remainder extracted with ether. 
The hydrochloride of the base was made strongly basic, the free base extracted with ether 
and subsequently distilled under reduced or atmospheric pressure. 

Reduction of Metanicotine.-As a standard run 0.1 mole (23.5 g.) of metanicotine 
hydrochloride in 150 cc. of 95% ethyl alcohol with 0.2 g. of platinum-oxide platinum 
black was used. The time required for the reduction to dihydrometanicotine (absorp- 
tion of 0.1 mole of hydrogen) was thirty minutes, while the reduction to octahydro- 
metanicotine (absorption of 0.4 mole of hydrogen) required three to four hours. The 
catalyst was removed and the free bases were recovered from the hydrochlorides as in the 
reduction products of nicotine. The yields are practically quantitative in each case. 

The ethylenic linkage in the aliphatic chain in metanicotine is much more easily 
reduced than the unsaturated bonds in the pyridine nucleus as practically all of the 
metanicotine is converted into dihydrometanicotine before the reduction of the pyridine 
ring is started. 

Summary 
Nicotine hydrochloride has been reduced to a mixture of hexahydro- 

nicotine hydrochloride and octahydronicotine hydrochloride with hydrogen 
using platinum-oxide platinum black as catalyst. Metanicotine hydro- 
chloride has been reduced to both dihydrometanicotine hydrochloride and 
octahydronicotine hydrochloride, the yields being quantitative. 

A method is given for the separation of the reduction products of nicotine 
involving the solubilities of the hydrochlorides and picrates. 

Pure nicotine can be conveniently obtained by crystallization of the 
hydrochloride from an ether-acetone solution of the commercial 95% nico- 
tine. The hydrochloride recrystallizes from hot absolute ethyl alcohol 
upon the addition of acetone. 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ALABAMA] 

SULFUR DYES. I. PREPARATION OF A NEW SERIES1 

Introduction 
In 1861 Troost12 by reducing a crude mixture of 1,5- and l,&dinitro- 

naphthalenes with sodium sulfide and other reducing agents, obtained 
colored products. Croissant and BretonniPre3 obtained a patent in 1873 
which included the conversion to dyes of a heterogeneous collection of 
organic substances (animal and vegetable products, chiefly) when heated 
with alkali sulfides and polysulfides. 

Vidal14 in 1893, found that certain aromatic nitrogen compounds yielded 
Presented at  the Atlanta meeting of the American Chemical Society, April, 1930. 
Troost, Jahresbev, 958 (1861); cf. French Patent 244,885. 
Croissant and Bretonniere, English Patent 1489 (1873). 
H. R. Vidal, German Patent 84,632 (1893); St. Dennis and Vidal, German 

Patent 85,330, etc. 
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dyes when heated with alkali polysulfides. This discovery directed other 
investigators into the field of producing sulfur dyes from pure coal tar  
derivatives. These dyes have proved very valuable. A few examples are 
Immedial black, from nitro derivatives of hydroxydiphenylamine, and 
Immedial pure blue and its homologs, from dialkyl-p-amino-#-hydroxy- 
diphenylamines. Also, many yellow, orange and brown sulfur dyes were 
obtained by heating toluylene-2,4-diamine and its acyl derivatives with 
sulfur alone, 

The sulfur dyes have yielded practically all colors except bright reds. 
Reddish shades have been obtained by thionating certain red dyestuffs, 
such as the azines, rosindulines and safranines. In some cases copper salts 
were used as catalysts. The brown, blue and black sulfur dyes produce 
colors which are least affected by light. Hence, the greatest development 
of the sulfur dye industry has been in the manufacture of dyes producing 
these colors. 

It appears that sulfur dyes have always been produced by heating or 
fusing various organic substances with sulfur, alkali sulfides, or mixtures 
of these. Various modifications of this process have been effected, such as 
boiling an aqueous solution of the organic substance with alkali sulfides or 
polysulfides, using catalysts, and varying the temperature. 

The practical temperatures for the preparation of sulfur dyes range from 
below 100' to approximately 300°, the vast majority of reactions taking 
place below 200'. A few sulfur dyes have been prepared by heating above 
this temperature. 

The simplest pure substances used in the preparation of sulfur dyes 
appear, in the aromatic series, to be o-cres01,~ salicylic acid,7 nitrophenols, 
toluidines and aminophenols; in products of animal and vegetable origin, 
substances of the type of albumin and glucose; in waste products of manu- 
facture, sawdust, cellulose, etc. According to theory, sulfur dyes may be 
prepared from aromatic nitrogen compounds, or compounds containing 
phenolic  group^.^ 

Vidal succeeded in preparing sulfur dyes from simple pure substances 
such as p-aminophenol. Wyler

g 
obtained a sulfur dye from the aromatic 

hydrocarbon, acenaphthene, by heating with sulfur a t  250-300°. Anthra- 
cene,1° when fused with sulfur at  300°, yields a sulfur vat dye. Retene, 
when fused with sulfur, forms a sulfur dye. EIlisl1 prepared a sulfur dye 

6 German Patents 97,285, 118,701, 129,495, 198,049, 161,516; 6. P. 2336 Kopp B., 
7, 1746 (1874). 

8 F. Bovini, Notiz. chim. ind., 2, 688-690 (1927); German Patent 102,897 (1895). 
U. S. Patent 909,154 (Jan. 12, 1909). 

8 F. M .  Rowe, J. Soc. Dyers Colourists, 33,9 (1917). 
M. Wyler, U. S. Patent 1,358,490 (Nov. 9,1921). 

lo Badische Anilin und Soda Fabrik, German Patent 186,990 (March 23, 1906). 
l1 C. Ellis, U. S. Patent 1,274,351 (July 30, 1918). 
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from an oxygenated aromatic hydrocarbon, naphthol, by heating with a 
solution of sodium sulfide and sulfur. Binaphthalene dioxide,12 fused with 
sulfur, also forms a sulfur dye. With the exception of these few compli- 
cated compounds, it appears that a t  least two groups must be attached to  
the benzene ring for sulfur dye formation by all processes used at  present, 
and that, even in the case of cellulose, aromatic substances are formed 
which subsequently react with sulfur. 

Numerous attempts to prepare sulfur dyes from simple organic sub- 
stances have been made in seeking to determine the structure of the more 
complicated commercial dyes. Hodgsonls has directly sulfurated aniline 
from 160° to the boiling point of aniline, and obtained a small yield of a 
green complex, insoluble in sodium sulfide. He has obtained similar results 
with o-, m- and p-chloro-anilines.14 

We have found that practically all organic substances in the vapor phase 
react with sulfur at higher temperatures to form sulfur dyes. 

Apparatus and Procedure 
In  the preparation of these dyestuffs, we proceeded as follows, referring 

to  Fig. 1. 
The organic material was placed in a vessel, 

such as flask (I), heated to its boiling point or to 

4 a temperature at  which the material vaporized, 
and the vapor passed through the tube as shown, 
into a vessel (2) containing sulfur heated above 
its fusing point and above the boiling point of 
the organic material (preferably to 300 or more.) 
The bulb of the thermometer was inserted be- 
neath the surface of the sulfur. 

The vapors were so introduced as to bubbIe * upward through the molten sulfur, thereby insur- 
ing their intimate contact, and hastening the 
reaction. In the vessel (2) the organic vapor 
combined with the sulfur to form the dyestuff. 

Uncombined vapors of the organic com- ' pound and gaseous products of the reaction 
passed through the tube shown, into the tube (4). 
which is adapted to be heated, as by an electric 
furnace (5 ) ,  and from this were carried by means 
of the tube (6) into a condenser (7), where that 
portion of the gases which formed liquids or 

Fig. 1. solids a t  the temperature of the condenser was 
returned to the flask (I), while that part which 

remained gaseous escaped through the opening (8), and was collected as desired. 
When the organic material was a gas, as ethylene, or acetylene, the flask (1) was. 

l a  I. G. Farbenind. A.- G., Fr. 653,785 (May 1, 1928). 
la H. H. Hodgson, J .  Ckem. Soc., 125,1855 (1924). 
l4 H. H. Hodgson, J, Sac. Dyers Golourists, 42, 82-83 (1926). 



Aug., 1930 SULFUR DYES. I 

of course, not necessary: I n  the reaction between the organic material and sulfur a 
considerable quantity of hydrogen sulfide was produced. 

With organic compounds such as benzene, alcohol, ether, etc., having a compara- 
tively low boiling point, the furnace (5) was not necessary. In the case of a solid, such 
as anthracene, or naphthalene, having a comparatively high boiling point, the furnace 
prevents the condensation of the solid in the connecting tubes. 

On the completion of the readion, the material in flask (2) was removed and pul- 
verized. This pulverized mass was washed with carbon bisulfide until all free sulfur 
was dissolved out. 

Three hundred grams of organic substance, such as benzene or toluene, was placed 
in flask (I) and two hundred grams of flowers of sulfur in flask (2). These were heated 
for several hours. In  some cases the operation was continued until hydrogen sulfide 
ceased to be given off. Our procedure consisted of first heating the sulfur to approxi- 
mately 380°, then allowing the vapor of the organic substance to bubble slowly through 
the sulfur. The heat was so regulated that a constant drip of excess organic substance 
could be observed in the condenser. The hydrogen sulfide was allowed to bubble into 
an excess of lead acetate solution; the lead sulfide was washed, dried and weighed, and 
the corresponding amount of hydrogen sulfide calculated. The dye formed and the 
sulfur and organic substance remaining were weighed. From these weights the ratio of 
sulfur in hydrogen sulfide to sulfur in the dye, and the amount of organic substance 
used were determined. The dyes were analyzed for sulfur. 

Results 
Apparently, all types of organic substances, when vaporized and passed 

over or through molten sulfur above 300°, formed sulfur dyes in good yields, 
practically without carbonization. Better yields were obtained a t  ap- 
proximately 380'. They are true sulfur dyes in the sense that they dissolve 
in an aqueous solution of sodium sulfide, and dye cotton, rayon and other 
vegetable fibers directly. Apparently these dyes are not oxidized in the 
dyeing process, as the color of the dyed skein is approximately the same as 
that of the aqueous sodium sulfide solution of the dye. The dye dissolved 
in aqueous sodium sulfide may be precipitated upon addition of acid, and 
redissolved in aqueous alkali sulfide solution. 

Sulfur dyes of various colors were prepared by passing separately the 
vapors of pure benzene, toluene, aniline, phenol, benzaldehyde, naphtha- 
lene, anthracene, diphenyl, chlorobenzene, dichlorobenzene, diethylaniline, 
furfural, acetic acid, ethyl alcohol, ether, kerosene and turpentine over, or 
through, molten sulfur above 300°, preferably between 350 and 400". 
Sulfur dyes were also obtained from ethylene, acetylene and by-product 
gases when these were passed over or through sulfur under the same con- 
ditions. The colors of all the dyes are specific and easily reproduced. 
They are fast to repeated washings with soap and water, and to all organic 
solvents of which we are aware. In fact, most of the properties are those 
of sulfur dyes prepared in the usual manner. 

Discussion 
Through this process we have prepared sulfur dyes which give to  vege- 

table fibers all colors except distinct, reds, yellows, blues and blacks. 
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It is of interest to know that carbon tetrachloride, when passed through 
sulfur under conditions for dye formation, failed to yield a dye. Dye 
formation appears to be directly proportional to the amount of hydrogen 
sulfide evolved. Hence, it would appear that hydrogen-containing organic 
compounds are necessary to produce sulfur dyes when passed through or 
over sulfur a t  300' or more. 

We have always found that a definite relationship exists between the 
amount of hydrogen sulfide evolved and the amount of dye formed. In 
Table 11, in the case of the benzene sulfur dye, for every one atom of sulfur 
that went into dye formation, one atom of sulfur was evolved as hydrogen 
sulfide. In the case of the toluene sulfur dye, Table 111, for every three 
atoms of sulfur that went into dye formation, two atoms of sulfur were 
evolved as hydrogen sulfide. 

It also appears that for every five molecules of benzene that went into 

Undoubtedly many of these colors will later be produced, as many other 
substances are yet to be tried. 

In  Table I it appears that the reddish color of these sulfur dyes is con- 
nected with the benzene ring. On rayon the benzene sulfur dye gives a red 
color with very little brown. The replacement of a hydrogen atom of a 
benzene ring by an amino group makes a great change in color. 

TABLE I 

SUBSTANCES VAPORIZED THROUGH SULPUR 
Color on cotton and rayon 

Benzene t Reddish-brown 
Naphthalene Reddish-brown 
Anthracene 
Dichlorobenzene 
Monochlorobenzene 
Furfural 
Ethylene 

Reddish-brown 
Reddish-brown 
Reddish-brown 
Reddish-brown 
Reddish-brown 

Toward Red 
Carbolic acid Brown 
Benzaldehyde Brown 
By-product gas Brown 

Diethyl ether Grayish-brown 
Ethyl alcohol (abs ) Grayish-brown 

Acetylene Gray 
Toward Green 

Kerosene 
Turpentine 
Diethylaniline 

Khaki 
Khaki 
Khaki 

Acetic acid Khaki 
Diphenyl Khaki 
Toluene Khaki 

Aniline Green 



Aug., 1930 SULFUR DYES. I 3393 

dye formation, eight atoms of sulfur reacted. Apparently no appreciable 
amounts of by-products are formed in the benzene and toluene sulfur 
dyes. By-products have been obtained in other cases. It is quite likely 
that the weights of benzene used are too high, owing to loss of benzene by 
volatilization. Therefore, the benzene-sulfur ratio should not be regarded 
as significant in this case. In a similar manner, for each molecule of toluene 
that went into dye formation, five atoms of sulfur reacted. No appreciable 
amount of toluene was lost by volatilization. The following reaction ap- 
pears to take place: [CBH.SCH~ + 5s -+ Dye (3s) $- 2HzS],. The sulfur 
in hydrogen sulfide evolved, subtracted from the total sulfur reacted (ob- 
tained by weighing all sulfur throughout the reaction) is identical with the 
sulfur in dye obtained by multiplying the weight of pure dye by percentage 
sulfur. 

TABLE I1 
BENZENE SULFUR DYE (370-390°) 

Time Benzene, 
No. Hours Min. g .  

1 1 32 35.4 
2 4 21 38.3 
3 4 27 38.2 
4 6 34 45.9 
5 12 23 41.4 

Av. 
Av. 

Benzene 
to Dye 

Sulfur, sulfur formed, 
g.  ratio S .  

23.0 1.54:l 15.5 
24.9 1.54:l 19.2 
23.4 1.63:l 17.0 
29.3 1.56:l 23.0 
26.5 1.56:l 21.4 

3:2 g. 
5 moles:8 g. atoms 

Ratio of 
Sulfur Sulfur in 

in dye to  
Sulfur, in dye. HzS, sulfur in 
% g.  g .  HzS 

63.40 9.8 10.3 1:l 
65.25 12.5 10.8 1:l 
64.40 11.0 10.6 1:l 
64.50 14.8 14.9 1:l  
66.10 14.0 11.2 1:l 

1:l g. 
64.73 1:l g. atoms 

Ratio of 
Toluene &!fur sulfur in 

to Dye ~n dye to  
Time, Toluene, Sulfur, sulfur formed, Sulfur in dye, HzS, snlfur in 

No. Hours Min. g. g.  ratio g.  % %. g. HzS 

1 4 30 16 4 26.5 1:1.61 24.3 64 38 15.6 9 . 8  3:2 
2 5 0 20 9 38 3 1:1.83 32.0 63.00 20.2 13.4 3:2 
3 6 0 23.6 37 4 1:1.60 34.4 63.87 22.0 13.7 3:2 
4 13 0 37.4 61.7 1:1.65 52.7 64.50 34.0 20.0 3:2 

Av. 1:1.67 g. 3:2 g. 
Av. 1 mole: 5 g. atoms 63 93 3:2 g. atoms 

From Tables I1 and I11 it may be noted that the percentage of sulfur in 
dye remains fairly constant for each dye (benzene and toluene), regardless 
of the length of the run. The small differences in different runs are un- 
doubtedly due to slight amounts of carbon formed in some runs. Also, the 
sulfur analysis of the benzene sulfur dye prepared a t  the boiling point of 
sulfur (444') is identical with that of the benzene sulfur dye prepared a t  
380". The colors of these dyes on rayon and cotton skeins we  constant, 
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regardless of the time and temperature of preparation. The twenty sulfur 
dyes that we have prepared (Table IV) represent practically all types of 
organic compounds. From the percentages of sulfur in the dyes prepared 
from aromatic substances, it appears that each benzene ring is attached to 
four or five sulfur atoms. This seems to be true in the case of most of the 
benzene derivatives used. 

Benzene 
Naphthalene 
Anthracene 
p-Dichlorobenzene 
Monochlorobenzene 
Furfural 
Ethylene 
Carbolic acid 
Benzaldehyde 
Ethyl alcohol (abs.) 
Acetylene 
Kerosene 
Turpentine 
Diethylaniline 
Acetic acid 
Toluene 
Aniline 

COLORS AND SULFUR ANALYSES 
Percentage of sulfur 

Color of solid dye Found Av. 

Brick red 64.60 64.84 64.72 
Brick red 71.40 71.10 71.25 
Blackish-red 72.91 73.13 73.02 
Orange 73.96 74.11 7403 
Reddish-brown 73.52 72.90 73.21 
Bluish-black 80.20 80.37 80.28 
Bluish-black 61.54 61.15 61.34 
Bluish-black 63.76 64.25 64.00 
Bluish-black 63.51 63.46 63.48 
Gray 10.13 9.56 9.84 
Bluish-black 68.15 67.85 68.00 
Bluish-black 61.98 61.78 61.88 
Greenish-black 62.64 62 29 62.46 
Bluish-black 60.30 60.12 60.21 
Bluish-black 49.47 49.61 49 54 
Greenish-brown 63.58 63.99 63.78 
Green 58.60 58.00 58.30 

We hesitate to attempt to write the structure of these sulfur dyes until 
we have more data. The high sulfur content appears to show that chains 
of sulfur atoms must be attached to the benzene, toluene, etc., rings. 

Probably a chromophore group, consisting of sulfur atoms in certain 
formations, exists. The colors of the dyes are apparently modified by 
various groups which are attached to such a chromophore. 

Many hydrocarbons15 heated with sulfur have yielded various non-dye 
substances. Ziegler,16 in 1890, stated that the stability of the benzene ring 
toward sulfur is remarkable, and that certain basic groups attached to the 
benzene nucleus are necessary for reactivity with sulfur. Szperl17 suc- 
ceeded in reacting sulfur with benzene in a sealed tube. He obtained non- 
dye substances in which the sulfur was not substituted for hydrogen of the 
benzene ring. Glass and Reid1* have shown that sulfur can be introduced 

l6 V. Meyer and Sandmeyer, Ber., 16,2176 (1883) ; E. Baumann und E. Fromm, 
ibid., 28, 890-895, 895-907, 907-914 (1895); a review of the literature of the subject, 
Ludwik Szperl, Chemik Polski, 15, 8-10 (1917). 

l6 J. H. Ziegler, Ber., 23, 2472 (1890). 
lT Ludwik Szperl, Roczniki Chem., 6, 155 (1926). 
IS H. B. Glass and E. Emmet, Reid, THIS JOURNAL, 51,3@8 (1929), 
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directly into aromatic hydrocarbons, such as benzene and ethylbenzene, 
without catalysts, in a steel bomb at 350'. Thiophenol was produced from 
benzene and sulfur along with other related sulfur compounds. This work 
suggests that the brownish-red dye which we have obtained by passing the 
vapor of benzene over or through molten sulfur at  atmospheric pressure 
is prepared through the mechanism of thiophenol formation. 

In the case of aniline and sulfur, we obtained a green dye, soluble in an 
aqueous soiution of sodium suifide. Hocigson's workl"ndicates, at ieast 
in the case of aniline, that our process of using the vapor of the organic 
substance in contact with sulfur at  high temperatures give to the sulfu- 
rated substance the property of solubility in an aqueous solution of sodium 
sulfide. 

We have substituted selenium for sulfur in the above process, and have 
obtained similar reactions. 

The production of a sulfur dye in this simple manner from substances 
such as benzene and ethylene naturally arouses the hope that definite ideas 
on the structure of sulfur dyes may shortly be obtained. Work directed to 
this end is now proceeding in the laboratory of the University. 

Summary 

1. Practically all types of hydrogen-containing organic compounds, such 
as benzene, toluene, furfural, ethylene, ether, kerosene, etc., when vaporized 
and passed over or through molten sulfur above 300°, form true sulfur dyes 
in good yields, practically without carbonization. 

2 .  Twenty dyes, which give to vegetable fibers all colors except distinct 
reds, yellows, blues and blacks, have been prepared. 

3. Sulfur analyses, ratios of sulfur in dyes to sulfur in hydrogen sulfide 
evolved, and ratios of organic substances to sulfur reacted are given. 

4. Some ideas as to the structures of the sulfur dyes prepared from these 
simple substances are presented. 

UNIVERSITY, ALABAMA 

l9 H. H. Hodgson, J .  Chem. SOC., 125, 1855 (1924); J .  Soc. Dyers Colourists, 42, 
82-83 (1926). 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE OHIO STATE UNIVERSI'~%'] 

A NUCLEAR SYNTHESIS OF UNSATURATED HYDROCARBONS. 
I. ALPHA-OLEFINS1,2 

In a recent paper by Lloyd C. Swallen3 and one of us, a method was 
suggested for the synthesis of olefins. This method has been developed 
and perfected to the point where it now promises to be of real service 
in the study of unsaturated hydrocarbons. The necessity for revision 
and extension of our knowledge of these hydrocarbons has frequently 
been pointed out.4 This necessity arises not only from the increasing 
industrial use of these compounds but also from the fact that much of the 
previous literature has been found to be in error. 

The more recent investigations in so far as they relate to a-olefins give 
boiling points lower than those previously given. B r ~ c h e t , ~  Schor- 
lemmer,6 and Norris and Joubert7 give 39-40" as the boiling point of 
pentene-1. On the other hand, Kirrmann8 and Bourguelg give 30.5-31" 
and 32.5", respectively. Brochets gives 67" and van Beresteyn1° 67.7- 
68.1" as the boiling point of hexene-1, while Brooks and Humphrey1' 
give 60.5-61.5' and Miss van Risseghem12 gives 63.35" * 0.05" for the 
same compound. These variations are merely indicative of a confusion 
which is somewhat general in the literature of unsaturated hydrocarbons. 

The differences in results obtained by different investigators may be 
attributed to a number of sources. As Brooks13 has said: "High tem- 
peratures and many chemical reagents, particularly acids, cause such a- 
olefins to rearrange or the double bond to shift its position. Only re- 

Presented in part before the division of Organic Chemistry a t  the meeting of the 
American Chemical Society in Detroit, Michigan, September 8, 1927. 

2 This paper is abstracted from the Dissertation of Harry B. Dykstra and in part 
from the Dissertation of J. Franklin Lewis as presented in partial fulfilment of the re- 
quirements of the degree of Doctor of Philosophy, to  the Faculty of the Graduate 
School of The Ohio State University, June, 1927, and March, 1930, respectively. 

3 Swallen and Boord, THIS JOURNAL, 52, 651 (1930). 
Brooks, "Non-Benzenoid Hydrocarbons," The Chemical Catalog Company, 

New York, 1922, p. 158. 
5 Brochet, Bull. soc. chim., [3] 7,567 (1892). 
6 Schorlemmer, Ann., 161,269 (1872). 
7 Norris and Joubert, THIS JOURNAL, 49, 873 (1927). 
8 Kirrmann, Bull. soc. chim., 39,988 (1926). 
9 Bourguel, ibid., 41, 1475 (1927). 

10 Van Beresteyn, Bull. soc. chim. Belg., 25, 293 (1911). 
l1 Brooks and Humphrey, THIS JOURNAL, 40,833 (1918). 
l2 Van Risseghem, Bull. soc. chim. Belg., 35,328 (1926). 
la Ref. 4, p. 178. 
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actions employing low temperatures and the absence of isomerizing 
agents can be expected to produce a-olefins in any degree of purity. . ." 

The preparation of a-olefins by low-temperature methods involves 
difficulties of another type. The condensation of an alkylmagnesium 
halide with ally1 bromide in so far as i t  has been applied to the preparation 
of pentene-1318 and hexene- 1 l1'I2 introduces the necessity of purifying 
these products from the alkyl halides and ethers used in the condensation. 
The purification processes are long and tediws and are not d~zays  whc!!-,. 
successftil. The reduction of the corresponding acetylene to an olefin by 
hydrogen in the presence of a catalystlo involves the inherent possibility of 
the simultaneous formation of the corresponding saturated hydrocarbon. 

The synthesis described in this paper is not entirely free from such 
difficulties. The products prepared have the usual olefin characteristics 
in that they are not directly obtained in a high degree of purity. The 
method does, however, seem to yield products possessing the structure 
indicated by the synthesis. 

No attempt has been made in the present work to apply the high degree 
of refinement used by M i s s  vzii Riss~g!!~rn'~ in her excelknt woi-k on 
hexene-1 and hexene-2. Work of this character requires the production 
of several hundred grams of each product. The process described will 
ultimately lend itself to such studies. For the present our efforts have 
been confined to the perfection of the method and a description of those 
products which have not yet been adequately described. 

The nuclear synthesis is a four step process. The first three steps lead 
to the preparation of a series of P-ethoxy-alkyl bromides (8-bromo ethers). 
Its application to the synthesis of pentene-1 is shown by the following 
scheme 

CH-CHO + EtOH + HCI = CHrCHCl-OEt + H20 (1) 
CH-CHCI-OEt + Br2 = CHzBr-CHBr-OEt + HCI (2) 

C2H6-Mg-Br + Br-CH-OEt = CzH-CH---OEt + MgBrt 
I I 

(3) 

In the fourth step zinc is used for the simultaneous removal of the 
ethoxy group and bromine in a manner similar to that used by Gladstone 
and Tribe14 for regenerating an olefin from its dibromide. 

I t  has been found advisable to avoid fractionation of the halogenated 
ethers obtained in steps one and two because of loss in yield by decompo- 
sition. The 0-bromo ethers obtained in step three are quite stable and 
may be completely purified. The formation of the olefin in step four is 
slow but the yields are satisfactory. 

14 Gladstone and Tribe, Ber., 7,364 (1874); J. Chem. Soc., 21,306 (1878). 
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Pentene- 1, hexene- 1, 4-methylpentene- 1 (iso-a-hexe~e) and 5-methyl- 
hexene-1 (iso-a-heptene) have been prepared by the scheme outlined 
above. Of these the iso-a-hexene seems not to have been described 
previously. The other three were obtained with boiling points agreeing 
closely with those given for the same compounds when prepared by other 
low-temperature methods. Since Kirrmann on the one hand and Norris 
and Joubert on the other did not obtain the same results in the synthesis 
of pentene-1 by the action of ethylmagnesium bromide upon allyl bromide, 
this condensation has been carefully repeated a number of times. In 
every case, regardless of the method of purification used, a product boiling 
a t  29-31 was obtained.15 

By combining steps three and four in the synthesis i t  has been possible 
to condense allyl bromide with a,@-dibromo-ethyl ether and to produce 
the heretofore unknown 1,4-pentadiene. This compound was purified 
by conversion into its crystalline tetrabromide, the diene being regenerated 
by the action of zinc on an alcoholic solution. 

Some of the more recently determined values for the boiling points 
of the a-olefins, including those contained in the present paper, are shown 
in Table I for comparison with those of the corresponding p-olefins and 
saturated hydrocarbons. It will be noted that the boiling point of 1,4- 
pentadiene is lower than that of pentene-1 and this is in turn lower than 
that of n-pentane. Also that of 1,s-hexadiene is lower than that of 
hexene-1 and this is lower than n-hexane. Further, it will be noted that the 
boiliog point cf is-a-pentese is lower than for Isoppentase, iso-a-hexeene 
lower than isohexane and iso-a-heptene lower than isoheptane. From 
these facts one may tentatively formulate the following rule: an a- 
olefin of the type R-CH = CH2 boils lower than the corresponding saturated 
hydrocarbon. The usual branching chain rule with respect to boiling 
points may be restated for olefins as follows: in any given family of olefins 
the one having the most highly branching chain substituted on the ethylene 
groufi (- CH = CH2) has the lowest boiling point. Combining the two rules 
one sees that isopropylethylene, I, should be the lowest boiling of the 
pentenes and tertiary butylethylene, IT, the lowest boiling hexene. An 
examination of the literature shows this to be the case. 

CHo CHn 
\ 

CH-CH-CHs 
\ 

CHpC-CH==CH2 
/ 

CHI CH, 
/ 

I I1 

Dr. Mary I,. Sherrill, of Mount Holyoke College, in a private communication, 
states that she also has prepared pentene-1 by the above method using the Kirrmann 
procedure. The product obtained had the following physical constants: m. p. (754 
mm.) 30.5-31.0'; d 0.6419; n: 1.3711. 



Further examination of Table I shows that the boiling point of pentene-1 
is lower than that of pentene-2, hexene-1 lower than hexene-2 and iso-a- 
hexene lower than iso-8-hexene. 

TABLE I 
BOILING POINTS OF  OLEFI FINS 

Hydrocarbon B. p., "C. Investigator 

CHI -CHr--CHrCHrCH3 36.3 Thorpe and Jones"; youngb 
C&--CX=CX-CZ-CH3 36.4 Sherriil. Otte az~d Pickettc 

36.39 Norris and Reuterd 

CHFCH-CH~-CH-CH~ 30.5-31 Kiimanne 
32.5 ~ourguel' 
29.5-31,30 2 Present paper 

CH-CH-CHrCHdHz 29-30 Present paper 

CH-CH-CH(CH3)2 27.95 Young and ThomasB 

CHZ=ZE-ZH(CH.& 20. j20.7  Midiad and Zeidlerh 

CHFCH-CH~CH-CHZ-CH~ 68.95 young" 
CHgCH=CH-CH-CH-CH, 68. (3-68 2 van ~ i s s e g h e m ~  
CHy=CH-CH-CHrCHr-cH3 63.35 van Risseghem 

61-64 Present paper 
CH-CH-CHpCHpCH=CHn 59.57 Cortese" 

CHgCHrCHz-CH(CH3)n - 60.2 van Risseghemm 
CH-CH=CH-CH(CH3)z 58.15-59 15 van Risseghem 
CH-CH-CH2-CH(CHs)2 53-59 Present paper 

CHs-CHrC(CH3)a 49.6-49.7 Markownikow* 
CH$=CH-C(CH3)3 41.2 Delacrep 

CH-CHrCH~CHz-CH(CHa)z 89.9-90.4 Francis and YoungP 

CH~=CH-CH-CHT--CH(CH~)~ &85 Brooks and Humphrey
y 

85-86 Andre' 
84-86 Present paper 

" Thorpe and Jones, J. Chem. Soc., 63, 290 (1893) ; * Young, ibid., 71, 446 (1897) ; 
" Sherrill, Otto and Pickett, THIS JOURNAL, 51, 3023 (1929); Norris and Reuter, ibid., 
49, 2632 (1927); " Kirrmann, Bull. soc. chim., 39, 988 (1926); ' Bourguel, ibid., 41, 
1475 (1927); Young and Thomas, J. Chem. Soc., 71,440 (1897); Michael and Zeid- 
ler, Ann., 385, 250 (1911); young, J. Chem. Soc., 73, 906 (1898); van Risseghem, 
Bull. soc. chim. Belg., 35, 328 (1926); Cortese, THIS JOURNAL, 51, 2268 (1929); van 
Risseghem, Bull. soc. chim. Belg., 30, 8 (1921); " Markownikow, Ber., 32, 1446 (1899); 
" Delacre, Bull. acad. roy. med. Belg., 7 4 1  (1906); * Francis and Young, J. Chem. Soc., 
73,906, 922 (1898) ; Brooks and Humphrey, THIS JOURNAL, 40,834 (1918) ; ' Andre, 
Ann. chim. phys., [8] 29,554 (1913). 

Experimental Part 
The Preparation of 8-Bromo Ethers 

A. Alkyl-a-chloro-ethyl Ether, R-0-CHCI-Ca.-The method described by 
Swallen and one of us3 has been generalized and extended to include the preparation of 
n-propyl- and n-butyl-a-chloro-ethyl ethers. I t  was found advisable for the purpose of 
synthesis to avoid distillation, the yield being diminished as much as 20 to  25% by a 
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single fractionation. The reaction mixture separates into two layers. The upper 
ethereal layer is removed and dried over calcium chloride. For the or-chloro-ethyl 
ethers mentioned above the yield varies from 80 to 90% of crude or 60 to 69% of the 
distilled product. 

B. Alkyl-a,B-dibromo-ethyl Ethers, R-0-CHBr-CHzBr.-The alkyl-or-chloro- 
ethyl ethers were brominated by the procedure previously described. The crude re- 
action products may be submitted directly to distillation under diminished pressure but 
it was found advisable in this case also to avoid distillation. The hydrogen chloride 
was removed under diminished pressure or by aspirating a slow current of air through the 
reaction mixture. The yields vary from 93 to 95% of crude or 88.5 to 91% of distilled 
product. The physical constants and analyses of ethyl-, n-propyl- and n-butyl-a,& 
dibromo-ethyl ethers are shown in Table 11. The last two ethers have not been de- 
scribed previously. 

TABLE I1 
a,b-DIBROMO-ETHYL ALKYI, ETHERS, R-&-CHBR-CHZBR 

or,@-Dibromo-ethyl 
d',", 

Analyses, Br, % 
( A l k y l )  Ethers Yield, % B. p., OC. Found Calcd. 

Ethyl 90.5 86 (31 mm.) 1.7370 68.89 68.92 
n-Propyl 92.9" 97 (27 rnm.) 1.6554 64.92 64.99 
n-Butyl 95.2" 115 (36 mm.) 1.5647 61.15 61.49 
" These yields are for crude products as used in the synthetic experiments. 

Wislicenus, who18 obtained the ethyl derivative by brominating the vinyl ethyl 
ether, says "it is not possible to obtain the pure product by fractional distillation since 
i t  decomposes upon heating with the evolution of hydrogen bromide and the formation 
of a black non-volatile tar." The analyses given in Table I1 are those obtained for the 
products after a single distillation. Repeated distillations tend to produce a lowering 
of the boiling point by decomposition. 

C. klkyl-fi-Bromo-ethyl Ethers, Condensation of m,B-Dibromo-ethyl Ether with 
an  Alkylmagnesium Halide.-In the earlier experiments the coupling was effected by 
adding the ether solution of the Grignard reagent to an anhydrous ether solution of the 
dibromo ether, in order to avoid the presence of residual magnesium. I t  was soon found 
that the products prepared in this way were difficult to purify. Since an excess of the 
alkylmagnesiurn halide increased both the yield and purity of the product, the later 
experiments were carried out using the same order of mixing the reagents that was used 
by Houben and Fiihrer.17 

The Grignard reagents were made in the usual manner. The flask was surrounded 
by ice water and the dibromo ether, dissolved in an equal volume of anhydrous ether, 
added through the dropping funnel a t  such a rate that the mixture remained cold. 
Mechanical stirring was used throughout and for fifteen minutes after the addition was 
completed. The reaction mixture was decomposed by pouring on ice and acidifying 
with dilute hydrochloric acid. The ether layer was separated, dried over calcium 
chloride, and the ether removed by distillation. The product was then transferred to a 
smaller flask, about 5% of its weight of solid sodium hydroxide added, and fractionated. 
P-Ethoxy-n-propyl bromide and 8-ethoxy-n-butyl bromide may be distilled a t  at- 
mospheric pressure but the higher members are best distilled under diminished pressure. 
The yields, physical constants and analyses of fourteen 8-bromo ethers prepared by this 
procedure are given in Table 111. The yields recorded in the table are those obtained 
after a single distillation and are calculated on the basis of the dibromo ether used. 

Wislicenus, Ann., 192,111 (1878). 
l7 Houben and Fiihrer, Ber., 40,4993 (1907). 



Alkyl 

n-Butyla 
n-Amyl" 
n-Hexyla 
Isohexyl 
Isoheptyl" 

n-Propyl 
n-Butyl 
%-Amy1 
Isoamyl 
n-Hexyl 
Isoheptyl 
Phenylethyl 

Isoheptyl 

P-Ethoxy (alkyl) bromides 

d40, 
Analyses, 

R' Yield, % B. p , "C. found 

czH5- 62 67 (34 mm.) 1.2312 
n-CaHr- 57 82 (34 mm.) 1.1812 
a-C4H9- 81 98-99 (33 mm.) 1.1548 
iso-CqH9- 46 89-92 (38 mm.) 1.1578 37.66 
iso-C5H11 65 106-109 (33 mm.) 1.1209 

P-Propoxy (alkyl) bromides 
CH3- 61 65 (32 mm.) 1 2205 44.17 
CzH6- 73 66 (15 mm.) 1.1803 40.97 
n-C3H7- 70 81-82 (13 mm.) 1.1439 38.25 
iso-C3H;- 34 77-78 (14 mm.) 1.1349 37.84 
n-C&- 81 92-93 (14 mm.) 1.1226 35.81 
iso-C5HI1- 58 112-114 (28 mm.) 1.0872 33.54 
CsHs 72 123 (12 mm.) 1.2518 33.05 

P-Butoxy (alkyl) bromides 
~ S O - C ~ H ~ ~ -  65 127-128 (27 mm.) 1.0686 31.88 

Br, % 
ealcd. 

" Swallen and Boord, THIS JOURNAL, 52,655 (1930). 

Synthesis of 0lefins.-For conversion into the olefin the 0-bromo ether was dis- 
solved in approximately two and one-half times its volume of 90% alcohol and placed 
in a three-necked flask under a spiral condenser. The flask was provided with a me- 
chanical stirrer having a mercury seal. From two to three equivalents of zinc dust were 
added and the reaction mixture digested a t  the boiling point for several hours. 

The lower bromo ethers decomposed more slowly than those of higher molecular 
weight. P-Ethoxy-n-amyl bromide yielded 60-65% of the crude pentene by treatment 
for ten to twelve hours, while P-ethoxyisoheptyl bromide gave a yield of 8590% of iso- 
heptene in five hours. The zinc dust tends to become coated with the basic salt pro- 
duced. Mechanical stirring serves to obviate this difficulty in part and there is some 
advantage in adding the zinc portion-wise. 

The separation of the olefin from the reaction mixture differed slightly, depending 
upon its boiling point. In the case of a-pentene the water in the spiral condenser was 
kept a t  40' so that the olefin volatilized from the reaction mixture continuously. The 
vapors were condensed by leading through a trap immersed in a freezing mixture. I n  
case of the higher olefins the reflux condenser was replaced from time to  time by a Hem- 
pel column and the product together with a portion of the alcohol distilled off. More 
alcohol was then added and the digestion continued. 

The alcoholic distillates collected in this way were diluted with an equal volume of 
cold water. The upper layer of olefin was separated, washed with water and dried over 
calcium chloride. The yields of crude olefins prepared are shown in Table IV. 

a-OLEPINS 
8-Alkoxyalkyl Grams 

bromide used Olefin Yield, % B. p., OC. d", 
fl-Ethoxy-n-amyl 98 CH,(CH,),CH=CH, 65 29.5-31 . O  0.6465 
fl-Propoxy-n-amyl 105 CH3(CH2)2CH=CH2 57 . . . . . . . ... 
0-Ethoxy-n-hexyl 150 CH3(CH2)3CH=CH2 80 614.34 .6784 
P-Ethoxyisohexyl 105 (CH8)2CH-CH2-CH=CHa 60 52.5-54.5 .6718 
8-Ethoxyisoheptyl 56 (CH3)2CH(CHz)zCH=CH2 90 84-86 .6956 
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The products prepared by thc above procedure, like those prepared by other 
methods, do not have as sharp a boiling range as could be desired. Much larger quan- 
tities will need to be prepared before they can be obtained in a high degree of purity. 
Long standing over calcium chloride tends to increase polymerization. Usually about 
60% of the crude product distilled with a boiling range of two degrees. Particular 
difficulty was experienced in the case of iso-a-hexene because of the character of the 
isobutyl bromide available for the preparation of the corresponding 6-bromo ether. 
The observed boiling points and gravities are also shown in Table IV. 

Olefin Dibromides.-From 10 to 15 cc. of each of the olefins described was dissolved 
in four times its volume of anhydrous ether and cooled in a freezing mixture. An 
equivalent quantity of bromine was added dropwise with stirring. The bromine was 
absorbed rapidly and quantitatively. The ether was then evaporated and the dibromo 
paraffins distilled under diminished pressure. The yields were nearly quantitative. 

Analyses for bromine by the Drogin-Rosanoff18 method were always too low. The 
error for the lower members was greater than for those of higher molecular weight and in 
some cases equaled several per cent. Resort to the Carius method showed the com- 
pounds to be correctly represented as the dibromides of the olefins indicated in each case. 
The physical constants and analyses are indicated in Table V. 

4; Analyses, Br, % 
Formula B. p., "C. found caicd. 

n-CaH7CHBr-CHzBr 84-85 (32 mm.) 1.6525 69.59 69.52 
n-CaoCHBr-CHnBr 103-105 (36 mm.) 1.5632 65.19 65.53 
iso-C4HCgHBr-CHzBr 96-99 (38 mm.) 1 5507 65.46 65.53 
iso-CsHllCHBr-CHzBr 110-113 (34 mm.) 1.4913 61.55 61.95 

Synthesis of Pentene-1 by the Action of Ethylmagnesium Bromide upon Ally1 
Bromide.-Twenty-four grams of magnesium was covered with 160 cc. of anhydrous 
ether and treated with 108 g. of ethyl bromide. To the ether solution of the ethylmag- 
nesium bromide, cooled in ice water, 120 g. of ally1 bromide was added during a period 
of three hours and the reaction mixture allowed to stand overnight. One hundred 
twenty grams of distillate was collected by heating the reaction mixture over the water- 
bath and the product so obtained purified by a procedure essentially as described by 
Norris and Joubert.7 I t  was digested a t  its boiling point with three grams of finely 
divided metallic sodium for one and three-quarter hours. Three grams more sodium 
was added and the digestion continued for three hours longer. The product was then 
removed from the sodium by decantation, 10 g. of magnesium turnings added and the 
digestion continued for fifteen hours. Distillation yielded 75 cc. of a distillate which 
was washed five times with 30-cc. portions of a mixture of equal parts of concentrated 
and 6 N hydrochloric acid. I t  was then washed ten times with 25-cc. portions of cold 
water. The moist oily layer, which now weighed 29.5 g., was dried over metallic so- 
dium and fractionated with the following results: 30-33 ', 13 g.; 33-36', 9 g. ; 3 6 4 1  ', 
2.1 g. ; 41-51 ", 1.3 g. 

One hundred and eighty cc. of the pentene collected from three condensations in 
which a total of five moles of the reactants had been used was purified and fractionated 
using an eight inch MidgleylY column. A small portion distilling a t  28.5" was probably 
is0pentane.m The principal fraction totaled 90 cc. and distilled a t  29.6-30.8' (mostly 

l8 Drogin and Rosanoff, THIS JOURNAL, 38, 711 (1916). 
'Widgley, Ind. Eng. Chem. (Anal. Ed.), 1,86 (1929). 

The presence of isopentane is readily accounted for if one assumes that ally1 bro- 
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a t  30.1 ") under 747 mm. pressure. The residue in the flask still carried a distinct odor 
of ether. An Engler distillation curve run on the principal fraction showed its purity 
not yet wholly satisfactory but indicated a boiling point of 30.2" under 747.8 mm. pres- 
sure. 

Purification of Pentene-1 through its Dibromide.--The condensation of ethyl- 
magnesium bromide with allyl bromide was repeated using one half molar quantities, 
Purification was effected by converting the pentene into its dibromide, which was frac- 
tionated and the olefin regenerated by the action of zinc dust and alcohol. Sixteen and 
one-half cc. of briiniilie was required :G saturatc the ether solution of the pentex  oh- 
tained. Fractionation yielded 59 g. of a dibromide boiling a t  90-9ti0 under 40 mm. 
Forty grams of zinc dust was covered with 130 cc. of alcohol and the dibromide added 
in small portions. The heat developed by the addition of each portion was allowed to  
subside before a new portion was added. After the addition was completed the reaction 
mixture was submitted to distillation which began a t  27" and was continued up to  the 
boiling point of alcohol. Dilution of the distillate with a large volume of cold water 
yielded 11.2 g. of the olefin which, after drying over calcium chloride, distilled entirely 
a t  29-31 O. 

Synthesis of 1,4Pentadiene 

Preparation of 1,4-Pentadiene Tetrabromide, CI-lpRr--CHBr-CISZ-CHBr- 
CH2Br.-A mixture of 180 g. of allyl bromide and 302 g. of a,@-dibromo-ethyl ether was 
dropped slowly onto 75 g. of magnesium covered with 600 cc. of anhydrous ether. The 
reaction mixture was vigorously stirred and kept cold in an ice-bath. Although an 
energetic reaction took place, the mixture did not darken, as is the case when the di- 
bromo ether alone is treated with magnesium. After the reaction was completed the 
mixture was poured onto cracked ice, the ether layer separated, dried over calcium 
chloride and distilled. That portion passing over below 60" and containing both the 
pentadiene and ether was cooled and treated with bromine until no more was absorbed. 
One hundred and twelve grams (35 cc.) of bromine was required. The ether was removed 
by distillation and the product allowed to stand. After twenty-four hours the residue 
had partially crystallized and was filtered by suction. The crystalline product weighed 
39 g. and the non crystalline portion 58 g. After washing with cold alcohol the crystal- 
line tetrabromide melted a t  7&82". Recrystallization from alcohol yielded a product 
melting a t  84-87'. Demjanow and DojarenkoZ1 give 86' as the melting point of 1,4- 
pentadiene tetrabromide. Diallyl tetrabromide is describedz2 as melting a t  63 ". 

In six runs, involving a total of 92/3 moles of the dibromo ether, 270 g. of crystalline 
tetrabromide was obtained. The magnesium consumed varied from 70 to  96% of the 
theoretical. The bromine absorbed indicated a crude yield of unsaturated product 
of from 28 to 38y0 based upon the magnesium consumed. Only 16 to 30% of the tetra- 
bromide obtained could be induced to crystallize. 

Anal. Calcd. for ChNeBr4: Br, 82.45. Found: Br, 82.73. 

Reparation of 1,4-Pentadiene, CH,=CH-CH2-CH==CH,.-One hundred 
twenty grams of purified crystalline 1,4-pentadiene tetrabromide was placed in a one- 
liter three-necked flask and covered with 450 cc. of alcohol. The flask was fitted with a 
mechanical stirrer and a reflux condenser. The top of the reflux was connected by a 

mide, prepared by the action of hydrochromic acid on allyl alcohol, contains a small 
amount of isopropyl bromide. H. Malbot [Ann. chim. phys., [6] 19, 355 (1890)l has 
shown allyl iodide to be easily converted into isopropyl iodide by the action of hydriodic 
acid. 

21 Demjanow and Dojarenko, Ber., 40, 2590 (1907). 
ez Tollens and Wagner, zb.id., 6, 589 (1873). 
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tube leading across and downward through a small coil condenser cooled by ice water 
into a train of two bottles immersed in a freezing mixture. The tetrabromide was dis- 
solved in the alcohol by boiling. The temperature of the water in the reflux was main- 
tained a t  50°, which caused most of the alcohol to be returned but permitted the di- 
olefin vapor to  pass through into the receiver. Granular zinc (20-mesh) was then added 
t o  the reaction mixture in small portions. A vigorous reaction followed the addition of 
each portion and would soon have become too vigorous had not the addition been 
carefully controlled. This process was repeated until all but 2.5 g. of the theoretical 
40.6 g. of zinc had been added. A large excess was then added and the reaction com- 
pleted. About one-third of the alcohol was then distilled into the receiver. 

The 130 cc. of liquid condensate was poured into twice its volume of cold water 
and the colorless, lighter, oily layer separated. The yield of crude diolefin was 9.35 
g. or 44.5%. The product was dried and fractionated, yielding 6.2 g, of 1,4-pentadiene 
boiling a t  29-30' (cox.); d; ,  0.774. 

Five grams of the purified 1,4-pentadiene was dissolved in chloroform and treated 
dropwise with a solution of bromine in chloroform to complete saturation. The chloro- 
form was evaporated a t  room temperature and the crystalline product washed twice with 
cold alcohol and dried. The yield of crude solid was 8 g .  or 28%. After two recrys- 
tallizations from hot alcohol, 5.2 g. of 1,4-pentadiene tetrabromide was obtained as pure 
white pearly leaves melting sharply a t  86 ". 

Summary 

A nuclear synthesis for a-olefins has been described. The synthesis 
consists in building up, by well-known reactions, the corresponding @- 
alkoxyalkyl bromide and the decomposition of this product, in alcoholic 
solution, by zinc dust. Nine /3-bromo ethers of this type are described 
for the first time. 

The method has been applied to the preparation of pentene-1, hexene-1, 
4-methylpentene-1 and 5-methylhexene-1. The boiling points of the 
olefin so prepared agree closely with those given in the literature for the 
same products as prepared by other low-temperature methods. 1,4- 
Pentadiene has been prepared by a modification of the same procedure. 

A tentative rule has been formulated stating the relationship between 
the boiling point of an a-olefin and the corresponding saturated hydro- 
carbon. The usual rule relating boiling points to branching chain structure 
has been more specifically stated in its application to olefins. 

The application of the synthesis to the preparation of other olefins and 
diolefins is being continued. 

COLUMBUS, OHIO 
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[CONTRIBUTION FROM THE: DEPARTMBNT OF CHEMISTRY OF UNIVERSITY OP VIRGINIA, 
No. 631 

THE CONFIGURATIONS OF THE UNSATURATED DIBROMO 
1,4-DIKETONES AND KETONIC ACIDS. SYNTHESIS AND 

STRUCTURE OF CIS AND TRANS BETA-BENZOYLDIBROMO- 
ACRYLIC ACIDS AND SOME OF THEIR DERIVATIVES.1 

STUDIES ON UNSATURATED 194-DIKETONES. V2 

This investigation was undertaken in order to establish conclusively the 
configurations of the unsaturated 1,4-ketonic acids, and if possible to es- 
tablish inter-relationships between this series and the unsaturated 1,4- 
diketones, the configurations of which in many cases have already been 
determined with a considerable degree of certainty. 

@-Benzoylacrylic acid has long been known3 and has been widely ~ t u d i e d , ~  
but in spite of this its configuration has not been experimentally established 
up to this time. The acid is prepared from maleic anhydride, but it un- 
doubtedly possesses a trans ~onf i~ura t ion~j ,~  as is now shown by the results 
of some recent studies which 1 will discuss in detail in the next paper of 
this series5 The hypothetical labile (cis) isomer remains as yet unknown 
despite many attempts to synthesize The yellow ester of the trans 
a ~ i d * ~ , " , ' , ~ , ~  has been rearranged by the absorption of light energy into a 
labile colorless isomer which corresponds to the cis form, and the stability 
or energy relationship of these two isomeric esters is exactly analogous to 
that of other known cis-trans stereoisomeric pairs such as maleic and fu- 
maric acids. Both the cis and trans esters, however, give the same yellow 
stable (trans) acid whenever hydrolysis is successful. 

In view of these facts it seemed desirable to prepare the hitherto un- 
known cis and trans @-benzoyldibromo-acrylic acids and their esters, since 

Presented a t  the meeting of the American Chemical Society a t  Atlanta, April 9, 
1930. 

The preceding paper, Lutz, THIS JOURNAL, 51,3008 (1929), entitled "l,6-Addition 
of Hydrogen to Unsaturated 1,4-Diketones," constitutes the fourth paper in this series. 

(a) H. v. Pechmann, Ber., 15, 881 (1882); (b) Koenigs and Wagstaffe, ibid., 26, 
558 (1893); (c) Gabriel and Colman, ibid., 32, 395 (1899); (d) Kozniewski and March- 
lewski, Bull. Acad. Sci. Cracow, 81 (1906); (e) Bougault, Ann. chim. phys., [8] 15, 
296, 498 (1908). 

See also (a) Koenigs and Jaegle, Ber., 28, 1048 (1895); (b) Bougault, Comfit. 
r e d . ,  146, 140 (1908); 147, 476 (1908); (c) Kohler and Engelbrecht, THIS JOURNAL, 
41, 768 (1919) ; (d) Rice, ibid., 45, 222 (1923) ; (e) 45, 232 (1923) ; (f) 48, 269 (1926) ; 
(g) 50, 229 (1928); (h) 50, 1481 (1928); (i) 52, 2094 (1930); (j) Bogert and Ritter, 
Proc. Nut. Acad. Sci., 10,363 (1924) ; Tms JOURNAL, 46,2871 (1924) ; (k) 47,526 (1925) ; 
(1) Cattelain, Bull. soc. chim., 41,352 (1927). 

Lutz, THIS JQURNAL, 52,3423 (1930). 
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in these compounds the ethylenic hydrogen atoms, which in all probability 
are largely responsible for the lability, are replaced by two bromine atoms. 

In  this research I have been able to  synthesize cis and trans P-benzoyldi- 
bromo-acrylic acids and the corresponding esters from dibromo maleic and 
fumaric acids. The reduction of both acids to the same 6-benzoylpropionic 
acid confirms the structures that have been assigned. Both acids are stable 
and are not affected by the reagents usually employed to bring about direct 
stereochemical rearrangement. 

The stereochemical stability of these acids was not unexpected in view 
of the fact that dibromo maleic and fumaric acids do not readily rearrange,' 
one into the other, whereas the unsubstituted maleic and fumaric acids are 
mutually interconvertible, from cis to trans by the action of hydrochloric 
acid, halogens, etc., and from trans to cis by the absorption of light energy.7 
Of course trans isomers may be converted into cis indirectly despite unfavor- 
able energy relations, and this sometimes with great ease; but these trans- 
formations usually involve, as the driving force, the formation of ring com- 
pounds, as is illustrated by the conversion of fumaric and dimethylfumaric 
acids8 into the corresponding maleic anhydrides, and of dibromofumaryl 
chloride into dibromomaleil pseudo chloride.6d Transformations of this 
sort are not pertinent to this discussion since the energy relations referred 
to above concern only inversions of the configuration of the double bond 
without other change in the molecule. This other phase of the subject 
will be treated in later papers. 

The effect of substitution for ethylenic hydrogen in unsaturated 1,4- 
diketones on the stereochemical stability of the cis-trans isomeric pairs, 
is of interest in this connection. The labile cis forms of the unsaturated 
1,4-diketones in which the ethylene double bond remains unsubstituted, 
are in general prepared by the action of sunlight on the trans forms,g and 
they are easily rearranged into the stable trans isomers by the action of 
catalysts such as iodine, hydrochloric acid, e t ~ . ~  However, when halo- 
genslo or a methoxyl" are substituted for hydrogen on the ethylene double 
bond, i t  is no longer possible to prepare the cis isomers directly in this way. 
Furthermore, the cis isomers, obtained indirectly,1° are considerably more 
stable than those in which the ethylene double bond is unsubstituted. 
The labile dibromo derivative, to be sure, is rearranged into the trans form 

Compare: (a) Wislicenus, Ann., 246, 89 (1888); (b) Michael, J. prakt. Chem., 
[2] 46,222 (1892); (c) 52,372 (1895); (d) Ott, Ann., 392,267 (1912). 

7 Stoermer, Ber., 42,4870 (1909); etc. 
Wislicenus, Ann., 246, 93 (1888); Volhard, i6id., 268, 256 (1892); Tanatar, 

ibid.,  273, 31 (1893); Fittig and Kettner, ibid., 304, 165 (1898). 
9 (a) Paal and Schulze, Ber., 35, 168 (1902); (b) Canant irnd l&utz, T ~ x s  JOURIYA~,  

45, 1303 (1923). 
lo Conant and Lutz, ibid.,  47, 881 (1925). 
$1 Lutz, ibid., 48, 2905 (1926). 
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by the action of iodine and sunlight,1° but it is perfectly stable toward the 
action of aluminum chloride as has now been shown, whereas the unsub- 
stituted cis dibenzoylethylene itself is largely rearranged into the trans 
isomer under the same  condition^.^ The cis methoxy c~mpound'~ is quite 
stable. 

The lability of the cis isomers is undoubtedly due in part at  least to a lack 
of balance of forces within the molecule, which is accentuated when rela- 
tively light and mobile hydrogen atoms occupy two positions on the ethyl- 
ene double bond opposite and also alpha to much larger groups of an un- 
saturated character such as benzoyl and carboxyl. The ethylenic hydro- 
gens of benzoylacrylic acid, for instance, are labile, as is shown by the 
mechanism4jpk and ease of formation of "Pechmann dyes" in which enoliza- 
tion of alpha hydrogen destroys the cis-trans asymmetry of the ethylene 
double bond. The substitution of bromine probably alters the difference 
in energy content of the cis and trans forms but undoubtedly it also in- 
creases the stereochemical stability by sheer inactivation of the molecule, 
for it is well known that a highly substituted double bond is often very un- 
reactive. The hypothetical cis benzoylacrylic acid undoubtedly possesses 
a high degree of lability, and if ever formed it always rearranges to the 
stable Qrans) isomer under the experimental conditions involved in any 
synthesis. On the other hand, the elimination of mobile groups by the 
substitution of bromine for the ethylene hydrogens certainly increases the 
stereochemical stabilities to such an extent that both cis and trans isomers 
are easily obtained and defy rearrangement, even under the drastic condi- 
tions of a Friedel and Crafts reaction. 

Cis 8-Benzoyldibromo-acrylic Acid and its Derivatives.-Cis 8-benzoyl- 
dibromo-acrylic acid (11) was prepared by the Friedel and Crafts reaction 
from dibromomaleic anhydride using benzene and aluminum chloride. 
The synthesis, structures and reactions are outlined in Diagram I. The cis 
acid, as will be shown, is not isomerized in the course of the Friedel and 
Crafts reaction as happens in the analogous preparation of 8-benzoylacrylic 
acid from maleic a n h ~ d r i d e , ~ ? ~ ' ~  and it is stable toward the reagents that are 
ordinarily effective in rearranging labile isomers. It is readily reduced by 
zinc and acetic acid to the known benzoylpropionic acid (VI), and it is 
esterified by the action of methyl alcohol saturated with dry hydrogen 
chloride. Hydrolysis of the ester with cold alcoholic sodium hydroxide 
produces the cis acid in good yield, but when aqueous sodium hydroxide 
is used the molecule undergoes cleavage, and a nearly theoretical yield of 
benzoic acid is obtained. In these experiments there was found no evi- 
dence of rearrangement of the sort that takes place under similar conditions 
in the hydrolysis of the unsubstituted labile esters of 8-benzoylacrylic acid.4d 

I2 Both forms of dibenzoylmethoxyethylene are known, and both are stable, but the 
configurations have not as yet been established (see Ref. 11). 
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DIAGRAM I 

A number of mesitoyl analogs of the compounds described above have 
been prepared and studied; the results are described in the experimental 
part, and are referred to also in Diagram I. 

The P-benzoyldibromo-acrylic acid, prepared from dibromomaleic an- 
hydride, has the cis configuration as is shown by the following facts. The 
ester of the isomeric trans acid has been prepared by a synthesis from di- 
bromofumaric acid, which leaves no doubt as to its structure, and from this 
ester by hydrolysis is obtained the corresponding and isomeric trans acid. 
No inter-transformations between the two series have been observed, and 
the various configurations, therefore, must be stable, and must correspond 
to those of the starting materials. Furthermore, the acid chloride obtained 
from the cis acid behaves as if it  were of the pseudo or chloro lactone type 
(111), in contrast to the normal behavior of the acid chloride obtained from 
the trans acid (XXI). 

The acid chloride of cis benzoyldibromo-acrylic acid (111) is formed 
readily by the action of phosphorus pentachloride on the free acid and is a 
colorless solid melting a t  82.5'. The possibility of rearrangement in the 
process is excluded since on hydrolysis with water the original acid is re- 
covered unchanged. This hydrolysis, however, takes place extremely 
slowly as compared with the relative ease of hydrolysis of the trans acid 
chloride and acid chlorides in general (one week in contact with moisture 
was required for this hydrolysis). For this reason it may be separated 
from the by-product phosphorus oxychloride by shaking the crude mixture 
with water, a procedure which is without effect on the product but by which 
the phosphorus oxychloride is rapidly hydrolyzed. I t  dissolves in boiling 
methyl alcohol and crystallizes unchanged on cooling, and must therefore 
possess an inactive halogen atom since acid chlorides, the structures of 
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which are known to be normal, react immediately with methyl alcohol to  
form esters, as actually does tram 0-benzoyldibromo-acrylyl chloride. 
The pseudo or lactone structure (111) which I have assigned in Diagram I, 
and the cis relationship of carboxyl and carbonyl groups required on stereo- 
chemical grounds for this formulation, would therefore appear to be fully 
established. Further studies on this problem are being undertaken to  
confirm the above conclusion and to extend the work in a number of 
directions. 

The pseudo or lactone forms of the acid chlorides of o-benzoylbenzoic 
acid13 and ortho benzil mono and dicarboxylic acids14 are known. The 
latter are characterized chemically by their inertness toward alc~holysis.'~ 
These compounds constitute excellent analogs of the pseudo acid chloride 
described above. No open-chain analog, so far as I know, has yet been 
made, but a closely related compound has been prepared by the addition of 
bromine to the internal anhydride of 8-benzoylpropionic acid (IX) . l5 

The product is a substance which has the characteristics of a pseudo P- 
benzoyl-P-bromopropionyl bromide (X) since it hydrolyzes very slowly to 
P-benzoyl-0-bromopropionic acid (XI, see Diagram 11). Diphthalyl, in the 
aromatic series, adds halogen similarly to give a di-pseudo acid chloride.16 

The Friedel and Crafts Reaction on Cis (#)-p-Benzoyldibromo- 
acrylyl Chloride.-Cis pseudo /3-benzoyldibromo-acrylyl chloride was 
treated with aluminum chloride and benzene in a typical Friedel and Crafts 
reaction. It was hoped when the work was originally started that the acid 
chloride might react in part normally to give some cis dibenzoyldibromo- 
ethylene, for as is now shown this latter product is stable under the condi- 
tions of the experiment. No trace of such a product was isolated, however, 
nor was there obtained the expected unsymmetrical 4,4-diphenyl-1,2- 
dibromocrotolactone (XII) analogous to the similar products obtained 
from succinyl chloride,17 meso dichlorosuccinyl chloride,18 and phthalyl 
chloride.lg This hypothetical lactone (XII) may be formed as an inter- 

l3 (a) Haller and Guyot, Bull. soc. chim., 131 25, 54 (1901); (b) Meyer, Monatsh., 
25, 475, 1181 (1904); 28, 1235 (1907). See also (c) Martin, THIS JOURNAL, 38, 1142 
(1916); (d) McMullen, ibid., 38,1228 (1916); (e) Hantzsch, Ber., 52,1572 (1919). 

l4 Rantzsch and Schwiete, ibid., 49, 213 (1916). 
15 Fittig and Ginsberg, Ann., 299, 19 (1898). 
l6 Ador, ibid., 164,246 (1872); see also Ref. 14. 
17 Auger, Ann. chim. phys., [6] 22, 310 (1891); Bull. soc. chim., [2] 49, 345 (1888). 
l8 Lutz, THIS JOURNAL, 49, 1106 (1927). 
l9 Baeyer, Ann., 202, 50 (1880). 
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mediate product in the reaction, however, but the lactone ring opens with 
the introduction of a third phenyl group into the 4-position (see XIII), 
accompanied or followed by an internal condensation with the loss of hy- 
drogen bromide between the alpha bromine and an ortho hydrogen of one 
phenyl group, to close an indene ring. The suggested mechanism of this 
reaction is outlined in Diagram 111. 

Br-C-C 

Br- 
II >o 

F ,-, TT -.I 

- I  

- 

v XIV 
DIAGRAM 111 

It is interesting to note also in this connection that this same product can 
be obtained in small yields directly from dibromomaleic anhydride and from 
dibromomaleil chloride by the Friedel and Crafts reaction. In the former 
case possibly some of the cis 8-benzoyldibromo-acrylic acid formed reacts 
further in the same general way that o-benzoylbenzoic acid reacts with 
aluminum chloride and benzene to give diphenylphthalide." In the latter 
case dibromomaleil chloride reacts in the pseudo form as does phthalyl 
chloride. lg 

The structure of this new substance, 1,l-diphenyl-2-bromo-3-carboxy- 
indene (V), is evident from analysis, properties and its oxidation product. 
It is an acid with one carboxyl group, forms salts readily, is dissolved by 
approximately one equivalent of sodium hydroxide, and loses carbon di- 
oxide when heated above its melting point. On oxidation in alkaline solu- 
tion with potassium permanganate it gives a good yield of diphenyl- 
phthalide (XIV), the structure of which is known.lg The carbon skeleton 
of diphenylphthalide must therefore be present in the new compound, and 
it seems clearly established, at  least, that three phenyl groups are attached 
to  the 4-carbon and that one of them is attached to another position on the 
chain through loss of an ortho hydrogen and the alpha or beta bromine as 
hydrogen bromide. For obvious steric reasons the alpha bromine is un- 
doubtedly the one which reacts since the formation of the five-membered 
indene ring would be the more likely result. The drastic oxidation of such 
a structure as is suggested would be expected to yield diphenylphthalide. 

" H, v. Pechmann, Ber., 14, 1865 (1881). 
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If the above conclusions as regards structure and mechanism are correct, 
and if one assumes that the indene ring is a cis ring, then the stereochemical 
mode of closing the ring by the Friedel and Crafts reaction would appear to 
be trans, since the bromine atom is trans with respect to the phenyl group 
with which it reacts, and since rearrangement preceding reaction seems un- 
likely in view of the general stability of the cis dibromo compounds under 
these conditions. This idea is illustrated by Formula XI11 in Diagram 111. 
However, since the mechanism of this peculiar step in the reaction is not 
clear, little significance can be attached to this point. 

That cis 8-benzoyldibromo-acrylyl chloride has the pseudo structure is 
evident (though perhaps not conclusively proved) by its failure to react 
readily with methyl alcohol. It is clearly shown that there exists a cis 
relationship between the acid chloride and benzoyl radicals, whether the 
compound actually exists in the pseudo form or not, because the acid chlo- 
ride undergoes the Friedel and Crafts reaction as if the pseudo form either 
did actually exist or was potentially available through a tautomerism pos- 
sible only in a cis compound, and because the stereoisomeric acid chloride 
behaves in every way normally, as will be shown in the folowing section. 

Trans 8-Benzoyldibromo-acrylic Acid and its Derivatives.-All ef- 
forts to prepare the trans derivatives of 0-benzoyldibromo-acrylic acid by 
rearranging the corresponding cis isomers have failed. The action of 
halogens and sunlight, of boiling concentrated hydrochloric acid, and of 
cold alcoholic sodium hydroxide, were without effect. The compounds of 
this series, then, despite the fact that they possess a cis configuration, are 
extremely stable. 

The synthesis of trans @-benzoyldibromo-acrylic acid and its derivatives 
was accomplished through the use of dibromofumaric acid as the starting 
material. The reactions and structures are outlined in Diagrams IV and V. 

Dibromofumaryl chloride reacts with aluminum chloride and benzene to 
give trans dibenzoyldibromo-ethylene (XVIII, known as the "high melting 
beta" stable isomerlo). Dibromofumaric monomethyl ester monochloride 
(XX) was obtained from the above dichloride by partial alcoholysis of one 
acid chloride group by means of one equivalent of methyl alcohol. Sub- 
sequent condensation with benzene and aluminum chloride gave fair yields 
of /3-benzoyldibromo-acrylic methyl ester (XXII), which was converted 
readily into the corresponding trans acid (XIX) by hydrolysis with cold 
alcoholic sodium hydroxide. Hydrolysis of the ester by means of aqueous 
sodium hydroxide, however, gave nearly theoretical yields of benzoic acid 
through cleavage of the molecule. 

The relationships established between the various new derivatives of 
dibromofumaric acid confirm the structures and configurations assigned in 
Diagram (IV). The acid chloride (XVI) is easily hydrolyzed to the original 
acid, and may be alcoholized, partially to dibromofumaric monomethyl 
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ester monochloride (XX), and completely to dimethyldibromofumarate 
(XVII). Dibromofumaric monomethyl ester monochloride has not as 
yet been isolated in a pure state free from dibromofumaryl chloride and 
dimethyl dibromofumarate. That i t  exists and has the character of a 
normal acid chloride is shown by the Friedel and Crafts reaction described 
above, and by the fact that an excess of methyl alcohol, acting on the origi- 
nal dichloride, gives the dimethyl ester. Furthermore, the analogous mono 
acid chloride monomethyl ester of fumaric acid has been isolated in a pure 
state and s t ~ d i e d . ~ ~ ' ~  Dimethyl dibromofumarate is readily hydrolyzed by 
means of cold alcoholic sodium hydroxide and dibromofumaric acid is 
regenerated. Thus i t  is shown that the configurations have remained un- 
changed throughout these transformations, and that the new derivatives 
belong indeed to the trans series. 

Trans p-benzoyldibromo-acrylic acid is easily esterified by saturating a 
methyl alcohol solution with dry hydrogen chloride. It is reduced readily 
by zinc and acetic acid to the known P-benzoylpropionic acid.22 It is 
converted by the action of phosphorus pentachloride into an acid chloride 
which is of the normal type, as is shown by the ease with which i t  is hydro- 
lyzed to the acid by water, and is alcoholized to  the ester by methyl alcohol. 
The acid chloride reacts normally in the Friedel and Crafts reaction to give 
the known "high melting" (trans) dibenzoyldibromo-ethylene.1° 

21 hschutz and Baeumges, Ann., 461,188 (1928). 
H. v. Pechmann, Ber., 15, 881 (1882). 
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The mesitoyl analogs of trans p-benzoyldibromo-acrylic acid, its ester and 
acid chloride, have been made (see Diagram V). This acid chloride 
(XXV), and also dibromofumaryl chloride, are readily converted by means 
of aluminum chloride and mesitylene into trans diinesitoyldibromo-ethylene 
(XXIV) . 

The trans configurations of the acids of this series derived from dibromo- 
fumaric acid, are clearly established by their synthesis alone, because there 
is no reason to suppose iirai rearrangement in the course of the reaction is 
possible, even under the drastic conditions of the Friedel and Crafts reac- 
tion and of hydrolysis (the isomers of opposite configuration are prepared 
by other methods from dibromomaleic anhydride, and are stable; and no 
inter-transformations between the two series have been observed). The 
above conclusion is strikingly confirmed by the normal character of the 
trans acid chloride as contrasted with the pseudo character of the cis isomer. 

Synthesis and Configuration of Unsaturated Dibromo l,4-Diketones.- 
In the course of the experiments described above, trans dibenzoyl-lo and 
dimesitoyldibromo-ethylenes have been synthesized, respectively, from 
trans benzoyl- and mesitoyl-dibromo-acrylyl chlorides and also from di- 
bromofumaryl chloride, by the Friedel and Crafts reaction. The structure 
of trans dimesitoyldibromo-ethylene was shown by reducing it with zinc 
and acetic acid to the known dimesitoylethane (XXVII) .23 

The configuration of dibenzoyldibromo-ethylene is evidently trans 
since it is the stable isomer, as has already been shown1° by the rearrange- 
ment of the cis isomer. The trans configuration is now confirmed by the 
above syntheses, as is evident from the following considerations. Both of 
the starting materials are known to have the trans configuration and are 
stable. There is no reason to suppose that inversion could occur at any 
point in the syntheses because the double bond is inactive and does not 
appear to enter into the reaction in any way, and because no group attached 
directly to the double bond undergoes replacement. The only conceivable 
way for rearrangement to occur would be through the change from a labile 
intermediate to a'stable isomer by the catalytic action of the reagents in- 
volved, as undoubtedly happens5 in the preparation of the stable (trans) 
benzoylacrylic acid from maleic anhydride. The labile dibenzoylethylene 
(unsubstituted) is actually rearranged5 under the conditions involved in 
the Friedel and Crafts synthesis. If such a rearrangement were to occur in 
the reaction in question, it would mean that the final stable product (ac- 
tually obtained exclusively) would have the cis configuration (opposite that 
of the starting materials), and that the intermediate labile isomer neces- 
sarily assumed, would be trans, a relationship which is highly improbable 
since it is opposite that of maleic and fumaric acids and of cis and trans 
dibenzoylethylenes. In the reaction in question the labile dibromo isomer 

23 Conant and Lutz, THIS JOURNAL, 45, 1303 (1923). 
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is not formed in the reaction as an intermediate product because (contrary 
to the analogous unsubstituted labile dibenzoylethylene) it is perfectly 
stable under the conditions of the experiment, as is now shown, and it 
would have been isolated among the reaction products if it had been formed 
in significant amounts. Therefore, the stable isomer only is produced in 
the reaction, and it must correspond in configuration to dibromofumaric 
acid and trans benzoyldibromo-acrylic acid from which it was synthesized. 

The above statement concerning the stability of the known labile (cis) 
dibenzoyldibromo-ethylene under the conditions of the Friedel and Crafts 
reaction is based on the complete recovery of a sample of the labile isomer 
after it was subjected to the action of the reagents in a typical experiment. 
The colorless cis dibenzoyldibromo-ethylene reacts immediately with 
aluminum chloride in benzene to give the same sort of highly colored com- 
plex product as that obtained in the Friedel and Crafts reaction itself on 
dibromofumaryl chloride and on trans benzoyldibromo-acrylyl chloride; 
but on hydrolysis the cis product may be recovered unchanged. Further- 
more, when dibromofumaryl chloride is added to a mixture of cis dibenzoyl- 
dibromo-ethylene, aluminum chloride and benzene, the normal Friedel and 
Crafts reaction takes place with the formation of the usual yield of trans 
dibenzoyldibromo-ethylene, and the bulk of the cis isomer introduced at 
the start can be recovered. Qualitatively the properties of these complex 
halochromic compounds correspond exactly in every way. The complex 
compound from the cis isomer apparently does not involve the ethylene 
double bond (at least as regards the major valence forces), since otherwise 
the asymmetry of the double bond would be destroyed and the stable form 
produced, a point of some significance, perhaps, in connection with theories 
of halochromism. I t  seems reasonably certain, then, that the conditions 
in these tests are nearly enough identical with those existing in actual 
experiment to justify the conclusion that cis dibenzoyldibromo-ethylene is 
stable under the conditions involved in the Friedel and Crafts reaction. 

As a consequence of the relationships discussed above the configurations 
of the cis ("low-melting alpha") and trans ("high-melting beta") isomers of 
dibenzoyldibromo-ethylene (and by analogy those of the corresponding 
dichloro compounds) are established. Furthermore, since the stability 
relationship between these cis-trans isomeric pairs corresponds to that be- 
tween maleic and fumaric acids, the validity of conclusions regarding the 
configurations of various other symmetrical unsaturated 1,4-diketones 
based on exactly analogous stability or energy relationships and upon the 
synthesis from fumaryl chloride, is confirmed. 

It now becomes possible to prepare unsymmetrical unsaturated dibromo 
l,4-diketones. The synthesis of a typical derivative is outlined in Diagram 
V. Trans benzoyldibromo-acrylyl chloride reacts with aluminum chloride 
and mesitylene to give tram benzoylmesitoyldibromo-ethylene (XXVIII) ; 
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the same product is obtained from trans mesitoyldibromo-acrylyl chloride 
(XXV) by the action of benzene and aluminum chloride. 

Br-C-COC1 CH,OH Br-C-COOCH3 AICIS Br-C -COOCH1 
ll ___)I 

CICO-C-Br 
N 

CICO-C-Br 
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XXVII XXVIII  
* M = Mesityl, -CsHz(CHa)a. MH = Mesitylene, CsHs(CHa)a. 

DIAGRAM V 

Several points of interest arise in connection with this synthesis. First, 
the melting point of dibenzoyldibromo-ethylene is 213", but when one 
mesityl group is substituted for phenyl, the melting point drops to  102.5', 
then rises again to 198.5O upon substitution of the second mesityl group. 

A second point of interest concerns the use of benzene in place of carbon 
disulfide as the solvent in the Friedel and Crafts reaction utilizing a more 
active aromatic hydrocarbon such as, for example, mesitylene. In  the 
reaction between fumaryl chloride, mesitylene and aluminum chloride, 
with benzene as the solvent, mesitylene reacts ex~lusively.~ Curiously 
enough, benzene reacts exclusively under similar conditions when dibromo- 
fumaryl chloride or trans benzoyl- or mesitoyl-dibromo-acrylyl chlorides 
are used in place of fumaryl chloride. 

Conclusion 
The evidence for the configurations assigned the two stereoisomeric 

benzoyldibromo-acrylic acids and their derivatives may be briefly sum- 
marized as follows. In every preparation of a compound in either the cis 
or trans series, there is formed exclusively one of the two possible stereo- 
isomers and in no case has stereochemical rearrangement been observed. 
The configurations, therefore, correspond, respectively, to those of the 
two starting materials, dibromo maleic and fumaric acids, and are con- 
firmed by the fact that the acid chlorides of the series derived from dibromo- 
maleic acid are of the pseudo type, whereas those derived from dibromo- 
fumaric acid are normal in character. 

The configurations of the unsaturated dibromo 1,4-diketones are estab- 
lished by the synthesis of the trans forms from compounds of known con- 
figurations under conditions which preclude the possibility of rearrangement. 
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Experimental Part 
Dibromomaleic acid was prepared by the bromine oxidation of furoic acid to muco- 

bromic acid24 followed by further oxidation with fuming nitric a ~ i d . ~ 5  Thc anhydride (I) 
was prepared by passing a stream of dry carbon dioxide over the molten acid at 130- 
140 ". In an alternative method 80 g. of dibromomaleic acid was refluxed with an excess 
of thionyl chloride. After distilling the excess of reagent, 70 g. of sufficiently pure an- 
hydride was obtained. An attempt was made to prepare the acid chloride by treating 
dibromomaleic acid with phosphorus pentachloride, but there was obtained only di- 
bromomaleic anhydride, which resisted further action of the reagents. 

Dibromofumaric acid ( x v ) ~ ~ ~ ~ ~  was prepared by the action of bromine vapor on a 
concentrated aqueous solution of acetylene dicarbonic acid, and was isolated by evapo- 
rating the solvent in vacuum desiccators and filtering OR successive crops of crystals. 
The low-melting end fractions containing dibromomaleic acid were discarded. The 
acid chloride6d (XVI) was prepared by the action of phosphorus pentachloride. 

Dibromofumaric Monomethyl Ester Monochloride (XX), CH30COCBr=CBr- 
COC1.-Dibromofumaryl chloride was partially alcoholized with one equivalent of 
methyl alcohol in carbon disulfide or benzene as the solvent. The mixture was allowed 
to stand for five to six hours and was refluxed for a short time. When used in a reaction 
the product was not isolated. In one experiment the product was subjected to a series 
of fractional distillations under diminished pressure using a Vigreux column, but a 
pure sample was not obtained. Small amounts of maleic anhydride were isolated, 
formed possibly by decomposition and rearrangement. The unchanged dichloride pres- 
ent in considerable amounts was rearranged nearly completely by the long continued 
heating involved (80-120" a t  7 mm. pressure), as was shown by the fact that dibromo- 
maleic acid was obtained in considerable amounts on hydrolysis of some of the fractions 
(compare Ref. 6d). The best sample isolated was a nearly colorless oil; boiling point 
83-86' a t  3.5 mm. pressure. 

Anal. Calcd. for C5H303BrzC1: C, 19.59; H, 1.24; BrzC1, 63.77. Found: C, 
20.93; H, 1.13; Br2Cl, 64.67. 

Dimethyl Dibromofumarate (XVII), CH30COCBr=CBrCOOCH3.-Dibromo- 
fumaryl chloride (15 g.) dissolved in methyl alcohol with the evolution of heat. The 
solution was decomposed in ice and sodium carbonate and was extracted with chloro- 
form. The solution thus obtained was fractionally distilled under diminished pressure 
using a Vigreux column; 13.5 g. of colorless oil was obtained which finally solidified 
on cooling; yield 93%; colorless needles; melting point 41.5' (corr.) after several 
crystallizations from petroleum ether; boiling point 113-114° (corr.) a t  5 mm. 

Anal. Calcd. for C6H604Brz: C, 23.86; H, 2.00; Br, 52.93. Found: C, 23.95; 
H, 1.70; Br, 53.40, 53.44, 53.34. 

Dimethyl dibromofumarate (0.5 g.) was dissolved in a solution of 0.15 g. of sodium 
in 10 cc. of afcohol and 1 cc. of water. After standing for eighteen hours, the solution 
was diluted with water, extracted with ether, acidified and again extracted with ether. 
This latter ether extract, on evaporation and vacuum desiccation, gave 0.4 g. of 
dibromofumaric acid. 

Cis p-Benzoyldibromo-acrylic Acid (11), COHICOCBPCB~COOH.-A mixture of 
150 g. of dibromomaleic anhydride, 120 g. of finely ground aluminum chloride27 and 

24 Jackson and Hill, Ber., 11, 1671 (1878). 
25 Salmony and S monis, ibid., 38, 2584 (1905). 
26 Lossen and Treibich, Ann., 384, 324 (1911). 
27 In  this and in all similar experiments a high grade of finely ground anhydrous 

aluminum chloride was used. 
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300 cc. of benzene was warmed gently for thirty minutes with mechanical stirring, 
and was then heated on a boiling water-bath for fifteen minutes. The dark colored 
pasty mass was decomposed in ice and hydrochloric acid, and the benzene layer sepa- 
rated and allowed to evaporate. The residue was crystallized from carbon tetrachloride; 
the yield of crude product melting a t  78" was 124 g. (63%). A small amount of un- 
changed dibromomaleic anhydride was recovered from the filtrates. 

The compound forms colorless crystals, melting point 92' (corr.) after repeated 
crystallizations from carbon tetrachloride; soluble in alcohol, ether, acetone; insoluble 
in ligroin: crystallizes from chloroform, and crystallizes from benzene and ethylene di- 
bromide with solvent of crystallization. 

Anal. Calcd. for C1oH6O3Brz: Br, 47.87. Found: Br, 47.87. 

When the above reaction mixture was heated for a greater length of time a small 
amount of colorless solid (m. p. 237.5-238') was filtered from the benzene layer and was 
identified by a mixed melting point as 1,l-diphenyl-2-bromo-3-carboxyindene. 

Samples of cis benzoyldibromo-acrylic acid in various solvents were subjected to 
the action of iodine or bromine and sunlight. Another sample was boiled with hydro- 
chloric acid (20%) for several haurs. In every case the acid was recovered unchanged. 

Cis benzoyldibromo-acrylic acid (1 g.) was reduced with 2 g .  of zinc dqst and acetic 
acid. Considerable heat was evolved. The product was isolated by filtering, diluting 
with water, extracting with ether, evaporating and crystallizing the residue from water. 
A yield of 0.4 g. (80%) of 8-benzoylpropionic acid melting a t  114-115O was obtained 
and identified by a mixed melting point. 

Cis-8- [2,4,6-trimethylbenzoyl ]dibromo-acrylic Acid (XXPrI), (CH3)3CeH2COCBr= 
CBrCO0H.-A mixture of 40 g. of dibromomaleic anhydride, 22 g. of mesitylene, 80 
cc. of carbon disulfide, and 48 g. of aluminum chloride was refluxed for twenty minutes 
with efficient mechanical stirring. The red mass was decomposed in ice and hydro- 
chloric acid. The carbon disulfide layer was separated and on cooling deposited 46.5 
g. of nearly pure product melting a t  153-154'; yield, 797". 

It forms pale yellowish rhombic crystals; melting point 157' (corr.) after three 
crystallizations from benzene: soluble in acetone, alcohol, ether, ethyl acetate and acetic 
acid; insoluble in cold chloroform and hot ligroin. 

Anal. Calcd. for ClaHlzOaBrz: C, 41.52; H, 3.22; Br, 42.50. Found: C, 41.74; 
H, 3.23; Br, 42.43,42.72. 

Cis p-Benzoyldibromo-acrylic Methyl Ester (IV), CsHSCOCBr=CBrCOOCH3.- 
A solution of 25 g. of cis 8-benzoyldibromo-acrylic acid in 40 cc. of methyl alcohol was 
saturated with dry hydrogen chloride and allowed to stand overnight. The solution 
was decomposed in ice and sodium carbonate, extracted with ether, dried with anhydrous 
potassium carbonate and distilled under diminished pressure. The crude ester boiled 
a t  162-164" under 3.5 mm. pressure and solidified on cooling; yield, 19 g (73%). 

I t  gives colorless crystals; melting point 71.5' (corr.) after several crystallizations 
by dissolving in ethyl bromide, diluting with a little petroleum ether, seeding and allow- 
ing the solution to stand. 

Anal. Calcd. for CIIH~OIB~~:  C, 38.04; H, 2.32. Found: C, 38.22; H, 2.37. 

Hydrolysis.-The ester was allowed to stand overnight in a solution of a small 
excess of one equivalent of sodium in 95% ethyl alcohol. On diluting with water. 
acidifying, extracting with ether and crystallizing the product from carbon tetrachloride 
a sample of the cis acid was obtained and identified. 

r---0--1 
Cis 8-($)-Benzoyldibromo-acrylyl Chloride (111), C6H6CC1CBr=CBrC0.-Cis 

8-benzoyldibromo-acrylic acid (15 g.) was treated with 9 g. of phosphorus pentachloride. 
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The liquid product was diluted with petroleum ether, cooled and stirred until the acid 
chloride crystallized; yield, 12 g. (76%). 

It forms colorless crystals; melting point 82.5 (corr.) after several crystallizations 
from chloroform and petroleum ether mixtures; soluble in chloroform and benzene; 
insoluble in ligroin; crystallizes unchanged from methyl alcohol, but gives an oil on long 
continued boiling. 

Anal. Calcd. for ClaH602Br&l: C1, Br, 55.26. Found: 55.00. 

A sample of the acid chloride was very slowly hydrolyzed upon standing in a moist 
condition for one week. The regenerated acid was isolated and identified. 

In one experiment the crude acid chloride was shaken with water to remove the 
phosphorus oxychloride by hydrolysis. In a short time the acid chloride crystallized, 
was filtered, dried, recrystallized and identilied. 

Cis &($)-[2,4,6-trimethylbenzoyl]dibromo-ac Chloride (XXV), (CHs)sCsH2- 

r---a i 
CClCBr=CBrCO.-Cis 8-mesitoyldibromo-acrylic acid (7.5 g.) was treated with 4.2 
g. of phosphorus pentachloride. The mixture liquefied with the evolution of hydrogen 
chloride. On diluting with petroleum ether, cooling and subsequently evaporating, 
several crops of crystals were obtained; yield, 6.7 g. (85%). 

It forms long colorless needles; melting point 76" (corr.) after three crystallizations 
from ligroin; soluble in hot methyl alcohol and crystallizes unchanged on cooling; 
soluble in hot ligroin, and in cold chloroform, acetone, benzene, ethyl acetate and acetic 
acid. 

And. Calcd. for c ~ ~ H ~ ~ o ~ B ~ ~ c I :  C, 39.63; H, 2.81; Br, C1, 49.52. Found: 
C, 39.76,40.09,39.63; H,3.09,3.10,2.63; Br, C1,49.20. 

Hydrolysis was accomplished by heating a sample of the acid chloride with water 
for five hours. The crude acid thus obtained was recrystallized from benzene and 
identified. 

The above acid chloride was treated in several experiments with mesitylene, carbon 
disulfide and aluminum chloride, but only scarlet resinous products were obtained from 
which in a few cases small amounts of a colorless solid were isolated; melting point 
240-242' after recrystallizing from alcohol; insoluble in chloroform and benzene; 
soluble in sodium carbonate and precipitated by acids. 

Anal. Calcd. for C31HzzBrOa: C, 62.68; H, 5.51; Br, 19.87. Found: C, 63.01, 
63.06; H, 5.56.5.48; Br, 20.12,20.36. 

1,l-Diphenyl-2-bromo-3-carboxyindene (V), &,H~C(COOH)=CB~~(C~H~)~. - -C~~ 
($)-benzoyldibromo-acrylyl chloride was treated with 50 cc. of benzene and 10 g. of 
aluminum chloride, and the mixture was stirred until it became a red pasty mass. 
Benzene (50 cc.) was added and the mixture was stirred and heated on a water-bath for 
fifteen minutes. After decomposing in ice the product was precipitated from the ben- 
zene layer by diluting with petroleum ether; yield, 9 g. (71y0). 

It gives colorless microscopic prisms; melting point (decomp.) 242-243 (corr.) 
after three crystallizations from benzene; when heated above its melting point carbon 
dioxide was evolved and was detected qualitatively; soluble in cold acetone, and hot 
alcohol and chloroform; insoluble in ligroin. 

Anal. Calcd. for CzzHlrOzBr: C, 67.53; H, 3.84; Bs, 23.73. Found: C, 67.66; 
67.50; H, 3.87.3.99; Br,25.71. 

In a qualitative experiment a sample of dibromomaleil chloride was prepared by 
heating dibromofumaryl chloride with an excess of aluminum chloride a t  100" for three 
hours.6d The crude mixture was treated directly (without isolating the acid chloride) 



A u ~ . ,  1930 STUDIGS ON UNSATURATED ~,~-DIKGTONBS. V 3419 

with benzene and refluxed for half an hour. On decomposition in ice, a large amount 
of resinous amorphous product was obtained from which a small yield of 1,l-diphenyl- 
2-bromo-3-carboxyindene was isolated and identified. 

A sample of the acid dissolved in one equivalent of dilute sodium hydroxide. The 
sodium salt crystallized as shining leaflets upon the addition of an excess of sodium ion. 
When dissolved in water, the sodium salt gave precipitates with salts of silver, copper, 
calcium, barium, lead and magnesium. The acid is stable in boiling sodium hydroxide 
solution. 

Oxidation.-A soiution or̂  6 g. of i,l-ciiphenyi-2-bromo-3-carboxyindene, 3 g. of 
sodium hydroxide and 7.5 g. of potassium permanganate (a slight excess of the calculated 
amount) was boiled for a short time. The purple color persisted. In  another run, using 
slightly less than the calculated amount of permanganate, the color was quickly dis- 
charged. The mixture was decomposed with hydrochloric acid and sulfur dioxide, and 
gave 3.75 g. (85%) of nearly pure diphenylphthalide, which was identified by analysis 
and by a mixed melting point with a known sample prepared from phthalyl chloride by 
the Friedel and Crafts reaction. 

Anal. Calcd. for C2oH1402: C, 83.90; H, 4.93. Found: C, 84.04, 83.69; H, 5.14, 
5.06. 

Trans B-Benzoyldibromo-acrylic Methyl Ester ( X X I I ) ,  CeH&OCBr==CBrCOO- 
CH3.-Methyl alcohol (10.5 g.) in 300 cc. of benzene was added over a period of two 
hours to 93 g. of well-stirred dibromofumaryl chloride. The mixture after standing for 
two hours was refluxed for five minutes Aluminum chloride (120 g.) was then added 
in small portions to the effectively stirred mixture. Color appeared only after about 
one-third of the aluminum chloride had been added; hydrogen chloride ceased to be 
evolved after the addition of the last portion. The brown mass was stirred for ten 
minutes and was decomposed in ice and hydrochloric acid. The benzene layer was 
cooled and 15 g. of the very insoluble dibenzoyldibromo-ethylene melting a t  203-206O 
was filtered off and identified. The benzene solution was fractionally distilled under 
diminished pressure. The fraction boiling at  110' under 3 mm. pressure rapidly solidi- 
fied in the side arm and receiver and was identsed as dimethyl dibromofumarate; 
yield, 8 g. An intermediate fraction (6 g.) was collected, and then 52 g. of fans benzoyl- 
dibromo-acrylic acid methyl ester distilled at 170-180" under 3 mm. pressure and solidi- 
fied on cooling. 

I t  forms colorless prisms; melting point 80.5" (corr.) after four crystallizations from 
a mixture of ligroin and ethyl bromide; soluble in acetone, chloroform, benzene, ether, 
ethyl acetate and acetic acid; crystallizes from alcohol in thin scales. 

Anal. Calcd. for CllHsO,Brz: C, 38.04; H, 2.32; Br, 45.94. Found: C, 37.96; 
H, 2.32; Br, 45.93, 46.31, 45.78. 

A sample of the ester was suspended in boiling 20% hydrochloric acid for several 
hours and was recovered unchanged. It was sensitive to boiling aqueous alkaline solu- 
tions, sodium carbonate yielding dark colored solutions, and sodium hydroxide cleaving 
the molecule to give a nearly theoretical yield of benzoic acid and a low-melting acid con- 
taining halogen which has not yet been investigated. 

Trans 6-Benzoyldibromo-acrylic Acid (XIX), CeHsCOCBr=CBrCOOH.-Trans 
benzoyldibromo-acrylic methyl ester (30 g.) was dissolved in a solution of 3 g. of sodium 
in 300 cc. of ethyl alcohol and 15 cc. of water, and the mixture was allowed to stand 
overnight. The solution was then diluted with water, extracted with ether and acidified. 
A second extraction with ether removed the organic acid which was liberated. The 
product was isolated by evaporating the ether solution and inducing the oily residue to 
crystallize; yield 20 g. (70yo). 

It forms colorless prisms; melting point 108' (corr.) after four crystallizations from 
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chloroform by adding ligroin and seeding; soluble in acetone, alcohol, ether, benzene, 
ethyl acetate and acetic acid. 

Anal. Calcd. for CloH603Brz: C, 35.95; H, 1.81; Br, 47.87. Found: C, 35.91; 
H, 1.92; Br, 47.81. 

Reduction in the usual way by means of zinc and acetic acid gave a good yield of 
8-benzoylpropionic acid. The acid was partially converted to the methyl ester on stand- 
ing in methyl alcohol saturated with dry hydrogen chloride. 

Trans j3-Benzoyldibromo-acrylyl Chloride (XXI), C6H5COCBr=CBrCOCI.- 
Trans benzoyldibromo-acrylic acid (3.3 g.) reacted with 2.2 g. of phosphorus penta- 
chloride to give a liquid product which was fractionally distilled under diminished pres- 
sure. The acid chloride distilled a t  164' a t  7 mm. pressure and solidified in the re- 
ceiver; yield 2.5 g. (72%). 

I t  forms colorless prisms; melting point 37" (corr.) after two crystallizations from 
petroleum ether; very soluble in chloroform and benzene. 

Anal. Calcd. for CloH602Br2C1: C, 34.02; H, 1.43; Br, C1, 55.26. Found: C, 
34.09; H, 1.70; Br, C1, 55.50. 

Hydrolysis by shaking a sample of the acid chloride with water gave a nearly 
quantitative yield of benzoyldibromo-acrylic acid. 

Alcoholysis with methyl alcohol took place with the evolution of heat and with the 
formation of benzoyldibromo-acrylic methyl ester which was isolated and identified by a 
mixed melting point. 

Trans 8-[2,4,6-Trimethylbenzoyljdibromo-acrylic Methyl Ester (XXIII), (CH3)3- 
CeHzCOCBr==CBrCOOCH3.-A mixture of 6.5 g. of methyl alcohol, 25 g. of mesitylene 
and 160 cc. of carbon disulfide was allowed to run into 56 g. of well stirred dibromo- 
fumaryl chloride over a period of half an hour. The mixture, after standing for four 
hours was refluxed for a few minutes; seventy-five grams of aluminum chloride was then 
added in small portions. The mixture was finally decomposed in ice and hydrochloric 
acid. The carbon disulfide solution was successively cooled, evaporated and diluted 
with petroleum ether. Two crystalline products were isolated: 5.6 g. of the difficultly 
soluble trans dimesitoyldibromo-ethylene, and 25 g. of the more soluble trans mesitoyl- 
dibromo-acrylic methyl ester; yield, 36%. 

I t  gives pale yellow, short, thick prisms; melting point 115.5-116° (corr.) after 
three crystallizations from benzene by the addition of petroleum ether, and one crystal- 
lization from ligroin; soluble in acetone, ether, ethyl acetate, acetic acid and hot alcohol. 

Anal. Calcd. for ClaH1,O~Brz: C, 38.04; H, 2.32; Br, 40.97. Found: C, 37.99; 
H, 2.45; Br, 40.86,41.05. 

Trans p-[2,4,6-Trirnethylbenzoyl]dibromo-acrylic Acid (XXVI), (CH3)3C6H,CO- 
CBr=CBrCOOH.-Trans mesitoyldibromo-acrylic methyl ester was hydrolyzed with 
cold alcoholic sodium hydroxide; 9.5 g. of the ester gave 2.5 g. of nearly pure acid; 
yield, 27%; pale yellow crystals; melting point 139 O (corr.) after crystallizing twice from 
benzene and ligroin, and once from benzene; soluble in chloroform, acetone, ether, ethyl 
acetate, acetic acid and alcohol. 

Anal. Calcd. for C13H1~03Brz: C, 41.52; H, 3.22; Br, 42.50. Found: C, 41.65, 
41.69; H, 3.05, 3.61; Br, 42.25. 

Trans p-(2,4,6-Trimethylbenzoy1)dibromo-acrylyl Chloride (XXV), (CH3)3C6H2- 
COCBr=CBrCOCl.-Trans j3-mesitoyldibromo-acrylic acid (1.05 g . )  reacted with 
0.65 g. of phosphorus pentachloride to give an oil. On adding petroleum ether 0.6 g 
of the acid chloride crystallized; yield, 60%; very pale yellow crystals; melting point 
73-73.5" (corr.) after several crystallizations from ligroin. 

Anal. Calcd. for C13H110~Br2C1: BrC1,49.52. Found: 50.06. 
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,4 sample of the acid chloride, when allowed to stand in water, was hydrolyzed to 
the acid. 

When treated in the usual way with aluminum chloride, mesitylene and carbon di- 
sulfide, a good yield of lrans dimesitoyldibromo-ethylene was obtained and identified 
by a mixed melting point. 

A sample of the acid chloride was warmed with a little methyl alcohol. On cooling 
a crystalline product melting a t  113' was isolated and identified by a mixed melting 
point as trans mesitoyl

di

bromo-acrylic methyl ester. 
Trans Dibenzoyldibromo-ethylene (XVIlI).-I'rans benzoyldibromo-acrylic acid 

(0.33 g.) was treated with one equivalent of phosphorus pentachloride and the product, 
without removing the phosphorus oxychloride formed, was treated directly with 5 cc. 
of benzene and 1.5 g. of aluminum chloride. The reaction mixture was heated to boiling 
and when the evolution of hydrogen chloride subsided it was decomposed in ice. The 
benzene layer, on cooling, deposited 2.5 g. of pure trans dibenzoyldibromo-ethylene; 
yield, 64%. 

In a second experiment 10 g. of dibromofumaryl chloride was added to a well- 
stirred mixture of 50 cc, of benzene and 12 g. of aluminum chloride. The product 
was isolated as above. The yield of pure trans dibenzoyldibromo-ethylene was 10 5 
g. (85%). 

In a third experiment one equivalent of bromine was added to a boiling chloroform 
solution of dibenzoylacetylene. The yield of trans dibenzoyldibromo-ethylene was 
raised to about 6O%, nearly twice that previously obtainedlo when the mixture was 
cooled. The cis isomer UI this case was isolated in a relatively small yield. 

Cis Dibenzoyldibromo-ethylene.l0-A sample of cis dibenzoyldibromo-ethylene 
(1 g.) was treated with benzene and aluminum chloride. A red-brown mass was ob- 
tained. The mixture was heated to boiling, and was allowed to stand for one minut?. 
The deep red mixture was decomposed in ice and the product isolated by extracting with 
ether and evaporating the solvent; 0.9 g. of nearly pure cis dibcnzoyldibromo-ethylene 
melting a t  102-104" was recovered and identified by a mixed melting point. No traces 
of the trans isomer were isolated. 

In another experiment 0.5 g. of cis dibenzoyldibromo-ethylene in 10 cc. of benzene 
and 1 g. of dibromofumaryl chloride was treated with 4 g. of aluminum chloride. The 
red pasty mixture was heated for several minutes and was then decomposed in ice. 
On cooling and diluting the benzene layer with petroleum ether 0.95 g. of trans dibenzoyl- 
dibromo-ethylene was obtained. On evaporating the filtrate an oil was obtained which 
crystallized when taken up in alcohol to give 0.4 g. of unchanged cis dibenzoyldibromo- 
ethylene. 

Trans Di-(2,4,6-trimethylbenzoy1)dibromo-ethylene (XXN), (CH3)3C6H2COCBr= 
CBrCOC~IT2(CB3)3.-Dibromofumaryl chloride (10 g.) was added slowly to a well- 
stirred mixture of 16 g. of aluminum chloride, 10 g. of mesitylene and 25 cc. of carbon 
disulfide. The product was decomposed in ice. The carbon disulfide layer, on cooling, 
deposited 7.5 g. of nearly pure product; yield, 49%; very pale yellowish crystals; 
melting point 198.5" (corr.) after four crystallizations from benzene; difficultly soluble 
in hot alcohol. 

Anal. Calcd. for Cz2HzzOzBrz: C, 55.25; H, 4.64; Br, 33.44. Found: C,  55.24; 
H, 4.64; Br, 33.53. 

When benzene was used in place of carbon disulfide in the above experiment only 
the corresponding dibenzoyldibromo-ethylene was obtained as the product. 

A sample (1 g.) reacted with zinc dust and acetic acid with the evolution of con- 
siderable heat. From the filtrate 0.57 g. of nearly pure dimesitoylethane melting a t  
135-136.6' was isolated and identified by a mixed melting point; yield, 95%. 
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Trans 1-Benzoyl-2-[2,4,6-trimethylbenzoyl]dibromethylene (XXVIII), C 6 ~ & O -  
CBr==CBrCOC~H~(CH8)s.-Benzoyldibromo-acrylic acid (1 g.) was treated with 0.67 
g. of phosphorus pentachloride and the crude acid chloride was treated directly with 
carbon disullide, 1 cc. of mesitylene and 2 g. of aluminum chloride. The red-brown mass 
was decomposed with ice, and the carbon disuliide layer was steam distilled. The oily 
residue was dissolved in methyl alcohol and on seeding deposited 0.15 g. of product; 
very pale yellowish crystals; melting point 102.5' (corr.) after two crystallizations from 
methyl alcohol, in which the substance dissolves when hot to give a yellow solution. 

Anal. Calcd. for ClgH1602Bra: C, 52.30; H, 3.70. Found: C, 52.94; H, 3.86. 
In a second experiment benzene was used as the solvent in place of carbon disulfide, 

but benzene reacted instead of mesitylene to give a good yield of trans dibenzoyldi- 
bromo-ethylene. 

In a third experiment in which 0.1 g. of trans mesitoyldibromo-acrylyl chloride was 
treated with 1 cc. of benzene, 0.1 cc. of mesitylene and 0.6 g. of aluminum chloride, a 
yield of 0.06 g. of trans benzoylmesitoyldibromo-ethylene was isolated and identified 
by a mixed melting point. 

Summary 

Cis P-Benzoyldibromo-acrylic acid and a number of derivatives have 
been synthesized from dibromomaleic anhydride. The acid chloride is of 
the pseudo type and undergoes the Friedel and Crafts reaction to give 
1,l-diphenyl-2-bromo-3-carboxyindene. The structure and mechanism of 
formation of the latter are discussed. 

Trans 8-Benzoyldibromo-acrylic acid and a number of derivatives have 
been synthesized from dibromofumaric acid. Incidental to the syntheses 
some new derivatives of dibromofumaric acid are described. 

The unsaturated dibromo 1,4-diketones axe prepared by the Friedel and 
Crafts reaction on the trans aroyl dibromo-acrylyl chlorides and on di- 
bromofumaryl chloride. A method of preparing unsymmetrical, un- 
saturated dibromo 1,4-diketones is described. 

The configurations of the unsaturated 1,4-diketones and ketonic acids 
are discussed. 

UNIVERSITY. VIRGINIA 
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THE SYNTHESIS AND CONFIGURATIONS OF UNSATURATED 
194-DIKETONES AND KETONIC ACIDS, AND THE STEREO- 
CHEMICAL MECHANISM OF THE ADDITION OF BROMINE. 

STUDIES ON UNSATURATED 1,4-DIKETONES. VI 

Aryl substituted benzoylacrylic acids are readily prepared from maleic 
anhydride,hnd dibenzoylethylenes from fumaryl chl~ride,~ by the Friedel 
and Crafts reaction. The products thus obtained are yellow in color, are 
the stable forms as regards stereochemical rearrangements and undoubtedly 
possess the trans configuration.lJ,3 The cis forms of many unsaturated 
1,4-diketones are prepared by the action of sunlight on the trans  isomer^,^^^ 
but the corresponding labile (cis) isomers of unsaturated 1,4-ketonic acids 
are known only in the form of their  ester^.^ The present investigation was 
undertaken to add to the available information concerning these com- 
pounds, particularly as regards configurations and stereochemistry. 

The configurations which were originally assigned to the unsaturated 
1,4-diketones seem to be clearly established by the work which has been 
outlined in earlier  paper^.^^^,^ The conclusions are based on two consider- 
ations: the relative ease with which the cis form reacts with hydrazine t o  
give diphenylpyrida~ine,~ and the close analogy between the stability (or 
rather energy) relationship of these cis-trans isomeric  pair^^^^ and that of 
maleic and fumaric acids.6 In the preceding paper of this series7 the va- 
lidity of evidence based on energy relationship has been confirmed by the 
determination of the configuration of the analogously related cis and trans 
dibenzoyldibromo-ethylenes through the synthesis of the stable trans form 
from dibromofumaryl and trans benzoyldibromo-acrylyl chlorides by the 
Friedel and Crafts reaction, under conditions which preclude the possi- 
bility of rearrangements. 

The configurations of the unsaturated 1,4-ketonic acids on the other hand 
are based on very meager evidence. The failure to form naphthoquinones 

H. v. Pechmann, Ber., 15, 881 (1882), etc. See also Refs. 3 and 4, of the preced- 
ing paper. 

Conant and Lutz, THIS JOURNAL, 45, 1303 (1923). 
a Paal and Schulze, Ber., 35, 168 (1902). 

Rice, THIS JOURNAL, 45, 222 (1923); see also ibid., 45, 232 (1923); 48, 269 
(1926); 50, 229 (1928). 

Lutz, ibid., 49, 1106 (1927). 
"Stoermer, Ber., 42, 4870 (1909); etc. (The labile (cis) isomer has the greater 

energy content, is formed by the absorption of light energy and rearranges under the 
influence of catalysts.) 

7 Lutz. THIS JOURNAL, 52,3405 (1930). 
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on dehydration has no bearing on the configuration because of the ease of 
formation of unsaturated lactones known as "Pechmann dyesn1 in which 
the cis-trans asymmetry of the double bond is dest r~yed.~ The acids, 
however, do appear to have the trans config~rat ion,~,~,~ and correspond to 
the yellow stable esters as has been shown by Mrs. Rice,4 who esterified the 
silver salt of @-benzoylacrylic acid by means of methyl iodide under condi- 
tions which minimize the possibility of rearrangements. During hydrolysis 
of the isomeric esters, however, rearrangement occurs, since both esters give 
the same yellow and presumably trans acid. On the basis of the energy 
relationship of the two  ester^,^ as compared with that of maleic and fumaric 
acids,6 i t  is highly probable that the stable yellow isomeric esters and the 
corresponding acids have the trans configuration. The hypothetical labile 
(cis) acid must be extremely unstable, since, if it  is formed in any reaction 
(as happens, presumably, in the F'riedel and Crafts synthesis from maleic 
anhydride), it rearranges completely under the experimental conditions. 
The validity of this reasoning by analogy is now supported by the fact that 
the chemical reactions of the acid chloride of benzoylacrylic acid are en- 
tirely consistent with the conclusions drawn, as will be shown in the dis- 
cussion to follow. 

@-Benzoylacrylic methyl ester (V) has now been prepared from fumaric 
acid by partial alcoholysis of the acid chloride to the monomethyl ester 
monochloride (11) followed by a typical Friedel and Crafts reaction (see 
Diagram 1). Since benzoylacrylic methyl ester has been hydrolyzed to 

' 

the acid (111),4 this constitutes another synthesis of the acid from fumaric 
acid. Since the acid is thus obtainable from both maleic and fumaric 
acids, a rearrangement occurs in one case, and this undoubtedly in the 
synthesis from the labile maleic acid as soon as the stabilizing influence of 
the ring structure of the anhydride disappears in the course of reaction. 
I t  would seem highly improbable that the energy relationship would be 
reversed in going from fumaric acid to benzoylacrylic acid and the con- 
figurations must, therefore, correspond in the two cases. The independent 
evidence necessary to establish this point becomes available through a 
study of the acid chloride of benzoylacrylic acid. 

H-C-CO CsHbCO--C-H C6HjCO-C-H 
I /  >o ---+ I/ f- /I __f 

H-C-CO CfiH6 I11 H-C-COOH ~~0 IV H-C-COCI 
I %Z3~1tI /Na2c03 

ClCO-C-H AlCl3 
11 4 CsHsCO-C-H 

H-C-COOCHJ CsHfi I /  
I1 

II 
V H-C-COOCHI VI H-C-COC6H5 

(a) Bogert and Ritter, THIS JOVRNAI,, 46,2871 (1924); (b) 47, 526 (1925). 
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The synthesis of benzoylacrylie acid and its structural relationship t o  
fumaric and maleic acids and the unsaturated 1,4-diketones are outlined 
in the above diagram. Fumaryl chloride reacts with one equivalent of 
methyl alcohol to give the monomethyl ester monochloride

g 
(11), which 

may be separated by fractional distillation from unchanged dichloride and 
from the dimethyl ester which is formed in small amounts. Its structure is 
shown by its ready reaction with an excess of methyl alcohol to give di- 
methyl fumarate, and hydrolysis

g 
to fumaric monomethyl ester.1° 

0-Benzoylacrylic acid, when treated with one equivalent of phosphorus 
pentachloride, reacts vigorously to give an oily acid chloride which is very 
unstable. When heated, or allowed to stand overnight, i t  decomposes with 
resinification and the evol~ttion of hydrogen chloride. It could not be 
distilled or crystallized and, although not obtained in an analytically pure 
condition, i t  was isolated sufficiently pure for study by extracting the by- 
product phosphorus oxychloride with petroleum ether, in which the acid 
chloride is only slightly soluble. 

The structure of 0-benzoylacrylyl chloride (IV) and its configurational 
relationship to the acid and the ester are established by the following facts. 
The acid chloride is easily hydrolyzed to the original acid when shaken for 
a short time with water and reacts rapidly with methyl alcohol to  give the 
yellow (stable) methyl ester (V) . It is highly improbable that any reversal 
of configuration could occur in these transformations, and the configuration 
of the acid, acid chloride and stable (yellow) methyl ester must correspond. 
Furthermore, the acid chloride reacts readily with aluminum chloride and 
benzene to give a fair yield of trans dibenzoylethylene (VI). By these re- 
actions it is shown that @-benzoylacrylyl chloride reacts in every way as 
does a typical normal and active acid chloride. Cis and trans P-benzoyl- 
dibromo-acrylyl chlorides have already been ~ r e p a r e d ; ~  the cis isomer fails 
to undergo hydrolysis and alcoholysis readily, and with aluminum chloride 
and benzene reacts exclusively in the pseudo or lactone form, whereas the 
trans acid chloride behaves in every way normally in these reactions. 
Inasmuch as P-benzoylacrylyl chloride is of the latter (normal) type, the 
functional groups must, therefore, lie in a trans relationship. 

It is possible, though highly improbable, that benzoylacrylyl chloride, 
if i t  were cis, would rearrange in the course of the Friedel and Crafts reac- 
tion to give a product derived from the trans configuration, as undoubtedly 
happens in the preparation of benzoylacrylic acid from maleic anhydride. 
These two cases are not parallel since in the latter reaction the primary 
product should be the unstable cis ketonic acid, whereas in the former case, 
the acid chloride (if cis) should react in the pseudo form to give an un- 
symmetrical crotolactone as the product. The acid chlorides of succinicl0 

"nschiitz and Baeumges, Ann., 461, 188 (1928). 
lo Sudborough and Roberts, J. Chem. Soc., 87, 1843 (1905). 
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and dichlorosuccinic5 acids react tautomerically to give products derived 
from both the normal and the pseudo dichlorides, but when the functional 
groups are in actual cis relationship the pseudo or lactone form seems to 
react exclusively, as happens with phthalyl chloride,ll o-benzoylbenzoic 
anhydrides,12 and cis p-benzoyldibromo-acrylyl chloride.' Maleil chloride 
has been studied in this connection in a typical Friedel and Crafts reaction, 
and fails to yield significant amounts of the products to be expected from an 
acid chloride of normal structure. It seems clear, then, that if the con- 
figuration of benzoylacrylic acid were cis, its acid chloride would certainly 
react in the pseudo or lactone ring form and would not yield significant 
amounts of dibenzoylethylene in the Friedel and Crafts reaction. 

As a consequence of the above considerations it follows that the con- 
figurations of the acid and esters as discussed above are confirmed. The 
stable yellow ester has been obtained from the acid by esterification of the 
silver salt4 and is now prepared from the acid chloride by the action of 
methyl alcohol, and in neither case is rearrangement a t  all likely. Since 
the acid is now shown to be trans, it follows that the stable yellow ester is 
trans, that the labile colorless isomer is cis, and that the relation between 
stability (or energy content) and configuration corresponds to that for 
maleic and fumaric acids and the stereoisomeric unsaturated 1,Pdiketones. 

The synthesis of trans dibenzoylethylene from fumaryl chloride2 and now 
from benzoylacrylyl chloride has been repeated under mild conditions and 
no trace of the labile isomer was isolated from the products. Undoubtedly, 
as has been shown independently, the configurations of the products corre- 
spond to that of the starting material, but this is not proved by the syn- 
thesis because the labile isomer (unlike cis dibenzoyldibromo-ethylene7) 
is unstable under the conditions of the Friedel and Crafts reaction and 
would be largely or completely rearranged if i t  were formed during the 
reaction. Cis dibenzoylethylene in benzene is partially isomerized when 
heated for a short time with aluminum chloride, with which it combines to 
form a dark red complex compound; however, when i t  is present during 
actual reaction between fumaryl chloride, benzene and aluminum chloride, 
it is practically completely isomerized, and only traces can be recovered. 
The rearrangement, then, would appear to be facilitated by the evolution 
of hydrogen chloride during the reaction; but the mechanism does not in- 
volve the formation of an intermediate hydrogen chloride addition com- 
pound followed by elimination of hydrogen chloride under the influence of 
aluminum chloride, because this addition compound is known, reacts to 
give a typical red halochromic salt when heated with aluminum chloride 
and benzene, and yet is recovered unchanged on subsequent hydrolysis. 

The configurations of new derivatives synthesized from trans starting 

l l  Baeper, A m . ,  202,50 (1880). 
1% H. v. Pechmann, Ber., 14, 1865 (1881). 
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materials by the Friedel and Crafts reaction, to be sure, may now be 
assigned with considerable certainty, but in view of the foregoing discussion 
it is obvious that proof of configuration in these cases really rests on analogy 
with products the configurations of which have been determined inde- 
pendently. If the proof of configurations of the various compounds dis- 
cussed in this and in the preceding paper is accepted, i t  is noteworthy that  
without exception the labile stereoisomers of the many and various un- 
saturated 1,4-dicarbonyl compounds in which the double bond is unsub- 
stituted or is symmetrically disubstituted have the cis configuration. 
Therefore, one may now safely assign by analogy the configurations of all 
new derivatives of these types on the basis of synthesis from known stable 
trans compounds or on the basis of lability relationship as compared with 
that of maleic and fumaric acids. Undoubtedly these considerations apply 
also to  simple unsymmetrically substituted products where hydrogen of 
the double bond is replaced by groups similar in character t o  halogen or 
methyl (i. e., derivatives of citraconic and mesaconic acids, etc.). Experi- 
ments are being carried out to test this hypothesis further. 

Mesitoylacrylic acid (VII)Ia was found to give a typical acid chloride 
(VIII) which reacted further with mesitylene and aluminum chloride to  
give small but significant yields of trans dimesitoylethylene. I n  a limited 
way it now becomes possible to prepare simple unsymmetrical unsaturated 
1,4-diketones. Mesitoylacrylyl chloride (VIII) reacts readily with 
aluminum chloride and benzene to give benzoylmesitoylethylene (IX, 
Diagram 2); however, when benzoylacrylyl chloride is used in a similar 
synthesis with mesitylene and aluminum chloride, only non-crystalline 
products are obtained. Curiously enough the melting point of the new 
unsymmetrical product (61.5") is considerably lower than that of either of 
the two related symmetrical products, dibenzoylethylene (m. p. 11 1 O) and 
dimesitoylethylene (m. p. 174O). This phenomenon was noted also in the 
case of the similarly substituted dibromo  derivative^,^ and i t  would appear 
that the remarkably lowered melting point is concerned with the unsym- 
metrical character of the molecule. 

(CH3)3CsHzCO--C-H PC1, (CH3),CaHzCO -C-H AlClj 
II + II + 

H-C-COOH H-C-COCI CsH6 
VII  VIII 

(CH3)3C6HnCO-C-H 
II 

The Stereochemical Mode of Addition of Bromine and the Configura- 
tion of the Dibromides.-In an earlier paper the stereochemical mecha- 

l3  Kozniewski and Marchlewski. Bull. Acad. Sci. Cracow, 81 (1906). 
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nism of addition of halogen under controlled conditions to dibenzoyl- 
ethylene5 was shown to be trans, and an important part of the evidence 
involved the determination of the configurations of the dihalides (XI1 and 
XVI) by relating them to the dibromosuccinic acids, the configurations of 
which are known.14 In carrying this work further it has been possible to  
prepare these two dibromides from the two known stereoisomeric normal 
(X)15 and iso ( x I v ) ~ ~  /3-ben~0yldibr0m0pr0pionic acids. The iso acid is 
the sole product of the Friedel and Crafts reaction on dl-dibromosuccinic 
anhydride (XIII), and must correspond with it in configuration since there 
is no reason to suppose that any rearrangement related to the Walden in- 
version is possible when none of the groups attached to the asymmetric 

- carbon atoms have been replaced in the reaction. The normal benzoyl- 
dibromopropionic acid is obtained as the main product of the addition of 
bromine to benzoylacrylic acid, and since i t  is the stereoisomeric racemic 
compound, i t  must have the opposite configuration (X) corresponding, 
therefore, to meso dibromosuccinic acid (from which, however, i t  has not 
been directly synthesized, although experiments are under way with this in 
view). The relationships are outlined in Diagram 3. 

COCaHs COC6Hs COCtiH5 

C6HsCO-C-H 
I I I 

Brz H-C-Br PC15 H-C-Br AlC13 H-C-Br 
ll + I - - I  -- 

H-C-COOH H-C-Br H ~ O  
I - H-C-Br C ~ H ~  H-C-Br 

I 
COOH 

I 
COCl 

I 
COCBHB 

trans d l X  d l  XI meso XI1 

COCsHs COCsH5 COCtiH, 
I I I 

PC15 H-C-Br Alela H-C-Br + 
I I - I 
~~0 Br-C-H CsHti Br-C-H 

I 
CO COOH 

I 
COCl 

I 
COCtiHs 

dl  XI11 dl XIV dl  XV dl XVI 
DIAGRAM 3 

The two stereoisomeric benzoyldibromopropionic acids (X and XIV) 
react with phosphorus pentachloride to give oily acid chlorides (XI and 
XV) which are readily hydrolyzed back to the corresponding acids without 
change of configuration. These acid chlorides were not isolated in an 
analytically pure state, as they did not crystallize and decomposed when 
distilled under diminished pressure. Both acid chlorides reacted with 
aluminum chloride and benzene to give in each case exclusively a different 
dibenzoyldibromo-ethane, the chloride of the normal acid (XI) giving a 
good yield of the meso product (XII), and the iso acid chloride (XV) a 

l4 (a) McKenzie, J. Chem. Soc., 101, 1196 (1912); (b) Holmberg, Svensk. Farm. 
Tid , 24, 105 (1912). 

l5 Ref. I and also Bougault, Ann. chim. phys., [8 ]  15, 491 (1908). 
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rather low yield of the dl-isomer (XVI). In each case no trace of the com- 
pound of opposite configuration was isolated. The two possible products 
crystallize well and are easily separated. If both had been formed in a 
reaction in significant amounts they would have been detected. It seems 
clear, therefore, that in each series of compounds there is a correspondence 
of configuration, as is indicated in Diagram 3. 

The mechanism of the addition of bromine to unsaturated l,4-ketonic 
acids may be deduced from these relationships Secmse the confipratioiis 
of both starting material and addition products are now reasonably well 
established. Benzoylacrylic acid has been shown to add bromine to give 
mainly the normal dibromide (X), which has a melting point nearly identi- 
cal with that of the isomeric iso benzoyldibromopropionic acid (XIV), 
which is obtained from dl-dibromosuccinic anhydride. Since the bulk of 
the product is the normal dibromide and since this dibromide corresponds in 
configuration to meso dibenzoyldibromo-ethane, then the stereochemical 
mode of addition of bromine would appear to be trans. However, in view 
of the fact t h a t  mixtures of isomeric dibromides are invariably obtained 
(contrary to Bogert and ~ i t t e r ' ~ ) ,  and since the iso dibromide is obtained 
under some conditions in very considerable yield (see experimental part and 
also the recent work of Mrs. Rice16), no conclusion can be drawn as yet. 
Cis and trans dibenzoylethylenes undergo trans addition of bromine only 
under certain controlled  condition^,^ and ordinarily give mixtures of 
stereoisomeric dibromides, as is the case with benzoylacrylic acid. The 
results of this paper, through the determination of configurations of the 
substances concerned, open the way to further profitable study, and experi- 
ments are in progress on the acid and on the esters where both cis and trans 
isomers are available, in order to gain further information on the mechanism 
of addition under conditions which will permit consistent stereochemical 
orientation during reaction. 

Stereochemical Mode of Addition of Halogen to Dibenzoy1acetylene.- 
In an earlier research1' halogens were found to add to dibenzoylacetylene to  
give in each case largely the labile stereoisomeric dihalide. It was pointed 
out that if these labile isomers were cis, then the stereochemical mechanism 
of the addition to dibenzoylacetylene is cis. The configurations hy- 
pothesized have now been shown to be correct7 by the synthesis of trans 
dibenzoyldibromo-ethylene from trans benzoyldibromo-acrylic acid and 
from dibromofumaric acid. As a consequence the cis mechanism of addi- 
tion is definitely substantiated. It would seem, then, that the normal 
mode of addition of halogen to the acetylene linkage, when conditions are 
such as to permit molecular orientation during reaction, is cis, and opposite 
in a stereochemical sense to the normal (trans) mode of addition of halogen 

l6 Rice, THIS JOURNAL, 52, 2098 (1930). 
l7 Conant and Lutz, {bid., 47, 881 (1925). 
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to the ethylene double bond. Problems in this field are being actively 
investigated in this Laboratory. 

Experimental Part 
Fumaryl Chloride.-Boiling point 59' under 16 mm. pressure (Anschiitz and Wirtz18 

found 60' a t  14 mm.). 
Fumaric Monomethyl Ester Monochloride.--The method of Anschiitz and 

Baeumgesg was modified. A slight excess of one equivalent of methyl alcohol (13 g.) 
in 200 cc. of benzene was added slowly to 60 g. of well-stirred fumaryl chloride, and the 
mixture was allowed to stand for five hours. During the addition of methyl alcohol 
heat and hydrogen chloride were evolved. The bulk of the product distilled a t  76' 
under 22 mm. pressure; crude yield, 30 g. The residue in the flask solidified and was 
identified as dimethyl fumarate. The crude product was fractionally distilled under 
diminished pressure using a 10-inch Vigreaux column. A small amount of fumaryl 
chloride distilled first. The bulk of the material was collected in a series of fractions 
which solidified on cooling in ice, and which melted a t  points ranging from 13 to 16O. 
The two fractions melting sharply a t  16 O were chosen for analysis. 

They gave colorless needles; melting point 16' (corr.); boiling point 69.5' (corr.) 
a t  14 mm. pressure; insoluble in cold petroleum ether. 

Anal. Calcd. for C6H6OsCl: C1,23.87. Found: 23.62. 
Fumaric Acid Monomethyl Ester.--Fumaric monomethyl ester monochloride 

was shaken with water. The emulsion which formed quickly crystallized to give a 
nearly quantitative yield of fumaric acid monomethyl estergs18 which was recrystallized 
from benzene and obtained as feathery white crystals melting a t  144.5" (corr.) and was 
identified by analysis. 

Anal. Calcd. for C6W4: C, 46.92; H, 4.62. Found: C, 47.04; H, 4.20. 
Trans 8-Benzoylacrylic Acid Methyl Ester (V).-The ester was prepared by the 

Friedel and Crafts reaction with aluminum chloride and benzene on pure fumaric mono- 
methyl ester monochloride, or directly on the crude mixture obtained by the action of 
one equivalent of methyl alcohol on fumaryl chloride. 

In a typical experiment 1.5 g. of fumaric monomethyl ester monochloride in 5 cc. 
of benzene was treated with 3 g. of aluminum chloride.lg The mixture was heated 
on a water-bath for ten minutes and was then decomposed in ice and hydrochloric acid. 
The benzene layer was distilled under diminished pressure and gave 1.5 g. of nearly 
pure benzoylacrylic acid methyl ester melting a t  2Q0 and boiling a t  168' under 17 mm. 
pressure. 

In  another experiment a benzene solution of 5.5 g. of methyl alcohol was added 
slowly over a period of one how to 25 g. of fumaryl chloride. After standing for four 
hours the mixture was retluxed for three minutes. It was then treated directly with 75 
g. of aluminum chloride added in small portions with vigorous mechanical stirring. 
After the addition of the first third of the aluminum chloride the mixture turned brown. 
Heat and hydrogen chloride were evolved up to the addition of the last portion of alu- 
minum chloride. The mixture was then decomposed in the usual way, and the benzene 
layer was distilled under diminished pressure. Some dimethyl fumarate was obtained 
in the first fraction; then 20.5 g. of benzoylacrylic methyl ester melting a t  28-29' 
distilled; yield, 67%. A red tarry residue remained. When, in another experiment, 

18 Aaschiitz and Wirtz, Ber., 18, 1947 (1885). 
Ig In this and in similar experiments a high grade of finely ground anhydrous alu- 

minum chloride was used. 
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the benzene solution was evaporated and diluted with petroleum ether, a small yield of 
trans dibeuzoylethylene was obtained. The benzoylacrylic methyl ester was identified 
by a mixed melting point with known material, by conversion into the cis isomer in the 
sunlight,4 and by its reaction with ~emicarbazide.~ 

Trans 8-2,4,6-Trimethylbenzoylacrylic Acid Edethyl Ester, (CH~)~COH~COCH= 
CHCOOCHQ.-A solution of fumaric monomethyl ester monochloride, prepared by the 
actbn of 6.5 g. of methyl alcohol in 75 cc. of carbon disulfide and 24 g. of mesitylene on 
30 g. of fumaryl chloride, was treated directly with 90 g. of aluminum chloride, added 
in small portions with efficient stirring. The red pasty mass was heated for ten minutes 
and decomposed in ice and hydrochloric acid. The carbon disulfide layer was diluted 
with ligroin, cooled and seeded. There was deposited 2 g. of nearly pure trans di- 
mesitoylethylene. The iiltrate was distilled under diminished pressure. The first 
fraction consisted of mesitylene, dimethyl fumarate and a small amount of unchanged 
fumaric monomethyl ester monochloride; 8 g. of yellow oil then distilled a t  152-160" 
under 18 mm. pressure, and solidified on cooling; yield, 18%; pale yellow, rectangular, 
truncated tablets; melting point 53' (corr.) after repeated crystallization from petro- 
leum ether; soluble in alcohol, ether, benzene, acetone, ethyl acetate, acetic acid and 
chloroform. 

Anal. Calcd. for CnHlcOa: C. 72.40; H, 6.94. Found: C, 72.22; H, 6.93. 
8-2,4,6-Trimethylbenzoylchloropropionic Methyl Ester, (CHQ)QC~H~COCH.&H- 

ClCOOCH8.-A solution of 2 g. of trans 8-mesitoylacrylic acid in methyl alcohol was 
saturated with dry hydrogen chloride, and allowed to stand overnight. On decomposing 
in ice and sodium carbonate an oil was obtained which quickly crystallized; yield, 
2 g. The position of the chlorine atom was not determined. 

It forms colorless crystals; melting point 78' (con.) after repeated crystallization 
from ligroin. 

Anal. Calcd. for Cl4H1703C1: C, 62.56; H, 6.38; C1, 13.20. Found: C, 62.29; 
H, 6.38; C1, 12.72. 

Trans 6-Benzoylacrylyl Chloride (IV), C~HBCOCH=CHCOC~.-Benzoylacrylic 
acid, when treated with one equivalent of phosphorus pentachloride, reacts vigorously 
with the evolution of heat and hydrogen chloride. The product is a yellow oil. I f  the 
temperature of the reaction is not moderated the product is dark in color. If the reac- 
tion is carried out in solvents, the hydrogen chloride evolved adds to unchanged benzoyl- - acrylic acid to form benzoylchloropropionic acid. This happens also when thionyl 
chloride is used. The reaction proceeds smoothly on a small scale when the acid and 
phosphorus pentachloride are mixed with thorough cooling in an ice-bath. When the 
crude mixture is shaken with water, the phosphorus oxychloride is quickly removed and 
the acid chloride separates as an oil which may be drawn off. On standing with water 
it soon hydrolyzes to benzoylacrylic acid hydrate, which was identified in a typical ex- 
periment. The crude acid chloride may be separated from the phosphorus oxychloride 
by extracting the latter with several portions of petroleum ether, but the yield of oily 
acid chloride is small because it is somewhat soluble in the petroleum ether-phosphorus 
oxychloride layer. 

Benzoylacrylyl chloride is a pale yellow oil. If it is allowed to stand overnight, or is 
warmed, it decomposes with the evolution of hydrogen chloride and the formation of a 
hard resinous mass. For this reason it has not been possible to distil it  under diminished 
pressure. Because of its instability it is always freshly prepared for each experiment and 
is used immediately, usually without removing the phosphorus oxychloride. 

AIcoh01ysis.-The crude benzoylacrylyl chloride from 9 g. of the acid and one 
equivalent of phosphorus pentachloride was poured into methyl alcohol. Heat was 
evolved. The mixture was immediately decomposed in ice and the oil was extracted 
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with chloroform and distilled under diminished pressure. The yield of trans benzoyl- 
acrylic methyl ester boiling a t  150" under 5 mm. pressure was 5 g. (52%). 

Dibenzoylethylene (VI).-A crude mixture of benzoylacrylyl chloride and phos- 
phorus oxychloride from 2.64 g. of the acid and 3.5 g. of phosphorus pentachloride was 
treated with 30 cc. of benzene and 15 g. of aluminum chloride. Heat and hydrogen 
chloride were evolved. The red mixture was decomposed immediately in ice and the 
mixture was stirred with water to decompose the phosphorus oxychloride. The dark 
colored benzene layer was allowed to evaporate and the black residue was taken up in 
alcohol. A black crystalline deposit was filtered off, washed with alcohol and crys- 
tallized from benzene and then from alcohol. The dark color was largely removed and 
0.8 g. of pale yellow needles melting a t  110' was obtained and identified by a mixed 
melting point as dibenzoylethylene. From the filtrates 0.75 g. of very dark colored 
crystals was obtained and identified as nearly pure material melting a t  107-108". The 
total yield of nearly pure dibenzoylethylene was 1.55 g. (44%). 

The experiment was repeated several times and the results were thoroughly sub- 
stantiated. A black tar was obtained as by-product. 

Action of Aluminum Chloride on Cis Dibenzoylethy1ene.-One gram of cis di- 
benzoylethylene was treated with 10 cc. of benzene and 2 g. of aluminum chloride. A 
red gummy mass formed immediately and gave a deep red solution when the mixture 
was heated to boiling. The product was decomposed in ice and fractionally crystal- 
lized by successive additions of petroleum ether to the benzene solution, followed by 
cooling and evaporating. The first two fractions (0.35 g.) proved to be unchanged cis 
dibenzoylethylene, and the third fraction and the residue (0.55 g.) consisted mainly of 
trans dibenzoylethylene. 

The experiment was repeated using 20 cc. of benzene and 3 g .  of aluminum chloride, 
and refluxing for ten minutes. The product was found to be largely the trans isomer, 
but an appreciable amount of the cis isomer (about 10%) was recovered. 

A synthesis of trans dibenzoylethylene was carried out in which the fumaryl chloride 
was added to a cooled mixture; the temperature was not allowed to go above 50" and 
the total time of reaction was about one minute. The yield (65%) was low because the 
reaction was not complete, as was shown by the odor of fumaryl chloride after decom- 
posing in ice. No cis isomer was isolated or detected among the products. In two 
similar experiments to which samples of cis dibenzoylethylene had been added, the cis 
isomer was completely isomerized in one case, and very nearly so in the other (a trace 
being recovered). 

Trans 0-2,4,6-Trimethylbenzoylacrylyl Chloride (VIII), (CH3)3CsH,COCH=CH- 
COCJ.-Equivalent amounts of trans 0-mesitoylacrylic acid and phosphorus penta- 
chloride were mixed with cooling in an ice-bath. Hydrogen chloride was evolved and 
the mixture liquefied. The heat of reaction was moderated to prevent the formation of 
a dark colored product. In the experiments to follow (hydrolysis, alcoholysis, and the 
Friedel-Crafts reaction) the acid chloride was not separated from the by-product phos- 
phorus oxychloride. The acid chloride is an unstable yellow oil which resembles ben- 
zoylacrylyl chloride in its properties. 

The crude acid chloride from 0.5 g. of acid was shaken for several hours with water 
and the resulting yellow solid was filtered, washed with petroleum ether and identified 
as mesitoylacrylic acid; yield, 0.4 g. 

The crude acid chloride from 1 g. of acid was added to methyl alcohol. The solu- 
tion was immediately decomposed in ice and extracted with ether. On evaporating the 
solvent, treating the oily residue with petroleum ether and cooling, 0.15 g. of yellow 
crystals was obtained and identified as trans mesitoylacrylic methyl ester. 

Trans Di(2,4,6-trimethylben~~yl)ethylene.-In a typical experiment 2 18 g. of P- 
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mesitoylacrylic acid was treated with 2.1 g. of phosphorus pentachloride. The mixture 
containing the crude acid chloride was then treated directly with 1.5 g. of mesitylene, 
10 cc. of carbon disulfide, and 6 g. of aluminum chloride, and was decomposed in ice and 
worked up in the usual manner. A small yield (0.15 g.) of yellow crystals was isolated 
and identified as dimesitoylethylene. The reaction was repeated several times without 
bettering the yield. The principal product was an orange colored resinous oil. 

In a similar experiment benzene was used as the solvent in place of carbon disulfide. 
The product was separated from an orange colored resin by taking up in petroleum ether. 
The crystalline product wa.; warmed with methyl alcohol and on cooling 0.55 g. of yellow 
crystals was isolated and identified as nearly pure trans dimesitoylethylene (yield, 
16.5%). The methyl alcohol Ntrate was diluted with water and gave 0.35 g. of colorless 
crystals melting a t  217'. The new substance dissolved in sodium carbonate and was 
precipitated by acids. The experiment was repeated and the yield of trans dimesitoyl- 
ethylene was confirmed, but only 0.1 g. of the colorless acid was isolated. The latter 
substance will be investigated further. 

Normal and Iso 8-Benzoyldibromopropionic Acids (X and XN).--The iso acid 
was prepared by the method of Bogert and ~ i t t e r ' ~  by adding aluminum chloride to a 
cooled mixture of benzene and dibromosuccinic anhydride. 

The normal acid was prepared by adding one equivalent of bromine to trans hen- 
zoylacrylic acid, in acetic acid as the solvent. Recrystallization from toluene gave a 
product melting a t  148 (decomp.). 

In two experiments one equivalent of bromine in 6 cc. of chloroform was added to 
1 g. of benzoylacrylic acid in 5 cc. of chloroform. In  the first case the reaction mixture 
was kept at  the boiling point of chloroforni. On evaporating the solvent and crystal- 
lizing the somewhat oily residue from benzene a yield of 1.3 g. of pure acid melting a t  
148" was obtained. In  the second experiment the reaction mixture was cooled in an 
ice-bath. Upon evaporation of the solvent, the residue completely crystallized, melted 
at  10&135" (yield 1.8 g.) and was shown to consist of a mixture of the two isomeric 
benzoyldibromopropionic acids as follows. A dilute chloroform-benzene solution of the 
mixture was allowed to evaporate slowly overnight, and a deposit of large crystals was 
obtained from which the mother liquor was decanted. The crystalline layer adhering 
to the bottom of the dish was washed with ligroin. The large opaque granules of 
twinned rhombic plates were dislodged and rolled out of the thin layer of smaller, clear, 
rhombic plates which adhered firmly to the bottom of the vessel. Thus complete 
separation of the pure components was effected; the former melted with decomposition 
at  149" and was identified as the iso acid; the latter, melting at  148" (decornp.), was 
shown to be the normal acid; a mixture of the two melted a t  108-135 ". The disagree- 
ment as to the melting pointsz0 is perhaps not surprising since both products decompose 
at  their melting points. 

Normal and Iso 0-Benzoyldibromopropionyl Chlorides (XI and XV), CaH5- 
COCHBrCHBrCOC1.-The acid chlorides were obtained as oils by the action of an 
excess of phosphorus pentachloride on the acids. They decomposed with the evolution 
of hydrogen chloride when distillation under diminished pressure was attempted. 
Samples of the oily acid chlorides, suspended in water, were allowed to stand overnight 
and hydrolyzed to give nearly quantitative yields of the original acids. 

dl-Dibenzoyldibromo-ethane (XI).-The crude acid chloride from 3 g. of iso 8- 

2 V o r  the normal acid H. v. Pechmann' gives 135O, Bougault [Ann. chim. phys., [8] 
15, 491 (1908)] 14g0, Mrs. Rice16 150°, my finding 150' (corr.) with decomposition; 
for the iso acid Bogert and ~ i t t e r ~ ~  give 142O, Mrs. Rice16 148'; my finding 150' 
(corr.) with decomposition. 
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benzoyldibromopropionic acid and 3 g. of phosphorus pentachloride was treated directly 
with benzene and 15 g. of aluminum chloride. Heat and hydrogen chloride were evolved. 
The mixture was then decomposed in ice. The benzene layer was evaporated and the 
residue taken up in methyl alcohol; 0.8 g. of crystals was isolated and identified by a 
mixed melting point as nearly pure dl-dibenzoyldibromo-ethane. The tar obtained by 
diluting the filtrate with water was taken up in petroleum ether. The solution deposited 
0.4 g. of colorless crystals of a new substance melting a t  155-160 O which was soluble in 
sodium carbonate and was precipitated by acids. The yield of dl-dibenzoyldibromo- 
ethane was confirmed in several experiments, but only traces of the new acid were ob- 
tained. The latter will be investigated further. 

Meso Dibenzoyldibromo-ethane (XVI).-The crude acid chloride from 1.5 g. of 
8-benzoyldibromopropionic acid and phosphorus pentachloride was treated directly with 
benzene and 6 g. of aluminum chloride; the mixture was then decomposed in ice. The 
benzene layer was cooled and diluted with a little petroleum ether. The crystalline 
deposit was washed with sodium carbonate solution. The product melting at  176' 
(decomp.) was identified as meso dibenzoyldibromo-ethane; yield, 1.0 g. (57%). 

A Third Isomeric 8-Benzoylbromo-acrylic Acid, C&aCOCH=CBrCOOH or 
CaHsCOCBr=CHCOOH.-In an attempt to prepare benzoylpropiolic acid, a mixture 
of 25 g. of 8-benzoyldibromopropionic acid, 30 g. of sodium acetate. 7 g. of sodium car- 
bonate, 150 cc. of acetone and 10 cc. of methyl alcohol was rduxed for four and one-half 
hours. After cooling, the crystalline solid was filtered off and acidified. The crystal- 
line product obtained was identified as nearly pure 6-benzoyl-8-bromo-acrylic acid 
(kn~wn'~. '~)  melting at  106-107 O. The acetone filtrate was acidiied and diluted with 
water, and gave 1.5 g. of a new isomeric 0-benzoylbromo-acrylic acid. This new sub- 
stance gave a considerable melting point depression when mixed with the @-bromo 
isomer prepared by Bogert and ~ i t t e r . 8 ~  differs in melting point from the a-bromo de- 
rivative obtained by Mrs. Rice,le and is undoubtedly a stereoisomer of one of these; 
colorless needles; melting point 105' (con-.) after several crystallizations from benzene 
and petroleum ether. 

Anal. Calcd. for CloH703Br: Br, 31.34. Found: 31.65. 

A small sample reacted with zinc and acetic acid with the evolution of heat. On 
filtering, diluting with water, extracting with ether, evaporating and crystallizing from 
water, shiny plates of benzoylpropionic acid were isolated and identified. 

The position of the bromine atom and the configuration have not been determined. 
On the Preparation of Some Unsaturated 1,4-Diketones and their Derivatives.-In 

the Friedel and Crafts reactions used in the foregoing work it was often found desirable 
to use the crude acid chloride without removing the phosphorus oxychloride obtained as 
a by-product of the action of phosphorus pentachloride on the acids. Experiment showed 
that in the synthesis of dibenzoylethylene from fumaryl chloride the yield was in no way 
affected by the presence of phosphorus oxychloride, providing that a large excess of 
aluminum chloride was used. I t  was necessary, however, to insure complete hydrolysis 
of the phosphorus oxychloride after decomposing in ice, before evaporating the benzene 
solution of the product; otherwise a dark color developed. It was also found that an 
excess of aluminum chloride in general gives a better yield and a purer product, and 
that the reaction is complete in a very short time. The dark red color that often de- 
velops in the final product seems to be due to the action of unchanged or partly reacted 
acid chloride or phosphorus oxychloride which escapes hydrolysis and remains in the 
benzene solution of the final product. Two typical experiments follow in outline. 

(a) Fumaryl chloride (15 g.) was added rapidly drop by drop to a well-stirred mix- 
ture of 200 cc. of benzene and 45 g. of aluminum chloride. Considerable heat and hy- 
drogen chloride were evolved. In a few minutes the reaction subsided and the red 
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pasty mass was decomposed and the product isolated in the usual manner; the yield 
of pure trans dibenzoylethylene melting at  10&108.5° was 21 g. (89%). 

(b) In  a similar experiment 15 g. of fumaryl chloride in 20 g. of phosphorus oxy- 
chloride was added to a mixture of 60 g. of aluminum chloride in benzene. After de- 
composing in ice, the mixture was stirred for half an hour with water to decompose com- 
pletely the phosphorus oxychloride; the yield of pure trans dibenzoylethylene was 21.5 
g- (93%). 

The use of carbon disulfide as the solvent in these Friedel and Crafts reactions often 
gives very poor results, and in many cases the yields are very considerably improved 
by using benzene instead. This method was applied successfully in some reactions be- 
tween fumaryl chloride and certain aromatic hydrocarbons possessing a much greater 
reactivity than benzene, namely, mesitylene and naphthalene. When technical benzol, 
which contains as much as 20% of toluene, is used in the reaction, the product is ex- 
clusively trans ditoluylethylene. The use of benzene as the solvent is particularly good 
in the preparation of trans dimesitolylethylene, whereby a yield of 74'35 was obtained in a 
typical experiment. The yield of trans dinaphthoylethylene is very low when carbon 
disulfide is used as the solvent,l7 but it has been raised to 41y0 in a typical experiment 
when the reaction was carried out in benzene as the solvent, under somewhat moderated 
conditions. Curiously, however, the method failed to improve the yield of trans di- 
anisoylethylene. Furthermore, in certain experiments using dibromofumaryl, P- 
benzoyl- and p-mesitoyl-dibromo-acrylyl chlorides7 it was found that the benzene used 
as the solvent reacted instead of the mesitylene, a result contrary to that which was 
expected from the above results with fumaryl chloride. 

Di(cu-naphthoyl)ethane, C~OH~COCHZCHZCOC~OH~.-Dinaphthoylethylene (2 g.) 
was reduced in the usual way with zinc and acetic acid; the yield of ethane was 1.5 g.; 
shining, colorless leaflets (microscopic scales) ; melting point 130-131 (corr.) ; diffi- 
cultly soluble in boiling alcohol; soluble in chloroform, acetone, benzene, ethyl acetate, 
and acetic acid; insoluble in ether and ligroin. 

Anal. Calcd. for Cz4H1802: C, 85.12; H, 5.36. Found: C, 85.02; H, 5.39. 

dl-Di(4-methylbenz0yl)dibromo-ethane,~~ CH3CsH4COCHBrCHBrCOCsH4CH,.- 
Trans ditoluylethylene adds bromine in acetic acid to give mainly the high-melting 
mesoZ2 dibromide melting a t  198". The low-melting isomer was isolated in a small 
yield from the acetic acid mother liquors by diluting with water. It forms fine colorless 
crystals; melting point 138' (corr.) after repeated crystallization from alcohol and 
from benzene; soluble in chloroform and hot acetic acid; insoluble in ligroin. 

Anal. Calcd. for C18H160zBrz: Br, 37.70. Found: 37.55. 

Trans Di(4-pheno~ybenzoyl)ethylene,~~ C~HKOC~H~COCH=CHCOC~H~OCBH~.- 
Diphenyl ether was allowed to react in the usual way with aluminum chloride and 
fumaryl chloride in carbon disulfide as the solvent. The product was isolated from a 
crude resinous tar by crystallizing from acetone and refluxing in solvents with animal 
charcoal. 

It gives orange crystals; melting point 170.5-171" (corr.), after eight erystalliza- 
tions from an alcohol-benzene mixture; soluble in chlorofonn, benzene and in hot 
acetone and acetic acid; insoluble in hot alcohol. 

Anal. Calcd. for CzsH2,,04: C, 80.00; H, 4.80. Found: C, 79.88; H, 4.89. 

Trans Di(4-pheno~ybenzoyl)ethane,~l C6H60C~H4COCHzCHzCOC~H40c~H~.-The 
corresponding ethylene was reduced in the usual way with zinc and acetic acid. 

21 Prepared and analyzed in this Laboratory by Mr. Ernly Estes. 
22 The configuration is based on analogy (see Ref. 5). 
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It forms colorless crystals; melting point 160' (corr.) after repeated crystalliza- 
tion from acetone; soluble in chloroform and benzene; insoluble in alcohol. 

Anal. Calcd. for Cz8Hz204: C, 79.57; H, 5.76. Found: C, 79.45; H, 5.11. 

Trans 1-Benzoyl-2-(2,4,6-trimethy1benzoyl)ethylene ( I X ) ,  CeH5COCH=CHCO- 
CeHz(CH3)3.-The crude acid chloride from 2.18 g. of trans mesitoylacrylic acid and 2.1 
g. of phosphorus pentachloride was treated directly with benzene and 8 g. of aluminum 
chloride. Heat and hydrogen chloride were evolved. The red mass was decomposed 
in ice. The benzene layer was evaporated and the residue was dissolved in methyl 
alcohol. On cooling 0.9 g. of pure product was obtained, a yield of 32%. 

Anal. Calcd. for ClgHlsOz: C,  82.00; H, 6.52. Found: C ,  82.10; H, 6.62. 

Benzoylacrylyl chloride when treated with mesitylene and aluminum chloride in 
carbon disuEde failed to yield a crystalline product. 

Reduction with zinc and acetic acid gave a nearly colorless oil which has not yet 
been obtained in a crystalline form. 

Maleil chloride's was prepared by the action of phosphorus pentachloride on maleic 
acid, and was isolated by fractional distillation under reduced pressure. On redistilla- 
tion it boiled a t  65' under 2 mm. pressure. 

Trans 4,4-Diphenyl-4-hydroxybutenoic Acid, (C~HQ)~C(OH)CH=CHCOOH.- 
Maieil chloride was used in the Friedel and Crafts reaction with aluminum chloride and 
benzene under a variety of conditions. Resins were obtained from which small amounts 
of an acid weie isolated as white powdery deposits from carbon tetrachloride sol~tions. 
It was soluble in sodium carbonate and precipitated by acids. I t  formed colorless, 
microscopic, blade-shaped scales; melting point (decomp.), 224O (corr.) after several 
crystallizations from acetic acid; very soluble in alcohol; insoluble ?n ethyl acetate 
benzene, ethyl bromide and ligroin. 

Anal. Calcd. for ClsH1401 C, 75.59; H, 5.55. Found: C, 75.27; 75.90; H, 5.07, 
5.61. 

The trans structure is suggested because the product is not the lactone that was 
expected. The free hydroxy acid, once formed, undoubtedly rearranges under these 
conditions to the stable trans state as happens in the preparation oi benzoylacrylic acid 
from malcic anhydride. 

Summary 

The configurations of benzoyl and mesitoylacrylic acids are shown to be 
trans by the normal character of their acid chlorides which have been 
synthesized and converted into the unsaturated 1,4-diketones by the Friedel 
and Crafts reaction. 

Syntheses of unsaturated 1,4-ketonic esters from fumaric monomethyl 
ester, and new developments in the synthesis of symmetrical unsaturated 
1,4-diketones are described. 

The configurations of the dibromides of benzoylacrylic acid are deter- 
mined by the synthesis of one of them from dl-dibromosuccinic acid, and 
by their conversion through the acid chlorides into the known dibenzoyl- 
dibromomethanes. 

The stereochemical mode of addition of bromine to ethylene and acetyl- 
ene linkages is discussed. 

UNIVERSITY, VIRGINIA 
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ATTEMPTS TO RESOLVE DERIVATIVES OF FLUORENE. PARA- 
AMINOBENZOPWENONE HYDRAZONE1 

BY CHESTER WALLACE BENNETT AND WILLIAM AGBERT NOYES 
RECEIVED MAP 31, 1930 P~BX.ISXXED AUGUST 5, 1930 

Having failed to resolve 2-amino-9-diazofluorene2 into its optical isomers, 
we turned our attention to  the resolution of other 2,s-iiuorene derivatives. 
A thorough examination of the literature revealed a single case only in 
which such a resolution had been attempted. Bader3 attempted to  
resolve 2,9-diaminofluorene by the use of d-tartaric acid and also by the 
aldehyde condensation product with d-helecin. Neither of these agents, 
however, accomplished any separation. Since there is a possibility that 
other resolving agents might be more effective, it was decided to  prepare 
his diamine and try other active acids. The reduction of 2-nitrofluorenone 
oxime following his directions gave only very small yields of impure ma- 
terial but the reduction of 2-aminofluorenone hydrazone by means of zinc 
dust in boiling glacial acetic acid gave, after hydrolysis of the intermediate 
acetyl derivative (m. p. 21g0), an excellent yield of the beautiful crystals of 
2,9-diaminofluorene, m. p. 160°, as described by Bader. The diamine 
could not be resolved by means of d-camphor sulfonic acid, d-phenyl- 
aminoacetic acid, nor d-hydroxy-methylene camphor. 

Schmidt and Stiitzel had found4 that the nitration of 9-acetaminofluorene 
by means of boiling nitric acid yielded 1,8-dinitrofluorenone, m. p. 197-19S0, 
instead of the 1-nitro-9-acetaminofluorene desired. Modifications of 
their procedure in an attempt to obtain the desired derivative resulted in 
the formation of light yellow crystals, m. p. 236-23S0. From the analyses, 
which were not wholly satisfactory, i t  appeared that the material was 1,S- 
dinitro-9-acetaminofluorene. Since this compound would be symmetrical, 
it was not further studied. 

The resolution of 2-amino-9-hydroxyfluorene was also attempted by 
means of d-camphor sulfonic acid but no separation could be obtained. 

Bader explained his inability to resolve 2,9-diaminofluorene by a rather 
novel theory based on an assumption that optical isomers do not exist in 
the case of this compound due to a mutual repulsion between the two amino 
groups which destroys the tetrahedral arrangement. Since there is no ex- 
perimental basis for such an assumption, it seems just as likely that the fail- 
ure to resolve this series of compounds is due to the fact that the right con- 
ditions have not yet been found, instead of an inherent lack of isomerism. 

Abstract of portions of a thesis submitted by C. W. Bennett in partial fulfilment 
of the requirements for the degree of Ph.D. a t  the University of Illinois. 

Bennett and Noyes, Rec. truer. chim., 48,895-898 (1929). 
3 Bader, "Zur Stereochemie des Fluorens," Dissertation, Vienna, 1926, pp. 53-54. 

Schmidt and Stiitzel, Ann., 370, 1 4 0  (1909). 
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These results have an interesting bearing on the fact that 2-amino-9- 
diazofluorene could not be resolved. Since none of the fluorene deriva- 
tives have been resolved, it is evident that resolution in this series is, a t  
least, very difficult and the possibility of resolving such a derivative as the 
diazo compound would necessarily be remote. These results do not prove 
that the diazo carbon atom is not asymmetric in this compound nor that 
diazo compounds having an amino group in the molecule cannot be resolved. 

In connection with these results, the fact that no substituted diphenyl- 
methane derivatives of the type, CGHbCHX-CeH4-Y, have ever been re- 
solved is of interest. Billon5 has studied this problem and has so far been 
unsuccessful. Betti6 and Berlingozzi7 have, however, resolved a-naphthol- 
phenylaminomethane and naphthylphenylaminomethane, respectively. 

In an effort to obtain such a diazo derivative, the synthesis of p-amino- 
phenyl phenyldiazomethane was attempted. The oxidation of p-amino- 
benzophenone hydrazone gave a beautiful purple solution which undoubt- 
edly contains the diazo derivative but the latter was so unstable that only 
the ketazine of p-aminobenzophenone could be isolated. 

Experimental Part 

Preparation of 2-Aminofluorenone.-A suspension of 22.5 g. of 2-nitrofluorenone 
in 150 cc. of 95% alcohol with 0.2 g. of platinum oxide catalysts was shaken in a bottle 
with hydrogen under pressure until there was no more absorption. Reduction was 
quite rapid and beautiful crystals of the amine were obtained. The suspension was 
heated to boiling and filtered to remove the catalyst and any unreacted nitrofluorenone. 
The product was purified by dissolving in hot dilute hydrochloric acid and reprecipi- 
tating with ammonia. The yield was 18.7 g. or 95% cd the theoretical as compared with 
about 65%, the yield obtained by the use of ammonium sulfide, which is the only method 
described in the literat~re.~ The purple crystals melt a t  160". 

Preparation of 2,9-Diaminofluorene.-Bader's3 method of reducing 2-nitrofluore- 
none oxime with zinc dust and hot glacial acetic acid yielded only a small amount of im- 
pure material. The reduction of 2-aminofluorenone hydrazone in the same manner, 
however, gave an excellent yield of the diamine. 

Zinc dust was added gradually to a boiling solution of 5 g. of the hydrazone in 100 
cc. of glacial acetic acid. After two hours the solution was completely decolorized and 
reduction was complete. The zinc was removed by filtration and ammonium hydroxide 
added to the cooled filtrate until alkalinity was reached. The resulting white precipitate 
was recrystallized from acetone, giving white needles, m. p. 219 ". The crude material 
after refluxing for two hours with 20% hydrochloric acid and treating with norit was 
filtered and cooled. When ammonium hydroxide was added, beautiful silvery flakes 
were formed, m. p. 156". Recrystallization from toluene yielded crystals melting a t  
160" as described by Bader. The first material was apparently the monoacetyl de- 
rivative of the diamine and resulted from the boiling with glacial acetic acid. 

5 Billon, Ann. chim., [lo] 7, 314, 384 (1927). 
6 Betti, Gazz. chim. ital., 37, I ,  62 (1907). 

Berlingozzi, ibid., 50, 11,281 (1920). 
8 Voorhees and Adams, THIS JOURNAL, 44, 1397-1405 (1922). 

Diels, Ber., 34, 1760 (1901). 
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Anal. Calcd. for C16HI4N&: N, 11.7. Found: N, 11.6. 
The material melting at  160 was in A11 respects similar to Bader's 2,9-diamino- 

fluorene and the synthesis and analysis prove that to be the correct formula; yield, 
4.2 g., or 92.5% of the theoretical. 

Anal. Calcd. for CtpHlzNz: N, 14.29. Found: N, 14.4. 
The diamine could not be resolved with d-camphor sulfonic acid, which gave a salt 

with a specific rotation of f 15.05' for all fractions, the hydrolyzed amine from which 
was inactive. No salt was formed with d-phenylaminoacetic acid and the d-hydroxyl- 
methylene camphor derivative could not be crystallized. 

Nitration of 9-Acetaminofluorene.-Fluorenone oxime, prepared by the action of 
potassium ethylate on a mixture of amyl nitrite and fluorene according to Wislicenus' 
and Waldmuller's directions,1° was reduced by zinc dust and acetic acid to the fluorenyl- 
amine by Schmidt and Stutzel's method.ll Their method of acetylating the amine with 
acetic anhydride was also used. No nitration occurred when 10 g. of the acetyl deriva- 
tive was dissolved in 100 cc. of glacial acetic acid and 20 cc. of nitric acid and heated for 
one hour on the steam-bath. When 6 g. of the acetyl derivative was suspended in 200 
cc. of glacial acetic acid and 1.7 g. of nitric acid added, there was no change after two 
months at  room temperature and the acetyl derivative was recovered by the addition 
of water. Nitration did occur when 10 g. of the acetaminofluorene was added slowly to 
a mixture of 18 cc. of sulfuric acid and 37 cc. of nitric acid. The product was cooled and 
poured into ice water. The yellowish mass was recrystallized from boiling glacial acetic 
acid several times until a stable melting point of 236-238" was obtained. The analysis 
was not perfectly satisfactory but indicated that the compound was 1,8-dinitro-9- 
acetaminofluorene. The same compound was also formed when only enough nitric acid 
was used to obtain the mononitro derivative. 

Anal. Calcd. for C,,Hl106N3: C, 57.5; H, 3.51; N, 13.4. Found: C, 58.4; H, 
3.79; N, 13.0. 

p-Aminobenzophenone Hydrazone.-Phthalanil prepared by Drbner's methodlz 
of distilling phthalic anhydride and aniline together, was converted into the benzoyl 
derivative by means of benzoyl chloride and zinc chloride. This material on hydrolysis 
by Torrey and Rafsky's method13 gave p-aminobenzophenone, m. p. 124". The hydra- 
zone, which has not been previously described, was prepared by refluxing a mixture of 
15 g. of p-aminobenzophenone, 15 cc. of 40% hydrazine hydrate and 50 cc. of 95% alco- 
hol for four days with 10 g. of barium oxide. After this period, the filtered solution 
yielded yellow needles, rn. p. 139-140". 

Anal. Calcd. for C13HlaNa: N, 19.91. Found: N, 20.2. 
The filtrate on evaporation yielded a mixture of the new hydrazone and a yellow 

powder, m. p. 225 ", which was shown to be the ketazine of p-aminobenzophenone. The 
same material was formed when a vacuum distillation of the hydrazone was attempted 
and also if the hydrazone was recrystallized too many times. Refluxing of the ketazine 
with 40% hydrazine hydrate solution and barium oxide gave no apparent change. . 

Anal. Calcd. for C2,HzzN4: N, 14.3. Found: N, 14.01. 
Attempts to oxidize the hydrazone to the diazo compound using mercuric oxide and 

mercuric acetamide in various solvents gave a purple solution from which the diazo de- 
rivative could not be isolated but instead the ketazine was obtained as its decomposition 
product. 

lo Wislicenus and Waldmuller, Ber., 41, 3334-3340 (1908). 
ll Schmidt and Stutzel, ibid., 41,1246 (1908). 
l2 Dijbner, Ann., 210, 267 (1881). 
'8 Torrey and Rafsky, THIS JOURNAL, 32, 1489 (1910). 
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Summary 
1. New syntheses for 2,9-diaminofluorene and for 2-aminofluorenone 

have been developed. Neither the diamine nor 2-amino-9-hydroxy- 
fluorene could be resolved. 

2. Attempts to prepare 1-nitro-9-aminofluorene by nitration of 9- 
acetaminofluorene resulted in the formation of a compound which was 
probably 1,s-dinitro-9-acetaminofluorene, m. p. 236-238'. 

3. The failure to resolve any 2,9-fluorene compound may be due to a 
lack of asymmetry or to the fact that the right conditions have not been 
found. In any case, the failure to resolve 2-amino-9-diazofluorene does 
not demonstrate that the carbon atom bearing the diazo group is not 
asymmetric. 

4. 9-Aminobenzophenone hydrazone, m. p. 139-140°, was prepared 
along with the ketazine, m. p. 225'. The former, on oxidation, yielded an 
unstable diazo derivative which could not be isolated. 

A METHOD FOR THE STUDY OF TOXICITY USING GOLDFISH1 

The use of derris root as a fish poison by the inhabitants of the localities 
to which this plant is native suggested the use of fishes as test animals in 
the study of the comparative toxicity of rotenone, an active constituent of 
that plant, and its derivatives. The goldfish, being a member of the carp 
family and so at  home in sluggish waters, is more adapted to conditions in 
still water tanks and jars than most of the native fishes. The fact that 
fishes accustomed to active, cool waters are liable to suffocate when kept in 
still, comparatively warm water is a factor to be considered. The goldfish 
is also more easily obtained in large quantity and is inexpensive. The 
species sold for aquaria, Carassius a u r a t u ~ , ~  is the one used here. 

In 1915 Pittenger and Vanderkleed3 and in 1919 Pittenger4 found that 
the goldfish was a suitable test animal in the assay of digitalis preparations. 
In' 1917 Powers6 reported an investigation testing the validity of this 
method and the use in general of the goldfish as the test animal in the 

Presented as a part of the Insecticide Symposium before the Division of Agri- 
cultural and Food Chemistry a t  the 77th Meeting of the American Chemical Society, 
Atlanta, Georgia, April 7 to 11, 1930. 

U. S. Dept. of Commerce, Bureau of Fisheries Econ. Circ. No. 68. p. 1 (1929). 
Paul S. Pittenger and Chas. E. Vanderkleed, J. Am. Pharm. Assom., 4, 437-433 

(1915). 
Paul S. Pittenger, ibid., 8,893-900 (1919). 
Edwin B. Powers, Ill. Biol. Mono., 4, No. 2 (1917). 
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study of toxicity. Powers' inethod was used as a starting point in the work 
reported in this paper; several changes, however, were deemed advisable. 

Rotenone, prepared in this Laboratory from Derris elliPtica,%as used as the toxic 
material. As this substance is but  slightly soluble in  water, some organic solvent non- 
injurious t o  the fishes had t o  be used i n  preparing stock solutions, from which aliquots 
could be taken t o  be added t o  the test solutions. Preliminary experiments were made 
with acetone, a good solvent for rotenone, to determine its action on the fishes. I n  a 
concentration of 2 pzrts of s c e t ~ n e  to ?GOO parts cf wzter, fishes shewed distress in  
half an hour. A concentration of 1 part of acetone to 1000 parts of water, however, 
was found to have no apparent effect on them. Therefore, stock solutions were made 
with acetone as the solvent of such concentrations that  aliquots sufficiently large t o  be 
accurate could be taken without making the concentration of acetone in the test solu- 
tions greater than 1 part of acetone to 1000 parts of water. 

It was found t o  be very important to  use only goldfishes in good condition, those 
apparently but slightly out of condition always lowering the survival time appreciably. 
Fishes used in the tests were either taken from a stock tank which was heated to  approxi- 
mately the same temperature as  that  of the test solutions or allowed to warm up slowly 
to that  temperature before the test was started. This eliminated any ill effect due t o  
sudden change of temperature. This also is very important since a sudden change, 
either t o  a higher or lower temperature, may cause sickness and premature death of 
goldfishes. The difference between the temperature of the test solutions and tha t  of 
unheated stock tanks with running water was often over 15' in winter. 

Aside from any ill effect, sudden changes from lower to higher temperatures often 
result in marked temporary increase in activity of fishes? I n  general the rate of me- 
*-l- -1.- ~auulibin iilcreases with increase in ternperaF~c and diminishes with decrease. Qre!ls7 
found that  fishes react t o  so small a variation in the temperature of the surrounding 
water as 0.1 ". It was found early in this experimental work that  a varying temperature 
had considerable effect, thus necessitating the use of a constant temperature for the tests 
to  achieve good comparative results. Small differences in temperature markedly 
influence the resistance of the fishes; a n  increase in temperature lowers the survival 
time, whereas a decrease in temperature raises it. Therefore, a constant temperature 
bath with a de Khotinsky regulator was used. Since the work was done in summer as  
well as in winter, i t  was difficult t o  maintain a temperature lower than 27'. This tem- 
perature therefore was selected as the temperature of the tests. Variation in tempera- 
ture was usually less than half a degree. 

To  determine the size of the fishes used, they were a t  first weighed, hut  later were 
measured linearly from the mouth to  the base of the tail, the latter procedure being the 
shorter. A number of fishes were both weighed and measured so that  the weight of a fish 
could be estimated from the length when desired. Generally the large fish survived longer 
than the small ones; therefore fishes as nearly uniform in size as possible should be used. 

I n  making the tests the ratio of one liter of solution to each fish was maintained. 
Some of the tests were carried out in three-liter wide mouthed jars, known as "candy 
jars," which were found convenient when two liters of solution were used. The rest of 
the tests, in which six or eight liters of solution were taken, were carried out in three- 
gallon cylindrical jars. 

In determining toxicity, the criterion used was the death point. Oster- 
hout8 has pointed out that "the relative toxicity of two substances may 

6 F. B. LaForge and I,. E. Smith, THIS JOURNAL, 51,2574-2581 (1929). 
7 Morris M. Wells, Trans. Ill. Acad. Science, 7,48-59 (1914). 
8 W. J. V. Osterhout, J. Biol. Chem., 23, 67-70 (1915). 



3442 W. A. GERSDORFF V0l. 52 

depend very largely on the stage of the reaction a t  which the measurement 
is made. . . . I t  is impossible to determine the precise moment of death,'' 
since the death curve "approaches the axis asymptotically." He objected 
to the death point as a perfectly satisfactory criterion of toxicity. The 
conclusion was soon reached in this work, however, that the death point is 
a more exact criterion for the goldfish than the loss of equilibrium, cessation 
of motion, or loss of irritability. No phenomena suitable for use as criteria, 
as suggested by Osterhout, have been found to appear at  definite points 
along the course of the reaction with goldfishes. Powers came to the same 
conclusion and used the death point as the criterion. The death point, 
although not obtainable with precision from the observation of one or two 
fishes, was determined with fair accuracy when more (usually six to twelve) 
were used, and could, of course, be found with even greater accuracy by 
using a larger number 

To find the death point of a fish repeated observations were made to 
follow the course of the action of the toxic material. The fish usually, 
but not always, after showing its first distress in swimming, suffered a loss 
of equilibrium, then lost its ability to swim and finally its irritabifity. 
From this point on careful observations were repeatedly made of any gill 
or mouth movements. These movements may be very faint and require 
close observation; they may, moreover, last for a long time, and the period 
is important in finding the actual survival time. I t  was found that when 
the fishes were taken out after close observation had failed to detect any 
gill movement whatsoever in one to one and one-fourth minutes and then 
were dipped into hydrochloric acid (about 1:3) about half were dead and 
half would still show faint signs of life. 

Powers used only two goldfishes in each concentration in determining 
the survival time. In order to lessen the effect of individual variations in 
susceptibility, it was deemed advisable in this work to use a larger number 
of fishes, especially in the longer survival times. Naturally, variations 
from the mean survival time increased as the mean increased, that is, as the 
concentration decreased, but the percentage variation was found to be 
approximately the same. 

Powers found that the survival time curve which is plotted by letting the 
ordinates represent the survival times of the goldfishes and the abscissas 
represent the concentrations of the test solutions is logarithmic in function. 
The middle portion, however, where the velocity of fatality (as measured by 
the reciprocal of the survival time) increases most rapidly with increase in 
concentration (usually when the survival time is between three-fourths and 
four hours) approaches an equilateral hyperbola. Therefore, the corre- 
sponding portion in the velocity of fatality curve which is drawn with the 
reciprocals of the survival times as the ordinates approaches a straight line. 
This straight line, designated the theoretical velocity of fatality curve, 
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when prolonged cuts the x-axis at a point which Powers designated as the 
theoretical threshold of toxicity. He suggested, for use in determining 
comparative toxicities, that if a represents this theoretical threshold of 
toxicity concentration and 8 the angle formed by the theoretical velocity of 
fatality curve with the x-axis, the toxicity of the substance may be ex- 
pressed by the fo~mula T (toxicity) = 4-a. 

Table I shows the results of a typical group of tests with rotenone at one 
concentration, 0.075 mg. per liter, from which an idea of the reproducibility 
of the tests may be obtained. 

TABLE I 
TOXICITY OF ROTENONE TO GOLDFISH AT A CONCENTRATION OF 0.075 MG. PER LITER 

AND AT 27.0 * 0.2O 
Survival time 100 X the 

Test Length of fish Weight in of fish in reciprocal of the 
no. in nulllmeters gramsa minutesb survival time 

1 42 2.3 93 - 1.08 
2 43 2.5 112- 0.89 
3 42 2.3 117+ .85 
4 39 1.8 108 - .93 
5 39 1.8 108 - .93 
6 45 2.7 123+ .81 
7 46 2.8 1284- .78 
8 48 3.4 133 + .75 
9 39 1.8 113f .88 

10 47 3.3 119- .84 
Mean 43 2.5 115 .87 

............. Probable error of a single observation.. .8 min. 
........... Percentage error of a single observation.. .7% 

...................... Probable error of the mean.. .2.4 min. 
Percentage error of the mean. ..................... .2.1% 

" Estimated from length. Minus sign means fish was dead when taken out; 
plus sign means that fish was not quite dead, as shown by reaction to hydrochloric acid. 

The condensed results of the complete series of tests is shown in Table 11, 
with those of a statistical study of the method. 

In this table the probable errors are calculated from the approximate 
Zv zv 

equations r = 0.8453 and ro = 0.8453 
w dF1' 

In these 
dn (w  - 1) 

equations r is probable error of a single observation; ro is probable error of 
the arithmetic mean; v is residual (difference between observed survival 
time and arithmetic mean) ; v is sum of individual residuals ; n is number of 
observed survival times. These statistical data show that, although the 
percentage error of a single observation a t  points on the critical portion of 
the curve (that is, the portion approximating an equilateral hyperbola) may 
be as high as 20yo, by using ten or twelve fishes the percentage error of the 
mean may be lowered to 7y0 or better. The same procedure used with com- 
pounds other than rotenone also gave a percentage error of the mean of 7%. 
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TABLE 11 
TOXICITY OF ROTENONE TO GOLDZISH AT 27.0 f 0.2 

Mean Mean Probable error 
Concn. length weight Mean Of a Percentage error 

mg. No. of of of surv. single Of Of a Of 
per fishes fishes, f i ~ h e s , ~  tirpe, M~~~ 100 o b s ~ v . ,  rn-, single mean 

l~ ter  used mm. g. mtn. surv. time mu. mtn. observ. min. 

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 8 2.8 13 4.7 
.50 8 39 1.8 57 1.82 8 2.5 14 4.5 
.30 13 39 1 . 8  70 1.51 13 3.7 19 5.3 
.20 16 38 1.7 65 1.55 5 1.2 7 1.8 
.10 12 42 2.3 95 1.08 21 5.9 22 6.2 
.075 10 43 2.4 115 0.87 8 2.4 7 2 .1  
.050 11 41 2.2 150 .70 27 8.2 19 5.7 
.035 12 41 2.2 252 .42 51 14.8 20 5.9 
.025 16 43 2.4 589 .23 244 61 41 10.3 
.015 7 . . ... 2400 .04 756 288 32 12.0 

" Estimated from length. 

The survival time curve and the velocity of fatality curve are plotted in 
Fig. 1. In the former the ordinates are survival times in minutes; in the 
latter the ordinates are the reciprocals of the survival times multiplied by 

0 0.10 0.20 0.30 0.40 0.50 
Milligrams per liter. 

Fig. 1.-Curves showing toxicity of rotenone to  goldfish. 

100 to avoid decimals; in both curves the abscissas are concentrations. 
I t  is apparent that data falling outside of the critical portions of the curves 
are useless in a study of comparative toxicity. Along that portion of the 
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survival time curve which approaches the horizontal, great differences in 
concentrations correspond to  comparatively small differences in survival 
times, whereas along that portion of the curve which approaches the 
perpendicular, very small differences in concentrations correspond to 
great differences in survival times. These curves are similar to those ob- 
tained by Powers except that in the case of rotenone the initial slow in- 
crease in the velocity of fatality with increase in concentration was not 
found. This may be due to the great toxicity of rotenone. 

The value for rotenone obtained from the accompanying velocity of 
fatality curve by using the formula d t a n  @/a is 4 units of toxicity; those 
for phenol and potassium cyanide, calculated from the curves given by 
Powers, are 0.0008 and 0.16 unit, respectively. These values are not 
entirely comparable, since that for rotenone is obtained at  27O and those 
for potassium cyanide and phenol at 21.5O, but it is apparent that according 
to this formula rotenone is more toxic to goldfishes than is potassium cy- 
anide, and the latter is 200 times as toxic as phenol. 

Conclusions 

The method described in this paper is suitable for the study of toxicity. 
The goldfishes should be as uniform in size as possible; they should not be 
even slightly out of condition. The tests should be carried out a t  a con- 
stant temperature. Ten or twelve fishes should be used at  each concen- 
tration; the use of this number lowers the percentage error of the mean to 
7% or less with the exception of long survival times (over five hours). 
The most suitable criterion is the death point. The death point is not so 
easily recognized with precision as is claimed by P i t t e~~ge r ,~  but may be 
determined with fair accuracy as described in the foregoing method. A 
series of tests at  various concentrations should be made in order that survival 
time curves and velocity of fatality curves may be plotted. Data falling 
outside that portion of the former curve which approximates an equilateral 
hyperbola are useless for a study of comparative toxicity. If substances 
are compared by the single survival time method, this survival time should 
fall on that critical portion of the curve. 

WASHINGTON, D. C. 
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[CONTRIBUTION NO. 97, CARBOHYDRATE DIVISION, BUREAU OF CHEMISTRY AND SOILS, 
U. S. DEPARTMENT OF AGRICULTURE] 

SAGITTOL. A NEW SESQUITERPENE ALCOHOL 
BY E. YANOVSW 

RECEIVED MAY 31, 1930 PUBLISHED AUGUST 5, 1930 

During the course of a systematic investigation of the carbohydrates of a 
number of uncultivated plants which are indigenous in the United States, 
attention was directed to Balsamorrhiza sagittata (Pursh) Nutt because 
of the peculiarly pleasant camphor-like odor of its roots and the fact 
that i t  and related species (B. helianthoides, B. deltoidea, etc.), have been 
used medicinally and for food purposes by the Indians of the Northwest.' 

B. sagittata is a low plant, 12 to 18 inches high, with yellow flowers 
similar to the sunflower, and grows abundantly in Montana, Idaho, Oregon, 
Utah and N e ~ a d a . ~  

The root was eaten by the Indians only after peeling off the cortex 
which, according to Havard,' contains a "terebinthine balsam." Search 
of the literature has revealed no record of an investigation of this substance. 

Upon distilling the roots with steam a crystalline substance separated 
from the distillate as fine, white needles, the yield being a little less than 
0.5% based on the weight of the dry cortex. One recrystallization from 
alcohol was sufficient for purification, and the substance obtained was 
quite soluble in alcohol, ether and benzene. It has a pleasant odor, 
distinctly resembling that of camphor. 

G. I,. Keenan, of the Food, Drug and Insecticide Administration, has 
kindly furnished me with the following description of the crystals. 

"This substance crystallizes in very fine needles which are soluble in the organic 
liquids commonly used in the immersion method but are insoluble in solutions of potas- 
sium mercuric iodide in glycerol and water. The needles were found to have a negative 
elongation, that is, to exhibit their lowest index of refraction lengthwise. The extinction 
is parallel. The lowest value which it is possible to find is n~ 1.520, and.this may be 
taken as a for the substance. A higher value, nD 1.540, is shown on the needles cross- 
wise and may be considered as 7 for the substance." 

The melting point of the pure substance is 77-78" (uncorr.). The 
specific rotation, determined in 95% alcohol solution, is [a]? + 25.8" 
for C = 2.080, and +26.5" for C = 2.424 g. per 100 cc. Combustion 
analyses gave the following re~u l t s .~  

1 Report Commiss. of Agr. for 1870, p. 404; J. Lindley and T. Moore, "The Treas- 
ury of Botany," 1870, Vol. I, p. 120; V. Havard, Bull. Torrey Bat. Club, 22, 98 (1895); 
F. V. Coville, Contrib. U. S. Nat. Herbar., 5, 62 (1897); J. W. Blankinship, Mont. 
Agr. Coll. Expt. Sta. Bull. No. 56 (1905); R. V. Chamberlin, Proc. Acad. Nut. Sci. 
Phila., 63, 24 (1911); G. B. Grinnell, "The Cheyenne Indians," 1923, Vol. 11, pp. 166- 
191; J. R. Anderson, "Trees and Shrubs of British Columbia," Victoria, B. C., 1925. 

2 Grateful acknowledgment is made of the courtesy of R. H. Rutledge, District 
Forester, U. S. Forest Service, Ogden, Utah, in furnishing a supply of roots. 

a These and subsequent combustion analyses were performed by E. K. Nelson of 
this Bureau, to whom I am also grateful for general interest in this work. 
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(1) Subs.,0.0538: HzO, 0.0560; C02, 0.1604; H, 11.65; C,81.33 
(2) Subs., 0.0709: HzO, 0.0741; COz, 0.2101; H, 11.69; C, 80.85 
(3) Subs., 0.0779: H10, 0.0827; COz, 0.2314; H, 11.88; C, 81.03 
(4) Subs., 0.0727: HzO, 0.0766; CO,, 0.2155; H, 11.79; C, 80.86 
Average values: H, 11.75; C, 81.92. Calcd. for CISHZ~O: H, 11.79; C, 81.01; 0 ,  

7.20. 

The molecular weight of the substance was determined by the depression 
of the freezing point (Beckmann's method), benzene being used as a 
solvent. Two determinations resulted in values for the mofecular weight 
of 220 and 224. The molecular weight was also determided by Rast's 
m e t h ~ d : ~  0.012 g. of substance in 0.112 g. of camphor caused a 20" 
depression in the melting point. Several determinations gave an average 
molecular weight of 214. The calculated molecular weight for the com- 
pound C15H260 is 222. 

Having established the empiricaI formula, the nature of the oxygen 
atom was determined by acetylation. Two grams of the substance was 
gently boiled with 5 cc. of acetic anhydride and a little fused sodium 
acetate for about an hour on a sand-bath. The resulting liquid was then 
poured into water, where i t  separated as a sirup but did not crystallize 
on standing. After being washed several times with water, the sirup 
was dissolved in ether, dried with anhydrous sodium sulfate, and the 
solvent evaporated in  vacuo. It was again dissolved in alcohol and 
the solvent evaporated. After being thoroughly dried in a vacuum 
desiccator over both sodium hydroxide and calcium chloride, the sirup 
was analyzed with the following results. 

(1) Subs., 0.0866: HzO, 0.0819; CO~,0.2446; H, 10.58; C, 77.05 
(2) Subs., 0.0908: HzO, 0.0868; COz, 0.2572; H, 10.70; C, 77.27 
Average values: H, 10.64; C, 77.16. Calcd. for CI~HZ@COCH~: H, 10.68; C, 

77.21; 0 ,  12.11. 

The compound, which we have named "sagittol," is therefore a ses- 
quiterpene alcohol. It is not identical in properties with any of the 
sesquiterpene alcohols described in the literature. Upon standing in a 
desiccator for several months sagittol became somewhat sticky and upon 
attempted recrystallization yielded a sirup instead of crystals. This 
compound will be investigated further as soon as additional plant ma- 
terial is available. 

Summary 
A new compound named "sagittol" has been isolated from Balsamorrh- 

iza sagittata (Pursh) Nutt, and some of its properties determined. 
From combustion and molecular weight determinations, the compound 

was found to have a molecular weight of 222, with the empirical formula 
CISHZ~O. The compound contains an alcohol group and is, therefore, a 
sesquiterpene alcohol. 

Rast, Ber., 55, 1051 (1922). 
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The melting point of sagittol is 77-78' (uncorr.); its average specific 
rotation in 95y0 alcohol is +26.15' a t  an average concentration of of 2.252 g. 
per 100 cc. Sagittol crystallizes as very fine needles, the optical proper- 
ties of which have been determined. 

WASHINGTON, D. C. 

STUDIES O N  REACTIONS RELATING T O  CARBOHYDRATES AND 
POLYSACCHARIDES. 

XXXI. T H E  BEHAVIOR O F  CELLULOSE TOWARD SOLUTIONS 
O F  ALUMINUM SALTS 

I n  view of the important role played by aluminum sulfate in the process 
of the rosin sizing of paper, many investigations have been carried out to 
ascertain the mechanism of the adsorption by the cellulose fiber. Schwalbe 
and R o b ~ a h m , ~  using sulfite pulps, claimed that cellulose decomposed 
aluminum sulfate up to 3% of its weight, but Schwalbe3 in a re-investiga- 
tion of the problem states that neither cotton nor pulp takes up appreciable 
amounts of aluminum hydroxide from aluminum sulfate solutions. Suter- 
meister4 found that the amount adsorbed was never greater than 0.3% of 
the weight of the fiber and was independent of the concentration of the 
aluminum s~ l fa te  solution employed. 

It was concluded by Tingle5 that the observed withdrawal of aluminum 
hydroxide from solutions of aluminum sulfate in the presence of cellulose is 
due to the non-cellulosic constituents of the fiber. He could detect no 
adsorption by ordinary analytical methods where the cellulose was of a 
reasonable degree of purity, and concluded that within the limits imposed 
pure cellulose will adsorb no aluminum hydroxide from the solution. 

In  the case of aluminum acetate, and also in some cases with aluminum 
sulfate, Haller6 found "negative adsorptions" by analysis of the residual 
solutions, but actually in every case, some fixation of aluminum hydroxide 
by the fiber had occurred. Durst7 also found that "negative adsorption" 
took place with wood pulps from all-minum acetate solutions. The ash 

1 Research Fellow, Pulp and Paper Lsearch 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. 

2 Schwalbe and Robsahm, Wochenblatt, 43, 1454 (1912). 
Vchwalbe, 2. angew. Chem., 37, 125 (1924). 
4 Sutermeister, Pulp and Paper Mag. of Canada, 11, 803 (1922). 
6 Tingle, J. Ind. Eng. Chem., 14, 198 (1922). 
6 Haller. Chem.-Ztg., 42, 597 (1918). 

Durst, ibid., 43, 373 (1919). 
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content of the original pulp however, decreased, although aluminum was 
present in the ash after adsorption. 

This so-called negative adsorption appears to be due partly to  adsorption 
of water by the fiber8 and partly to the entry into solution of the mineral 
constituents of the ash of the pulp. 

Michaelis and Rona,%sing the salts of basic and acid dyes with cellulose, 
first advanced the theory of "l3xchange Adsorption" which has been applied 
to the case of aluninum sxdlfate and cellulose by Roschierlo and by Kolt- 
hoff.ll 

According to the latter investigator, the ash is supposed to act as a type of 
calcium permutite, exchanging aluminum for calcium thus 

3Ca-permutite + 2Al++' ;=-r-t 2Al-(permutite)j + 3Ca++ 

The purpose of this investigation was to determine (a) whether "ash-free 
cellulose" adsorbs aluminum compounds from solutions of aluminum salts; 
(b) the hydrolysis of the aluminum salts in solution and the effect of this 
factor on the adsorption; (c) the nature of the "Exchange Adsorption." 

Preparation of Materials.-The aluminum sulfate, obtained from 
Merck and Co. gave an analysis Al&, 16.64%; SO3, 39.00%. Solution in 
water left a small amount of insoluble residue amounting to 0.15%. The 
clear solution obtained on filtering gave a ratio of A1203:SQ3 = 1:3.001. 
The material was talien therefore as a representative sample of normal 
aluminum sulfate. 

Owing to the difficulty of obtaining either pure aluminum acetate or 
chloride, these were prepared from the normal aluminum sulfate solution 
and the corresponding barium salt. Equivalent solutions were mixed and 
the precipitated barium sulfate was removed by centrifuging. The solution 
was then adjusted until no precipitate was obtained on the addition of 
either component. 

Owing to their instability the aluminum acetate solutions were kept at  0' 
when not in use. 

The celluloses used were 

A. Cotton cellulose, a-content, 99.1%; ash, 0.05%. 
B. "Brown" a pulp (i), a-content, 95.3%; ash, 0.14%. 
C. Whatman Ashless Filter Paper, No. 42, a content, 99.8%; ash, 0.01%. 
D. "Brown" a pulp (ii), a-content, 9$,00/o; ash, 0.08%. 

The .ash in each case contained calehm, iron and silica except C ,  which 
contained no iron. 

The solutions employed for adsorption were shown to be free from cal- 
cium, iron and zinc. 

Percival, Cuthbertson and Hibbert, THIS JOURNAL, 52,3257 (1930). 
Michaelis and Rona, Biochem. Z., 97,57 (1919). 

lo Roschier, Papierfabrikant, 49, 757 (1928). 
l1 Kolthoff, Pharm. WeekbZad, 58, 233 (1921). 
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Experimental 
The Adsorption from Aluminum Salt Solutions.-The adsorption was carried out a t  

25.0" in a glass vessel closed with a firmly fitting glass cap t o  prevent evaporation. 
Three hundred and fifty cc. of each of the respective solutions was used for each 

experiment and 20 g. of air dry cellulose, or pulp, which was shaken up well with the 
solution and allowed to stand in the thermostat for about twelve hours. 

At the end of this time the liquid was filtered off and the cellulose washed with 2000 
cc. of distilled water three times in succession, making a total of six liters, the operation 
extending over one hour. The material was then dried for a few minutes a t  the pump, 
transferred t o  a beaker and 50 cc. of strong hydrochloric acid (d, 1.18) was added, the 
mixture then being allowed to stand a t  room temperature for two hours. The acid was 
filtered off and the cellulose thoroughly washed with 800 cc. of water, the filtrate and 
washings being collected and evaporated t o  100 cc. Ammonium chloride was added to 
the latter and the mixture boiled. This was followed by the addition of ammonium 
hydroxide t o  precipitate aluminum hydroxide which was collected, ignited and weighed 
as  Alz03. 

Analysis of the ash of the cotton or pulp after the adsorption and acid treatment 
failed to  reveal the presence of alumina, indicating the efficiency of the process for re- 
moving adsorbed aluminum hydroxide. 

Effect of Dilution and Hydrogen-Ion Concentration on the Adsorption 
from Aluminum Sulfate Solutions.-The hydrogen-ion concentration 
measurements were made using a Leeds and Northrup potentiometer in 
conjunction with a calomel half cell and a hydrogen electrode. 

The effect of dilution (and the corresponding change of PH) on the ad- 
sorption was studied with respect to cotton cellulose "A." 

The results are given in Table I ;  v represents dilution in liters per gram 
molecule and the adsorptions are expressed in grams of A1203 per 100 g. 
of cellulosic material. Throughout this paper they will be designated as N. 

TABLE I 
EXPERIMENTS WITH SURGICAL COTTON (SAMPLE A). EFFECT OF VARIATION IN CON- 

CENTRATION OF ALUMINUM SULFATS SOLUTIONS 
v PR N 

4.86 2.84 0.050 
16 91 3.09 .053 
18 06 3.13 .060 
50.20 3.24 .062 
84.50 3.33 .080 

340.20 3.54 .072 

It is evident that the adsorption increases slightly with increasing dilu- 
tion. 

The influence of hydrogen-ion concentration was studied on celluloses C 
and D ("Brown" a pulp and Whatman's ashless filter paper). 

The change in PH was accomplished by the appropriate addition of 
carbonate-free sodium hydroxide solution. The slight precipitate which 
formed in the preparation of the solutions for Expts. 3 and 4, Table 11, was 
filtered off and the clear solution used in the adsorption experiments. 
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It is evident that a change in PH value brings about a marked alteration 
in the adsorption. 

Since an analysis of each of the equilibrium solutions indicated the pres- 
ence of calcium and iron in appreciable amounts, the question naturally 
arose as to whether the entire adsorption was due to this factor. 

TABLE I1 
EXPERIBIENTS ON THE EFFECT OF VARIA~ON IN HYDROGEN-ION CONCENTRATION OF 

A L U ~ ~ M  SGTFATE SOLUTIONS 
Whatman's ashless 

No. s PH Brown a pulp (D) filter paper 

1 50.2 3.24 0.054 0.020 
2 49.4 3.65 ,060 .031 
3 49.5 3.83 .082 .033 
4 53.9 3.83 ,081 .035 

I t  was also of interest to determine whether all of the constituents origi- 
nally present in the ash passed into solution during a single adsorption, or 
were progressively removed in decreasing amounts upon a repetition of 
the first treatment. 

Successive Adsorption Experiments in Solutions of Aluminum Sul- 
fate.-Successive adsorption experiments were carried out in the follow- 
ing manner. The actual experimental method was exactly the same as 
previously described for a single adsorption. After removal of the hydro- 
chloric acid extract, the cellulose sample was washed repeatedly, using a 
total volume of four liters of water, then dried at the pump and the ad- 
sorption process repeated. 

The results are given in Table I11 for an aluminum sulfate solution, v ,  
51.2; PH, 3.25. 

TABLE I11 
RESULTS 

Adsorption.. . . . . . . . . . . . . . . . .No. 1 No. 2 No. 3 No. 4 

% Adsorption per 100 g. N (B') 0.070 0.023 0.018 0.010 
yo Adsorption per 100 g. N (C') .020 .011 .007 .005 

With both cellulose products, calcium, and in the case of cellulose B, 
iron, was found in the solution after the first adsorption, but apparently 
very little in the subsequent treatments. 

The treatment of the cellulose with hydrochloric acid solution (about 
25% HC1 after dilution with the water in the pulp) results in a small 
amount of degradation as shown below. 

Alpha-cellulose determinations were made using a slight modification of 
the American Chemical Society methodlz on the pulp "B" after adsorption 
from aluminum sulfate solution and treatment with hydrochloric acid; 
this gave an indication of the extent to which this degradation had taken 
place. 

l2 Moore, M.Sc. Thesis, McGill University, May, 1930. 
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The a-cellulose values after successive adsorptions and acid treatment 
are given in Table IV. 

TABLE IV 
or-CELLULOSE VALUES 

Aclsorpt~on.: .No 0 No 1 No 2 No 3 No. 4 

Alpha-cellulose value 95 3 92 1 90 8 . . 88 2 

The "successive adsorption" method of attack was extended to aluminum 
acetate and chloride solutions, to find how the increased degree of hydroly- 
sis and the specific nature of the anion would alter the amount of aluminum 
hydroxide taken up. The results are given in tables V and VI 

TABLE V 
EXPERIMENTS WITH ALUMINUM ACETATE SOLUTIONS 

v,  49.7; PH, 4.41 
Adsorption . . . . . . . . .  .No 1 No 2 No 3 No 4 

% Adsorption (N) Sample B 0.119 0.084 0.063 0059 
% Adsorption (N) Sample C .051 ,042 ,039 .034 

A trace of calcium was still found in the residual liquid after the third 
adsorption using Sample B. 

TABLE V I  
EXPERIMENTS WITH ALUMINUM CHLORIDE 

v, 49.1; PH, 2.97 
Adsorption . . . . . . . . . . .  No 1 NO. 2 No. 3 No. 4 

% Adsorption (N) Sample B 0.065 0 047 0.029 0.024 
% Adsorption ( N )  Sample C .024 .018 .014 .014 

Qualitatively, calcium appeared to be removed as slowly as in the case 
of aluminum acetate. 

Discussion of Results 
A consideration of Table I leads to the conclusion that a slight increase in 

adsorption of aluminum hydroxide takes place with dilution, involving a 
correspondingly smaller hydrogen-ion concentration. The same effect is 
apparent in Table 11, where dilution is practically constant and hydrogen- 
ion concentration decreases in approximately the same way. 

It would appear therefore that in addition to exchange adsorption, a t  
least part of the latter is to be attributed to the removal of A1(OH)3 from 
the solution, formed by hydrolysis of the aluminum sulfate. 

Tables 111, V and VI represent successive adsorption experiments from 
solutions of the sulfate, acetate and chloride, respectively. 

It is to be noted that the difference between the first and second adsorp- 
tion values in Table I11 is very marked as compared with corresponding 
values in Tables V and VI. 

Since, as indicated above, a large part of the calcium and iron is removed 
after the first adsorption from aluminum sulfate solution, while the 
removal. is much slower in the other two cases, it would appear logical to 
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assume that adsorption is closely associated with the calcium and iron 
content of the ash. 

Inasmuch as a slight amount of degradation arises from the action of the 
hydrochloric acid which is used to remove the aluminum hydroxide, the 
validity of the successive adsorptions might be considered as depending on 
the extent to which this degradation takes place. 

liowever, ~reGndlichl~ has shown that the adsorption by a pure cellulose 
is much less than for a cellulose which has been subjected to drastic chemi- 
cai treatment. Also Clibbens and Ridge,14 in studying the rate of oxy- 
cellrrlose formation, show that the greater adsorption of methylene blue 
occurs at  the point of maximum degradation. 

From this evidence, therefore, one would anticipate an increased ad- 
sorption by the cellulose with an increasing number of treatments with 
hydrochloric acid. 

If the decreasing values found for successive adsorptions cannot be 
attributed to a degradation of the fiber it would seem that the conclusion is 
permissible that the amounts of aluminum hydroxide taken up by the fiber 
depend on two factors (i) a "natural" and (ii) an "exchange" adsorption. 

The "natural" adsorption is a variable quantity possibly depending on 
the specific nature of the fiber, the extent of hydrolysis of the solution, the 
hydrogen-ion concentration and the anion; under normal conditions i t  
plays a minor role in comparison with that of the "exchange" adsorption. 

According to Michaelis and Rona
g 

and Kolthoff,ll the "exchange" 
adsorption depends on the replaceable elements in the ash. 

If it is comparable to the case of the permutite the "exchange" adsorption 
must be a fixed amount depending only on the ash constituents. 

A consideration of Table 111 for aluminum sulfate shows that the first 
adsorption may be made up of a relatively high "exchange" value and a 
small "natural" adsorption. Since nearly all of the calcium and iron is 
removed in the first treatment, the successive values are much lower, and 
the fourth value is presumed to correspond to the "natural" adsorption of a 
cellulose free from replaceable ash constituents under those conditions. 
In the case of the other salts of aluminum the removal of these replaceable 
constituents is much slower (Tables V and VI), as evidenced by the gradual 
decrease of the values of N, which is further substantiated by the experi- 
mental fact that a definite amount of calcium was present even after the 
second treatment. 

Assuming the "exchange" adsorption to be a property of the aluminum 
ion, and having the same value for each of the three different aluminum 
solutions used, the "exchange" value can be calculated in the case of the 
sulfate, and applied to the other salt solutions to calculate the "natural" 

l3  Freundlich, Celluloseclzemie, 7, 57 (1926). 
l4 Clibbens and Ridge, Shirley Inst. Mem., VI,  1 (1927). 
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adsorptions. These values thus calculated are shown to agree with the 
value of N at  the fourth adsorption (selected as the natural adsorption in 
the case of aluminum sulfate), and this is taken as the mean "natural" 
value. 

The calculation is carried out in the following way. From Table I11 
each of the first three adsorptions represents "exchange" combined with 
"natural" adsorption. Natural adsorption for cellulose'B = 0.010 and 
this amount of aluminum hydroxide (expressed as A1203) is adsorbed in each 
case as well as the amount contributed by the exchange process. 

Hence total "exchange" adsorption for cellulose B = 0.070 + 0.023 + 
0.018 - 3 X 0.010 = 0.081, and for cellulose C = 0.020 + 0.011 + 0.007 - 
3 X 0.005 = 0.023. 

Taking these values as fixed, the mean "natural" adsorption from the 
results contained in Table V for aluminum acetate is calculated thus 

Total adsorption = 0.119 + 0.084 + 0.063 + 0.059 = 0.325 
Exchange adsorption from above = 0.081 

Therefore mean natural adsorption = 
0.325 - 0.081 

4 
= 0.061 

A comparison of the observed (value a t  fourth adsorption) and calculated 
"natural" adsorptions, is given in Table VII. 

TABLE VII 
COMPARISON 

% Adsorp., sample B % Adsorp., sample C 
Salt v PH Observed Calculated Observed Calculated 

Al~(S04)a 51.2 3.25 0.010 . . 0.005 . . 
Al(CzHa02)a 49.3 4.41 .059 0.061 .034 0.036 
AlCll 49.1 2.97 .024 .021 .014 .012 

The values agree very closely and it would seem therefore that "ex- 
change" adsorption ceases after four adsorptions. 

The "natural" adsorptions from solutions of aluminum acetate and 
chloride are much greater than from the sulfate solutions. This is to be 
anticipated since the hydrolysis is more marked in the former solutions. 

Denhamls and Pelling16 by electrometric methods determined the extent 
and mechanism of the hydrolysis of aqueous aluminum sulfate and chloride 
solutions, and showed that the chloride suffered greater hydrolysis than the 
sulfate under identical conditions, and that a single water molecule was 
most probably concerned in effecting the hydrolysis, e .  g., A1Cl3 + Hz0 

Al(OH)C12 + HC1. 
In  order to complete the comparison, the hydrolysis of aluminum acetate 

was studied using a similar technique. The results are given in Table VIII. 
Comparison with the results of Denham16 and Pelling16 shows that of the 

three salts the acetate undergoes most hydrolysis. Furthermore, the 
l6 Denham, /. Chem. Soc., 99, 41 (1908). 
'"elling, J. Chem. Met, Min. Soc. South Africa, 26,88 (1925). 
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hydrolysis constant K corresponds most closely with the same mechanism 
as assumed for the other two aluminum salts 

AI(CzH.OJ3 + Hz0 ----' A10H(C)2H302)a + GH40z 

TABLE VIII 

HYDROLYSIS OF ALUWNUM A C S T A ~  AT 25 
7l CR x 104 loo x K x 10' 

7.64  0.589 3.77 1 .94  
15.28 .513 4.75 1 .55  
31.56 .447 5.99 1.21 
49.70 .389 6.64 0 .95  
63.12 .389 7.43 .95 

126.20 .347 9.41 .78 
252.5 .347 13.45 .83 

100 x = percentage hydrolysis. 
K = Xa/(l -x)v, for the Grst stage hydrolysis. 

Ostwald's dilution law was used to calculate the value of CH and the 
ionization constant for acetic acid was taken to be 1.8 X at 25'. 

I t  is evident therefore, that since the three salts undergo the same type of 
hydrolysis, the natural adsorption is connected, for the most part, with 
the extent to which the equilibrium 

A l z  + H20 Fi Al(OH)X2 + HX 

is shifted to the right, concomitant with the change in hydrogen-ion con- 
centration. 

Whether aluminum hydroxide is taken up directly from the solution by 
the fiber as suggested by Bancroft17 or whether the basic aluminum salts 
known to be present are first adsorbed and then decomposed by adsorbed 
water, is not clear. 

The fact remains however that except in strongly hydrolyzed solutions, 
such as aluminum acetate, by far the major part of the adsorption is due to 
the exchange process between iron and calcium (presumably as silicate) 
and the aluminum salts. 

The conclusions to be drawn are that with solutions of these three salts of 
aluminum, the adsorption by cellulose may be represented by a small 
"natural" adsorption on which an "exchange" adsorption is superimposed, 
the mechanism of the latter being comparable to the permutite theory as 
advanced by Kolthoff . 

Summary 
1. The adsorption from aluminum salt solutions by different celluloses 

has been studied and by successive adsorption experiments it has been 
shown that small but definite amounts of A1(OH)8 are adsorbed by ash-free 
cellulose, i. e., a cellulose free from constituents capable of "exchange." 

2. The adsorption has been found to be made up of two effects, the 
l7 Bancroft, J .  Phys. Chem., 26,501 (1922). 
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"natural" adsorption and the "exchange" adsorption. The "natural" 
adsorption depends on the dilution and PH value of the solution. The 
"exchange" adsorption seems to depend on the mineral content of the 
original ash, principally on the amounts of calcium and iron present. 

3. The mechanism of the hydrolysis of aluminum acetate is shown to  
be the same as for the chloride and sulfate solutions, while the adsorption 
increases with increasing hydrolysis, being highest for the acetate. 

PULP AND PAPER RESEARCH INSTITUTE 
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RING ENLARGEMENT WITH DIAZOMETHANE I N  THE HYDRO- 
AROMATIC SERIES1 

The present investigation was begun in a search for a preparative way 
to amino-alcohols of the type V, since compounds of this class may be 
expected to  have interesting pharmacological properties. The oxide 
I11 appears to be the most convenient starting point for the synthesis of 
such substances; by simple addition of primary and secondary amines, 
with opening of the ethylene oxide ring, the oxide must be converted to 
amino-alcohols of the desired type. A method for the preparation of 
this hitherto unknown oxide lies in the action of diazomethane on cyclo- 
hexanone; the expected oxide represents, however, but one phase of the 
reaction. 

The action of diazomethane on the carbonyl group in the aliphatic, 
aromatic, and heterocyclic series has been the subject of numerous recent 
investigations. Arndt and his co-workers2 were the first to show that the 
reaction discovered by H. Meyer3 and Schl~tterbeck,~ in which aldehydes 
are converted to the corresponding ketones by the action of diazomethane 

CHzNz 
RCHO - RCOCHz 

is not of general application. In some cases the reaction leads to the 
isomeric ethylene oxide derivative, while the ketone and a homolog are 
formed in small amounts as by-products. The mechanism postulated 

This work was supported by funds from the Committee on Drug Addiction of the 
National Research Council. 

Arndt and Partale, Ber., 60,446 (1927); Arndt, 2. angew. Chem., 40,1099 (1927) ; 
Arndt and Eistert, Ber., 61, 1118 (1928); cf. Amdt, Eistert, and Amende, ibid.,  61, 
1952 (1928); Arndt, Eistert, and Ender, ibid., 62, 44 (1929). 

H. Meyer, Monatsh., 26,1300 (1905); Ber., 40, 847 (1907). 
* Schlotterbeck, ibid., 40,479 (1907); 42, 2559 (1909). 
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by these authors, which also accounts for the occurrence of the by-products, 
expresses the formation of the oxide by the equation 

H H H 
H CHsNz I CH2---N I CHz- I ?Ha 

KC/ -----+- RC/ j l  --+ KC/ --+ RC/ 
8 0  \o.-N \o-- \\A 

Mosettig5 in an independent investigation of a special case-that of 
piperonal-obtained results differing from those of Arndt; from this 
aldehyde the chief products were substances which must have been formed 
by introduction of two C'Hp groups into the aldehyde 

2CHzN 2 
RCHO ------t / RCH2CoCH3 

KCHzCH-CH2 

\o/ 
These results may easily be explained according to the Arndt mechanism; 
it1 this connection the influence of the methyl alcohol added to the reaction 
mixt~~re  has been empha~ized.~ 

Meenvein and Burneleit7 investigated a t  about the same time the action 
of diazomethane on acetone. Acetone alone is indifferent toward diazo- 
methane, but reacts in the presence of catalysts, as water, alcohols or 
metal salts, to form asymmetric dimethyl ethylene oxide as the chief 
product, together with methyl ethyl ketone, and probablv methyl n- 
propyl ketone and diethyl ketone. These authors formulated the reaction 
as proceeding to the oxide in the way already expressed by Arndt for 
aldehydes, in the equation 

/C<CHl-f; _ CHa\ /CH% - CH2 CHzN2 CHq CHa\ /CHz 
/co --r --+ 

CHI 0-N CH3/C\O-- CH3/C\A 
(1) 

CH3 
A 

and postulated further that, through wandering of a CH? group in the 
hypothetical intermediate A, methyl ethyl ketone is formed 

This ketone then reacts further with diazomethane to form in an analogous 
way the higher ketones, which were shown to be probably present. 

Cyclohexanone, in ethereal solution, is practically indifferent toward 
diazomethane. When methyl alcohol is added, a rather vigorous reaction, 
with nitrogen evolution, begins. Mre were able to isolate as products cyclo- 
heptanone (suberone), cyclo-octanone (azelaone) and an oxide (lII), iso- 
meric with cycloheptanone. The chief product is cycloheptanone, while 

Mosettig, Ber., 61, 1391 (1928); 62, 1271 (1929). 
Cf. Mosettig and Jovanovii., Monatsh., 53 and 54,430, footnote 6 (1929). 
Meerweinand Burneleit, Ber., 61, 1840 (1928). Cf. Meerwein, Bersin and Rurne- 

leit, ibid., 62, 999 (1929). 



3458 ERICH MOSETTIG AND ALFRED BURGER V0l. 52 

cyclo-octanone and the oxide in nearly equal amounts represent by-products. 
Following the Arndt-Meerwein scheme, the process may be represented 

CH2 Ha Ha 

H2c/ \co 
/C\ CHe- 

H2C c/ /C\ 

H2C CHz HzC CH2 H2C CHz 
\c/ 

Hz 
\c/ 

H2 \ 
\c/ 

Hz 

I I 
HaC CH,  

\c/ 

v VI IV 

The conversion of I1 to III takes place parallel to that in Equation 1 
for acetone, I1 to IV as in Equation 2; a ring CH2 group adjacent to the 
carbonyl wanders to the open methylene group, which in this case must 
lead to expansion of the ring.8 The transformation of cycloheptanone 
into cyclo-octanone takes place in an analogous way. 

In  order to exclude any possibility of error, the cyclohexanone employed 
was purified through the bisulfite compound and semicarbazone. The 
reaction products were separated by treating the ethereal solution with 
sodium bisulfite, which removed cycloheptanone. The cyclo-octanone, 
which forms no bisulfite compound: could be separated from the oxide 
I11 in two ways: by precipitation as the semicarbazone, or by treating 
the mixture with piperidine, and making use of the basic properties of 
the resulting piperidino alcohol to separate it from the cyclo-octanone, 
which is obviously indifferent to piperidine under the conditions of the 
experiment. 

The cycloheptanone was characterized as semicarbazone and dibenzyl- 
idene compound, which were compared by mixed melting point with the 
same derivatives of cycloheptanone from suberic acid. 

Cyclo-octanone was likewise identified in the form of its semicarbazone 
and dibenzylidene compound; the semicarbazone was compared with a 

Ring expansion with diazomethane was observed for the iirst time by Heller 
[Bev., 52, 741 (1919); 59, 704 (1926)] in the change of isatin to dihydroxyquinoline. 
Arndt [Arndt, Eistert and Ender, ibid., 62,44 (1929)], in the course of his investigations, 
revised and clarified the Heller formulation, in the light of his work. Very recently 
Hantzsch and Czapp have reported the conversion of oxindone-carboxylic ester into 1- 
hydroxy-4-methoxynaphthaline-2-carboxylic ester [;bid., 63, 566 (l$j3o)l. Cf. Am&. 
ibid., 63,1180 (1930). 

S Ruzicka and Brugger, Helv. Chim. Aetu, 9,339 (1926). 
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sample of cyclo-octanone semicarbazone generously supplied by Professor 
Ruzicka, with which i t  showed no depression in mixed melting point. 

The oxide 111 was isomerized by distillation a t  atmospheric pressure 
over a trace of zinc chloride to hexahydrobenzaldehyde, which was char- 
acterized as the semicarbazone. This semicarbazone proved to  be identical 
(mixed melting point) with the semicarbazone of hexahydrobenzaldehyde 
prepared according to Kon1° from cyclohexylmagnesium chloride and 
ethyl orthoformate. 

The oxide was also converted to a piperidino alcohol, which probably 
has the structure VI, assuming that the addition of the amine takes place 
in accordance with the general rule for addition of ammonia or amines 
to asymmetric ethylene oxides, the hydroxyl being formed on the carbon 
carrying the least hydrogen. 

It is not excluded that the oxide 111 may have undergone some change, 
as isomerization, hydration or polymerization during the bisulfite treat- 
ment; this method of separation seemed, however, the most practicable. 
The cycloheptanone results from a primary reaction, as is shown by the 
simultaneous appearance of cyclo-octanone, which can hardly be explained 
except as a product of the further reaction of diazomethane on cyclo- 
heptanone formed in the original reaction mixture. The starting sub- 
stance, cyclohexanone, could not be detected in the end-products. 

Cyclopentanone was brought into reaction with diazomethane under 
the same conditions as in the case of cyclohexanone; for convenience in 
working up the product, an excess of diazomethane was used. The 
products of the completed reaction were worked up in the same manner 
as for the cyclohexanone reaction; cycloheptanone was found to  be the 
chief product; cyclo-octanone was formed in smaller amount. Isomeriza- 
tion of the oxide fraction resulted in an aldehyde-containing distillate 
(fuchsin-sulfurous acid test) but separation of the mixture of semicarb- 
azones (probably of cyclopentane aldehyde and hexahydrobenzaldehyde) 
failed. No crystalline products could be obtained from the action of 
piperidine. Cyclopentanone and cyclohexanone could not be detected. 

The ring expansion described in this paper brings a new proof of the 
validity of the Meerwein assumption of radical wandering in the hypo- 
thetical intermediate A in Equation 2. It is possible that still higher 
homologs of the cyclic ketones or oxides are present among the reaction 
products from cyclopentanone and cyclohexanone. A systematic investi- 
gation carried out on large quantities of the homologous cyclic ketones 
might decide this, and a t  the same time make important contributions 
to our knowledge of ring strain and ring widening. A similar study of the 
action of diazo-ethane and its homologs would also be desirable in this 
connection, but lies outside the field of our researches. 

Kon, J .  Clzem. Soc., 128, 1797 (1926). 
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Ketones of hydroaromatic nature which share two carbon atoms with 
one or more aromatic rings offer better prospects of success for the prepara- 
tion of oxides of the desired type. We plan therefore to extend our studies 
of this reaction to tetralon (ketotetrahydronaphthalene) and its analogs. 

In consideration of the relatively good yield, ease of preparation and 
purity of the cycloheptanone and cyclo-octanone obtained in the reaction 
described, and of the difficulty of the hitherto known preparative methods 
for these ketones, we believe that the action of diazomethane on cyclo- 
hexanone offers a practicable preparative way to these substances. 

We take great pleasure in acknowledging our indebtedness to Professor 
Ruzicka for a sample of cyclo-octanone semicarbazone. 

Experimental Part 
Cyclohexanone and Diazomethane.-Cyclohesanone was converted into the 

bisulfite addition compound, and the ketone obtained from decomposition of this with 
alkali was fractionally distilled. The semicarbazone of the fraction boiling a t  157" 
(corr.) was prepared and recrystallized from methyl alcohol (m. p. 167.5-169"), de- 
composed with hydrochloric acid, and the cyclohexanone obtained by steam distillation 
was finally again fractionally distilled. 

The diazomethane was prepared from the action of methyl alcoholic potassium 
hydroxide on nitrosomethylurethan, and titrated with nitrobenzoic acid. 

Twenty-four grams of cyclohexanone was added t o  a solution of 13.6 g. of diazo- 
methane in 900 cc. of dry ether, cooled in ice. No significant evolution of nitrogen 
took place, even on long standing a t  0'; on addition of 200 cc. of absolute methyl al- 
cohol, a vigorous evolution of nitrogen began. When this began t o  diminish, after 
several hours, the reaction mixture was removed from the ice-bath, and allowed to stand 
a t  room temperature. On the next day the solution was noticeably lighter in color 
but became completely colorless only after three days. The colorless solution was 
filtered free of a slight flocculent precipitate (polymethylenes), the ether evaporated 
and the methyl alcohol removed in vacuum a t  22" with a fractionating column. It is 
here unavoidable that small amounts of volatile substances from the reaction product 
distil off with the methyl alcohol or ether. For this reason the methyl alcohol was 
again distilled in vacuum with a fractionating column. The combined distillation 
residues were dissolved in about 100 cc. of ether and shaken for two to three hours with 
saturated sodium bisulfite solution. The crystallized bisulfite compound which sepa- 
rated was filtered out and washed many times with ether. The filtrate, consisting of a 
bisulfite and a n  ethereal layer, was separated, the bisulfite layer shaken out several times 
with ether and the ethereal extract combined with the ether layer above mentioned. 

The combined ether was washed several times with dilute sodium carbonate solu- 
tion and dried over sodium sulfate. It contained the oxide and the cyclo-octanone. 
After evaporation of the ether, the residue was distilled a t  20 mm. pressure and the 
following fractions were collected: Fraction 1, b. p. 35-60 ", 2 g.; Fraction 2, b. p. 61-95 O, 

6.5 g.; Fraction 3, b. p. 95-105O, 2.6 g. 
Fraction 1, which consisted chiefly of the oxide, and gave no color with fuchsin- 

sulfurous.acid, was distilled twice a t  atmospheric pressure over a trace of freshly fused 
zinc chloride. A drop of the distillate gave with fuchsin-sulfurous acid an intense red- 
violet color, showing that the isomerization t o  the aldehyde had taken place. On 
addition of a n  aqueous solution of semicarbazide hydrochloride and sodium acetate, 
a semicarbazone precipitated out immediately; crystallized three times from methyl 
alcohol, i t  formed shining leaflets or needles of m. p. 171-172' (sintering a t  170'). 
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Anal, Subs., 4.216 mg.: 0.931 cc. of N ( 2 4 O ,  749 mm.). Calcd, for CsHlSON3: 
N, 24.85. Pound: N, 25.01. 

To confirm the assumption that this was the semicarbazone of hexahydrobenzalde- 
hyde, hexahydrobenzaldehyde was prepared by the method of Kon10 from cyclohexyl- 
magnesium chloride and ethyl orthoformate. The semicarbazone of this melted a t  
172.5-173 ", sintering a t  171 the mixed melting point with the semicarbazone of the 
product from isomerization of the oxide was 171-172O.l1 

Fraction 3 consisted chiefly of cyclo-octanone. I t  crystallized to a thick paste 
when cooled in a freezing mixture. I t  was converted to a semicarbazone in the same 
manner as Fraction 1, which had the melting point 167.5-169' after one recrystalliza- 
tion from methyl alcohol. 

Anal. Subs , 3 586 mg. : 0.739 cc. of N (23", 744 mm.), 3.680 mg.; CO,, 7.955 mg ; 
H20, 3.100 mg. Calcd. for CgII1?ONa: C, 58.96; H, 9.36; N, 22.94. Found: C, 
58.95; H, 9.43; N, 23.26. 

The mixed melting point with Ruzicka's sample of cyclo-octanone semicarbazone 
of m. p. 168-169" lay a t  168-169 ". 

The colorless dibenzylidene compound of cyclo-octanone, which was obtained in 
analogy with the Wallach12 dibenzylidene compound from suberone by condensation 
with two moles of freshly distilled benzaldehyde in the presence of sodium methylate, 
melted after recrystallization from slightly diluted methyl alcohol a t  107.5-109° (the 
mixed melting point with the dibenzylidene compound of the same melting point frcm 
suberone lay a t  85-95"), 

Anal. Subs., 0.0876: Cot, 0.2791; H90, 0.0572. Calcd. for C22H220: C, 87.37; 
I1,7.33. Found: C,86.89; H,7.31. 

Fraction 2 consists apparently of the oxide and cyclo-octanone. Since the small 
quantity of material put fractional distillation out of consideration, the cyclo-octanone 
was separated from a sample of the mixture with semicarbazide hydrochloride and 
sodium acetate. The well-pressed semicarbazone was recrystallized from methyl 
alcohol and melted a t  167-169 O. The main portion of Fraction 2 was heated with an 
equal weight of water and of piperidine in a sealed tube for six hours a t  95-100 ". The 
reaction mixture was taken up in ether and water, and the ether layer washed with water 
to remove most of the unreacted piperidine. The piperidino alcohol was now extracted 
out of the ether with dilute hydrochloric acid; in the ether remained the unaffected 
cyclo-octanone, which was characterized as the semicarbazone. The acid layer was 
made alkaline and extracted with ether. The brown oily residue from evaporation of the 
ether was freed from piperidine by standing for many days over phosphorus pentoxide 
in a vacuum desiccator. I t  was then brought into dry ethereal solution, and the base 
precipitated as the hydrochloride by addition of ethereal hydrochloric acid. The 
hydrochloride was dissolved in alcohol and ether added to the point where the solution 
barely remained clear; on standing, crystals separated, m. p. 194.5-195 O. 

Anal. Subs., 0.2073: AgC1, 0.1262; 5.476 mg, 0.286 cc. of N (25", 752 rnm.). 
Calcd. for C1lHaaONCl: Cl, 15.18; N, 6.00. Found: C1, 15.06; N, 5.92. 

The piperidino alcohol gave no crystalline picrate. 

l1 The melting points of semicarbazones in general depend upon the mode of heating. 
Perhaps the considerable differences in melting point of this semicarbazone to  be found 
in the literature may be due to this fact. Wallach, Ann., 347, 333 (1906), m. p. 167- 
168"; Zelinsky, Ber., 40, 3051 (1907), m. p. 173-174'; Bouveault, BuEl. soc. chim., 
[3] 29, 1050 (1903), m. p. 176'; Sircar, J. Chem. Soc., 55 (1928), m. p. 175"; Danilow 
and Danilowa, Ber., 62, 2668 (1929), m. p. 173". 

l2 Wallach, ibid., 29, 1600 (1896). 
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Suberone.-The bisulfite compound separated from the original reaction mixture 
was combined with the bisuEte mother liquor, made alkaline with sodium carbonate, 
and the ketone which separated distilled out with steam. The distillate was extracted 
with ether, this evaporated and the residue distilled in vacuum. At 15 mm. the boiling 
point was 68-70 ', yield 9.6 g. of a colorless oil which proved to be nearly pure suberone. 
The semicarbazone prepared from it melted after one crystallization from methyl alcohol 
a t  163-163.5 ', sintering a t  162'. 

Anal. Subs., 2.455 mg.: 0.549 cc. of N (HO, 743 mm.), 0.0771 g.; Cot, 0.1611; 
H20, 0.0641. Calcd. for C8HlsONt: C, 56.76; H, 8.94; N, 24.85. Found: C, 56.99; 
H, 9.30; N, 25.13. 

The mixed melting point with the semicarbazone of suberone (m. p. 163-163.5") 
which we prepared by dry distillation of barium suberate according to the directions of 
Day, Kon and Stevenson,lJ lay a t  163-163.5'. The dibenzylidene compound melted a t  
107-108.5°.12 

Anal. Subs., 0.1147: C02, 0.3670; H20, 0.0728. Calcd. for CzlHzoO: C, 87.45; 
H,7.00. Found: C,87.27; H,7.10. 

The mixed melting point with dibenzylidene suberone (from suberic acid) lay a t  
107-108.5 ". 

A second experiment, carried out with the same proportions of reagents and under 
the same conditions, gave the same products, but in slightly different ratio: 20 g. of 
cyclohexanone yielded in Fraction 1 (oxide), 1 g., Fractions 2 and 3 combined, 4.9 g., 
and from the bisulfite compound 11.9 g. of suberone. 

Cyclopentanone and Diazomethane.-Twenty-three grams of cyclopentanone, 
purified through the semicarbazone (m. p. 212"), was treated with 22.5 g. of diazo- 
methane under the conditions described in the cyclohexanone experiment. The product 
was worked up in an analogous way; from the bisulfite compound 14 g. of a ketone 
(suberone) of b. p. 69-70 ' (15 mm.) was obtained. The semicarbazone melted a t  162- 
163 O. 

Anal. Subs., 0.1177: COz, 0.2458; HtO, 0.0972; 2.792 mg. by 0.620 cc. of N (23 ', 
743 mm.). Calcd. for CsHlE.ONa: C, 56.76; H, 8.94; N, 24.85. Found: C, 56.96; 
H, 9.24; N, 25.04. 

The mixed melting point with suberone semicarbazone lay at  161-163O; the di- 
benzylidene compound melted a t  107-108.5', and showed no depression in melting point 
with that of suberone from suberic acid. 

The portion of the reaction product which gave no bisulfite compound was dis- 
tilled at  20 mm.; the oxide-containing fraction, boiling up to 45O (1 g.) was isomerbed 
with zinc chloride as described. The distillate from this gave an intense color with 
fuchsin-sulfurous acid; with semicarbazide a mixture of semicarbazones was formed, 
probably those of cyclopentane aldehyde, hexahydrobenzaldehyde and cyclo-octanone. 
The separation of these was unsuccessful. The main portion of distillate, 6.5 g. of 
boiling point 45-110' (20 mm.), was in part treated with piperidine (see below), and in 
part converted to semicarbazone (cyclo-ottanone), which melted at  165-166.5'. 

Anal. Subs., 0.0834: HsO, 0.0712; CO,, 0.1805; 4.152 mg., 0.846 cc. of N (23', 
748 mm.). Calcd. for CDH1,ONa: C, 68.96; H, 9.36; N, 22.94. Found: C, 59.03; 
H, 9.55; N, 23.13. 

I t  was not possible, even after repeated crystallization, to raise the melting point 
of this semicarbazone; that it consisted of nearly pure cyclo-octanone semicarbazone 
is shown both by the analysis and by the mixed melting point of 167.5-169" with the 

Day, Ron and Stevenson, J. C h m .  Soc., 117,642 (1920). 
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semicarbazone prepared from our cyclo-octanone out of cyclohexanone and diazomethane 
as well as that obtained from Professor Ruzicka. 

The reaction of the main portion of this fraction with piperidine did not yield 
homogeneous derivatives of the piperidino alcohol. 

Summary 
The action of diazomethane on cyclohexanone in the presence of methyl 

alcohol yields as the main product cycloheptanone, and in smaller quantities 
cyclo-octanone and an oxide isomeric with cycloheptanone. 

Diazomethane with cyclopentanone leads (through cyclohexanone) 
to cycloheptanone as chief product, and cyclo-octanone as by-product. 
In this case, the oxide formed was not identified. 

The reaction may be advantageously applied to the preparation of cyclo- 
heptanone and cyclo-octanone. 

NOTES 

Note on Catechol Sulfonephtha1ein.-Catechol sulfonephthalein, first 
mentioned by Moir,' was prepared by substantially the method of Lubs 
and Clark,a condensing at  temperatures under 100 two moles of catechol 
with one mole of symmetrical dichloro derivative of o-sulfobenzoic acid, 
but omitting the use of zinc chloride as condensing agent. The resulting 
product was analyzed for sulfur, giving 95.71 and 95.76% of the calcd. for the - 

/C: (GHa(OH)z)z 
formula C6Hd :O , or 100.40 and 100.45% of the calcd. for the 

"so, 
/C: (CBHa(OH))z:O 

formula CBHI :O 
\so2 

. The product is amorphous, of a very 

deep purple color (practically black), solid but not brittle a t  ordi- 
nary temperatures, and moderately hygroscopic. When warmed to 
about 60" it  is softened sufficiently to drop from a small stirring rod. 
Its solubilities are: miscible in all proportions with water; readily soluble 
in methanol, ethanol, acetone, glacial acetic acid and ethyl acetate; 
slightly soluble in ethyl acetoacetate, acetic aldehyde and ethyl ether; 
insoluble in benzene, toluene, xylene, petroleum ether, carbon disulfide, 
carbon tetrachloride, chloroform and acetic anhydride. Attempts a t  
crystallization, using the first-named solvents, have been unsuccessful. 

The aqueous solution of this product is found to give colors of but a 
fraction, about one-tenth, of the intensities of colors of other sulfonephtha- 
leins. A noteworthy feature of several of these colors, and one not 
mentioned by Moir, is their tendency to change, in some cases in only a 

J. Moir, J. So. Afr. Assoc. Anal. Chem., 3, 6 (1920); C. A.,  14,3607 (1920). 
2 H. A. Lubs and W. M. Clark, J. Wash. Acad. Sci., 5 ,  609 (1915). 
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few minutes. In the following table are listed the colors exhibited by 
0.2 cc. of a 0.5% aqueous solution of catechol sulfonephthalein when 
added to 10 cc. of thesolutions listed in the first column. 

Immediate After 5 After SO After 1 After 18 After 36 
color minutes minutes hour hourz hours 

1.0 N HCl Red Red Red Red Red Red 
0.01 N HCI Yellow Yellow Yellow Yellow Yellow Yellow 
PH 5 Yellow Yellow Yellow Yellow Yellow Yellow 
PH 6 Yellow Yellow Yellow Yellow Yellow, Yellowish- 

slightly green 
greenish 

PH 7 Yellow, Yellow, Yellow, Yellow, Yellowish- Yellowish- 
slightly slightly slightly more green green 
greenish greenish greenish greenish 

PH 8 Purple, Rich Blue Blue Pale, Yellowish- 
then in- blue inky green 
dig0 

PH 9 Pinkish- Pinkish- Pinkish- Pinkish- Pinkish- Yellowish- 
purple purple purple 

PH 10 Pinkish- Pinkish- Darker, 
purple purple surface 

cloudy 
0 .01  N Indigo, Clear, Purple, 

NaOH becoming fainter surface 
cloudy purple green 

1 .O N Grass Grass Grass 

purple purple green 
Less red, Light Yellowish- 

somewhat green green 
brownish 

Purple, Grass Pale 
surface green green 
green 

Grass Green, Pale 
green green green green less green 

intense 

The colors given by products of condensation of mixtures containing 
larger porportions (2.2 moles, 2.5 moles) of catechol are much the same 
as those shown in the table, save that the greens are much more intense. 

It has been found possible to prepare a satisfactory series of color 
shades in the range PH 0 to PH 1.5. 

Products condensed a t  temperatures of 130 and 160" were found to 
be incompletely soluble in water; these soluble portions give relatively 
very faint acid colors and comparatively more intense alkaline colors. 
Acidified aqueous solutions of the low temperature product, on vigorous 
boiling, showed similar color differences. 

The product condensed a t  the lower temperature appears to be fairly 
pure, dilute and concentrated aqueous solutions remaining clear for many 
days, and no material is insoluble in sodium hydroxide2 or in sodium 
bicarbonate3 developing on long standing. 

TAKOMAPARK CYRWS B. WOOD 
WASHINGTON, D. C. 
RECEIVED FEBRUARY 21, 1930 
P~BLISHED AUGUST 5, 1930 

a W. R. Orndorff and F. W. Sherwood, THIS JOURNAL, 45,486 (1923). 



A Note on the Preparation of Monomethyldiethylmercaptoglucose.- 
Monomethyldiethylmercaptoglucose can be obtained by treating the 
monosodium derivative of diethylmercaptoglucose with methyl iodide. 

&nil Fischerl treated the monosodium diethylrnercaptoglucose with 
methyl iodide in the presence of methyl alcohol, and thought that he 
regained the original diethylm~rcaptoglucose. However, some oily disks 
were formed which he did not investigate. In the present work the sodium 
diethyimercaptoglucose was prepared according to Fischer's method by 
treating the diethylmercaptogiucose with sodium ethoxide. The excess of 
alcohol was evaporated and the methylation was done in absence of alcohol. 
The solid residue was refluxed with excess methyl iodide until ail dissolved. 
The excess of methyl iodide was evaporated and to the solid residue water 
was added. From this solution a substance was extracted by means of 
ether and chloroform which was recrystallized three times from absolute 
alcohol. It gave a melting point of 155'. The results of micro-analysis 
for carbon and hydrogen are given in the following table. 

TABLE I 
ANALYTICAL DATA FOR MONOMETHYLDIETHYLMERCAPTOGLUCOSE 

Sample, mg Weighed, mg. Calcd. for, % Found % 
5 020 HzO, 3 600 H, 8.05 8 03 

COz, 8.140 C, 43.97 44.21 

The results seem to indicate that the monomethyldiethylmercapto- 
glucose as prepared by the above method is the same as that isolated by 
the present a ~ t h o r , ~  as a by-product from the preparation of pentamethyl- 
diethylmercaptoglucose. 

CONTRIBUTION FROM THE PHILIPPOS E. PAPADAKIS 
CHEMICAL, LABORATORY OP 
WASHINGTON SQUARE COLLEGE 
NEW YORK UNIVERSITY 

NEW YORK, N. Y. 
RECEIVED MAY 23, 1930 
PLIBLISHED AUGUST 5. 1930 

The Bromination of Hexane.-When the vapor of hexane is passed 
through bromine water, p-dibromobenzene and hexabromobenzene are 
said to be obtained.' F. 0. Rice2 has pointed out that such a transforma- 
tion of hexane to an aromatic derivative seems doubtful. Since hexane 
spectroscopically free from benzene was available, i t  seemed desirable 
to investigate thk  question further. 

E. Fischer, Ber., 27,673 (1894). 
P. E. Papadakis, THIS JOURNAL,, 52,2147 (1930). 

Blair, Leabury and Wheeler, J. SOG. Chem. Ind., 43,2981' (1924). 
F. 0 .  Rice, "The Mechanism of Homogeneous Organic Reactions from the Physi- 

cal-Chemical Standpoint," American Chemical Society Monograph, No. 39, The Chemi- 
cal Catalog Company, Inc., New York. 
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Pure (99.5%) nitrogen gas was first passed through concentrated 
sulfuric acid and bubbled through 20 g. of the pure hexane in a distilling 
flask. The arm of this flask was connected with a bubbler containing 
water with an excess of bromine. Five hours were required to vaporize 
the hexane, and examination of the bromine solution revealed no benzene 
bromides. Repeating with the bromine solution kept below zero and 
the hexane vaporized in the course of forty hours, no benzene bromides 
were found. A large amount of the hexane was recovered. 

Repeating under the same conditions, but with the bromine solution 
exposed to a 100-watt Mazda lamp, again no benzene bromides were 
obtained. 

When one gram of benzene was added to the hexane, and the vaporiza- 
tion carried out in the cold and in the dark, some benzene bromides were 
readily obtained. 

The production of the derivatives mentioned in the literature can 
therefore be traced to hexane slightly contaminated with benzene. 

This work was done a t  the suggestion of Dr. M. S. Kharasch, of the 
University of Chicago. 

Determination of Halogens in Organic Compounds.--We wish to 
thank Professor Robertson1 for calling our attention to his papers, 
which we overlooked, probably because we were searching for a general 
method for the determination of chlorine, bromine and iodine and 
Robertson's method is, as he states, not suitable for iodine compounds. 

We have tested his method using samples of about 0.15 g. of bromo- 
benzene and obtained low results, a tendency to which Robertson also 
calls attention. Duplicates checked less closely than by our method. 

The use of sodium peroxide instead of arsenite is obviously optional 
in either method, but the latter was decided upon after a trial of both 
reagents. 

The time required depends upon whether the gravimetric or vol- 
umetric method is used. We needed eighty-five minutes by the 
gravimetric method with Robertson's apparatus. 

The principal advantages of our method2 are: (1) it is a general 
method applicable to compounds of chlorine, bromine and iodine. 

1 Robertson, THIS JOURNAL, 52, 3023 (1930). 
*Thompson and Oakdale. ibid., 52, 1195 (1930). 
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(2) It can be used with low-boiling compounds such as ethyl bromide. 
(3) Metals in the residue may be very easily determined. (4) The 
accuracy is greater than in Robertson's method, as shown by a com- 
parison of analyses. (5 )  The use of oxygen and platinized asbestos 
is never necessary. (6) There is no danger of the reaction becoming 
too violent or of the projection of particles onto the walls of the flask. 
(7) The time required is less, particularly because it has been found 
since publication of the last paper by Willard and Thompson,Vhat 
the apparatus described by then1 for the micro determination of halogens 
can also be used for samples as large as 0.1-0.2 g. This results in a 
saving of time as well as of space required for the apparatus. For samples 
of 0.01-0.02 g. an apparatus about half the size of this, or only 28 cm. 
high, works perfectly. 

CONTRIBUTION FROM THE J. J. THOMPSON 
CHEMICAL LABORATORY U. 0. OAKDALE 
UNIVERSITY OF MICHIGAN 

ANN ARBOR, MICHIGAN 

RECEIVED JULY 17, 1930 
PIJBLISHED AUGUST 5, 1930 

COMMUNICATIONS TO THE EDITOR 

THE HEAT OF FORMATION OF MOLECULAR OXYGEN 

Sir: 
In  a recent communication Copelandl has reported a value for the heat 

of formation of molecular oxygen of 165,000 cal. We have been engaged in 
a similar determination by an experimental method which differs only in 
minor details from the method used by Copeland. The results of our first 
determinations were in substantial agreement with those reported by Cope- 
land, the average of a number of runs being about 160,000 cal. When we 
checked the method for possible errors we discovered that we were getting 
spurious heat effects in the calorimeter. When we took precautions to  
eliminate these heat effects we obtained as the average of a number of 
fairly consistent runs 131,000 cal. We do not find any evidence that meta- 
stable atoms reach the calorimeter. 

CHEMICAL LABORATORY W. H. RODEBUSH 
UNIVERSITY OF ILLINOIS S. M. TROXEL 
URBANA, ILLINOIS 

RECEIVED JUN& 27, 1930 
PUBLISHED AUGUST 6, 1930 

3 Willard and Thompson, THIS JOURNAL, 52, 1893 (1930). 

1 Copeland, ibid., 52,2581 (1930). 
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THE HEAT OF DISSOCIATION OF OXYGEN 
Sir: 

Meckel and Henri2 have noted two regions of predissociation in the 
absorption spectrum of NOz, the first becoming prominent around 3700 
A., corresponding to dissociation into NO and 0 ,  and the second beginning 
a t  2447 A. with NO and 0' (excited 0 )  as the products of dissociation. 
The value 3700 A. (77,000 cal. per einstein) combined with the heat of 
reaction NO2 = NO + l / 2 0 2  - 13,000 cal. yields them a heat of dissociation 
of oxygen of 128,000 cal. K~ndvat 'ev ,~ with the scheme 

NO2 = NO + 0' - 116,000 
02 = 0 + 0' - 162,000 

NO2 = NO + '/to2 - 13,000 

obtains 118,000 cal. as the heat of dissociation. 
I find that excess CO2 does not lower the quantum yield in the photo- 

chemical decomposition of NO2 into NO and Oz by A4047 I%., which thus 
indicates a non-collisional mechanism for this reaction. This is further 
proved by photochemical experiments at  low pressures; the quantum 
yield shows no falling off down to 0.01 mm. I t  must be concluded that 
absorption of X4047 will lead to dissociation into NO and 0. Therefore 
the heat of dissociation of oxygen appears to be as low as 115,000 cal., 
in satisfactory agreement with the value 118,000 cal. found by Kondvat'ev. 
The implication of a quantum yield lower than unity, actually found with 
4047, in the interpretation of diffuse spectra will be examined in the 
extended report now in preparation. 

CATALYSIS OF THE THERMAL DECOMPOSITION OF SILVER OXALATE BY 
SILVER SULFIDE 

Sir: 
I t  has been shown by one of us [S. E. Sheppard, "Colloid Symposium 

Monograph," 1925, Vol. 111, p. 761 that minute traces of silver sulfide 
formed on the silver halide grain of photographic emulsions have a power- 
ful sensitizing effect for the formation of the latent photographic image. 
This sensitizing action is manifested in two ways. The more important 
is a general sensitizing for all wave lengths to which the silver halide is 
itself sensitive, or for which it has been optically sensitized by dyes. 

Mecke, Naturzissenschaften, 51,996 (1929); 2. physik. Chem., 7B,  108 (1930). 
Henri, Nature, 125,202 (1930). 
Kondvat'ev, Z. physik. Chem., 7B, 70 (1930). 

4 National Research Fellow in Chemistry. 
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Beside this, under certain circumstances, silver sulfide can act as an 
optical sensitizer for silver halide, like colloidal silver. The condition for 
the optical sensitizing appears to be a very high dispersity of the silver 
sulfide on and in the silver halide, and a relatively large amount of this 
highly dispersed silver sulfide. A number of hypotheses have been pro- 
posed to account for this sensitizing action, several of which have been 
discussed by one of the authors [cf. S. E. Sheppard, "Sixth Hurter and 
Oriffield Memorial Lecture," Phot. J., 68, 397 (192%); also Phot. J'., 70, 
132 (1930)l. It has appeared to us that further light on the problem 
might be obtained by investigating the possible catalysis by silver sulfide 
of other reactions of silver salts. The thermal decomposition of silver 
oxalate 

AgzC204 -+ 2Ag + 2C02 

which has been studied by J. N. Macdonald and C. N. Hinshelwood [J. 
Chem. Soc., 127, 2764 (1925)J was tried first. Normally this reaction 
proceeds solely a t  the interface with silver nuclei, and shows a typical 
autocatalytic course. It was reported recently by A. P. Benton and I,. 
Cunningham [paper read a t  the Physical and Inorganic Chemistry Section, 
American Chemical Society, April, 19301 that illumination by ultra- 
violet light produces silver nuclei which effectively catalyze the reaction. 

30 
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Fig. 1. 

We have produced silver suljide nuclei on silver oxalate by various 
methods and have found silver suljide to be a very effective catalyst for 
the reaction, as shown by the graphs in Fig. 1. 
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A very marked diminution of the induction period is brought about. 
The extent of the catalysis evidently depends, in large degree, upon the 
dispersity of the silver sulfide. Although there is, in consequence of the 
decomposition, immediate accretion of silver to the silver sulfide nuclei, 
yet it appears evident that the latter are quite capable of replacing silver 
nuclei as catalytic phase. 

According to the Ostwald-Langmuir conception of these heterogeneous 
reactions, the reaction should proceed only a t  the three-phase boundary 
line, gas:solid 1:solid 11. G. Adhikari and J. Pelman [Z. 9hysik. Chem., 
131, 347 (1928)] have demonstrated actual "adlineation" in the case of 
the reaction 

H g  4- Iz -+ Hg : Iz -+ HgIz 
adsorption 

but they note that a physical theory which makes this result compre- 
hensible is still lacking. The fact that silver sulfide can replace silver in 
the present reaction, as topochemically isomorphous, may give a clue to 
the mechanism, which will be discussed in a fuller report. Meanwhile, 
the replaceability of silver by silver sulfide in catalyzing the thermal 
decomposition of silver oxalate, where it can hardly act as an "acceptorJ' 
of carbon dioxide, makes less probable the "halogen acceptor" hypothesis 
proposed by K. C. D. Hickman [Phot. J., 67, 34 (1927) ] for its photo- 
sensitizing effect with silver halides. Also it makes more doubtful the 
special photoelectrolytic theory of A. P. H. Trivelli [J. Franklin Inst., 
204, 649 (1927) ; 205, 111 (1928)l. The bearing of the present results 
on photosensitizing will be discussed in a fuller publication. 

ASSOCIATION POLYMERIZATION AND THE PROPERTIES OF ADIPIC 
ANHYDRIDE 

Sir: 
Paith in the existence of the once widely accepted hypothetical phenome- 

non, association polymerization, appears to have been revived (or strength- 
ened) in the minds of some of its proponents by the discovery1 

of a spontaneously reversible relationship between a biosan (?) and 
a polysaccharide. No certain examples of this phenomenon have ever 
been adduced among materials of known structure, although its supposedly 

1 Reilly and Donovan, Sci. Proc. Roy. Dublin Soc., 19,409 (1930); Schlubach and 
Elsner, Ber., 63,362 (1930); Vogel, ibid., 62,2980 (1929); Pringsheim, Reilly and Dono- 
van, ibid., 62,2379 (1929). It now appears, however, that these observations may be 
capable of quite a different interpretation. See Berner, ibid., 63, 1356 (1930). 
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diagnostic features are clearly presented by certain six-membered cyclic 
e ~ t e r s . ~  

Adipic anhydride, recently studied by Dr. Julian W. Hill in this Labora- 
tory, has already been described3 as a solid melting a t  97O, but the pub- 
lished evidence concerning its molecular weight is equivocal. It has now 
been found that adipic anhydride as prepared by the usual methods is 
polymeric. Its melting point varies considerably with accidental details of 
its prepsration. It cannot be distilled as snch, but on being heated in 
vacuo it is partially depolymerized, and the resulting (7-ring) monomer can 
be distilled. The latter is a colorless liquid that freezes a t  about 20'. 
It reverts spontaneously to the polymeric form. The reversion is catalyzed 
by traces of water: when it is poured into a not especially dried glass vessel, 
a scum of the polymer is formed at  the walls within a few minutes. 

The monomer and the polymer are sharply differentiated by their 
chemical behaviors. Both react practically instantaneously with aniline 
a t  room temperature; but the former yields only adipic acid monoanilide, 
whereas the latter yields a mixture of adipic acid, adipic acid monoanilide 
and adipic acid dianilide. The formation of dianilide (in 25% of the 
theoretical amount) constitutes a direct and decisive demonstration of the 
presence in the polymer of a series of adipyl residues united in a linear 
fashion by anhydride linkages 

CO-(CHp)~-CO-O-CO-(CH2)4-CO-O-CO(CHz)4-CO-O-etc. 

Thus the existence of a very high degree of mobility in the relationship 
between a monomer and its polymer does not preclude the intervention of 
real primary valence forces in the process or the presence of a definite 
macro-molecular chemical structure in the polymer, even though the 
monomer may not be unsaturated in the usual sense. 

A more detailed report of the study of adipic anhydrides will be sub- 
mitted a t  an early date. 

EXPERIMENTAL STATION WALLACE H. CAROTHERS 
E.-I. DU PONT DE NEMOURS AND CONPANY 
WILMINGTON, DELAWARE 
RECEIVED JULY 2 1930 
PUBLISHED A U O U ~ T  5,  1930 

THE PHOTOCHEMICAL OXYGEN-CARBON MONOXIDE REACTION 

Sir: 
We have been studying the photochemical oxygen-carbon monoxide 

reaction and wish to announce some of our results. At room temperature 
in a mixture of oxygen and carbon monoxide and with light-producing 

Carothers and Van Natta, THIS JOURNAL, 52, 318 (1929); Carothers, Dorough 
and Arvin, ibid., 52, 3292 (1930). 

a Voermann, Rec. trav. chim., [2] 23,265 (1904); Farmer and Kracovski, J. Chem. 
SOC., 680 (1927). 
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oxygen atoms, the reaction goes almost quantitatively with the formation 
of ozone. A comparison with equivalent mixtures of oxygen and nitrogen 
shows that of the two possible reactions of initially formed oxygen atoms, 
0 + U2 + X = O3 + X and 0 + CO + X = COz + X, the first goes 
a t  least 100 times faster. As both reactions are exothermic and probably 
do not require activation energy the above result should be attributed to 
the necessity for the oxygen atom and the carbon monoxide molecule to 
be properly oriented at the moment of collision, while the oxygen atom 
and the oxygen molecule can react more independently of their relative 
orientation in a similar triple collision. 

Some years ago Coehn and Tramm [Ber., 54, 1148 (1920)l reported 
that a t  mom temperature water vapor has no influence on the rate of the 
photochemical oxygen-carbon monoxide reaction. We have repeated 
their experiments a t  575' with the result that a t  this temperature water 
vapor has a very pronounced accelerating effect on the rate. This action 
is probably due to setting up of semi-thermal chains and may be linked 
with the well-known action of water in the thermal explosions of the 
carbon monoxide-oxygen mixtures. Further experiments on this subject 
are in progress and will be reported later in THIS JOURNAL 

PRICK CHEMICAL LABORATORY W. F. JACKSON 
PRINCSTON UNIVERSITY G. B. KISTIAKOWSKY 
PRINCETON, NEW JERSEY 
RECEIVED JULY 5, 1930 
PUBLISHED AUGUST 5, 1930 

THE OXIDATION OF LACTAL 
Siv: 

M. Bergmannl states that when lactal is oxidized with perbenzoic acid 
4-galactosido-mannose is produced in good yield. His experimental 
results indicate that solely this sugar is formed in the reaction. For the 
pure sugar he finds the value [a]g + 23.04 in water five minutes after 
solution, the rotation becoming constant a t  +30.0 after about eighty 
minutes. In  the autumn of 1929 we undertook the preparation of a con- 
siderable quantity of 4-galactosido-mannose for the purpose of studying the 
rotations of the sugar and some of its derivatives. The beautifully crystal- 
line lactal which was prepared showed [a]: + 27.69 in water, in full agree- 
ment with Bergmann's measurement (f27.70). The substance did not 
reduce Fehling's solution and was therefore free of sugar. Its oxidation by 
a solution of perbenzoic acid in ethyl acetate, following Bergmann's direc- 
tions, gave a good yield of a crystalline sugar the initial and final rotations 
of which corresponded well with his data, previously quoted. When the 
product, which absorbed no bromine and therefore contained no residual 

M. Bergmann, Ann., 434,79 (1923). 
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lactal, was fractionally recrystallized it proved to be a mixture of a t  least 
two sugars, one having a final [a]D less than 30' and the other a greater 
value, Many repetitions of the work gave the same result. The mixture 
of sugars was dissolved in the minimum amount of water and allowed to  
crystallize slowly after the addition of methyl alcohol, thus separating the 
product: into two fractions. After five such fractionations the extreme 
values for the high and low fractions were [ a ] D  34.6 and 26.9 (stable 
aqueous solutions). It is evident therefore that a review of Bergmann's 
data for 4-galactosido-mannose is required. We suppose that this sugar 
predominates in the lower-rotating fraction. What then is the identity of 
the higher-rotating sugar? It is apparently not lactose because i t  shows 
upward mutarotation and is very soluble in cold water. The separation of 
the sugars by fractional crystallization is tedious and considerable time will 
probably be required for the completion of the work. We are accordingly 
publishing this record of our year's studies on the subject. The experi- 
ments will be resumed in the fall of 1930, and it is also planned to  make a 
similar study of the oxidation of cellobial and similar substances. 

NATIONAL INSTITUTE OF HEALTH ANDREW J. WATTERS 
WASHINGTON, D. C. C. S. HUDSON 
RECEIVED JULY 9, 1930 
PI:BLI~H~~D Awcrrsr 5. 1930 

NEW BOOKS 
The Analytical Expression of the Results of the Theory of Space Groups. By RALPR 

W. G. WYCKOFF. Second edition. Carnegie Institution of Washington, Wash- 
ington, D. C., 1930. 239 pp. 222 figs. 17.5 X 25.5 cm. 

The tabulation of the special positions of the space groups has been 
useful in facilitating the determinations of atomic arrangements in crystals. 
The second edition of this work has been modified to include a graphical 
presentation of the symmetry elements of the space groups together with 
statements of the symmetry properties of the special positions. C. 
Hermann's recently proposed nomenclature is included in the outline 
of the derivation of the space groups. The majority of the errors in the 
tables of the first edition have been corrected. 

STERLING B. HENDRICKS 

Trattato di Chimica Organics. (Treatise on Organic Chemistry.) By GI~JSEPPE 
ODDO, Professor of Chemistry a t  the University of Palermo. Casa Editrice Remo 
Sandron, Palermo, Italy, 1930. xv + 949 pp. 101 figs. 17.5 X 25 cm. Price, 
I,. 90. 

I t  is dot~btful whether or not an elementary textbook of organic chem- 
istry can be expected to serve a t  the same time as a reference work for the 
advanced student. Most American textbook writers have contented 
themselves with a brief survey of the subject and have placed much 
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emphasis on making it attractive to the beginner. These books are 
unsuitable for the advanced student. This is undoubtedly one reason 
for the great popularity of the more comprehensive textbooks which have 
been translated from German. Professor Oddo's treatise is of the latter 
type. It is one of the most complete treatments of the subject which 
has appeared in a single volume. 

The book offers little that is novel either in the subject matter or the 
manner in which i t  is organized. The order of topics is the traditional 
one and the material is handled in a very conservative manner. The 
writer has concentrated his attention rather upon making the work terse, 
accurate and readable. In this he has succeeded admirably. Despite 
the vast amount of information included, the book is so attractively 
written that when one examines i t  for a particular bit of information 
he is likely to find himself continuing to read far beyond the point a t  which 
his immediate interest ceased. 

It is to be regretted that the author has not seen fit to take advantage 
of certain recent developments in our ideas of valence. In the treatment 
of the "onium" compounds, a t  least, one might expect to find the electron 
theory used. Yet the nitrogen atom in ammonium compounds is still 
written as pentavalent. 

But for this exception the work is thoroughly up to date. Especial 
care has been taken to mention recent industrial developments. The 
reviewer knows of no volume on the subject which is better adapted than 
this one to the needs of the advanced student. 

REYNOLD C. FUSON 

Outlines of Biochemistry. The Organic Chemistry and the Physico-Chemical Reactions 
of Biologically Important Compounds and Systems. BY ROSS AIKEN GORTNER, 
Professor of Agricuitural Biochemistry in. the University of Minnesota. John 
Wiley and Sons, Inc., New York, 1929. xv + 793 pp. 133 figs. 15.5 X 23.5 cm. 
Price, $6.00. 

The author has performed an important service in the preparation of 
this book, It covers much material not found in other texts, with which 
biochemists need become better acquainted, namely, a very full and modern 
treatment of the colloidal state, to which is devoted 290 pages (slightly 
more than the whole of Kruyt's well-known text) ; and has valuable chap- 
ters dealing with the following groups of substances, of especial interest 
in the chemistry of plant tissues, the pectic substances contributed by J. 
J. Willaman, tannins, plant pigments and essential oils. Besides these 
distinctive chapters, the treatment of proteins, carbohydrates, fats and 
lipides, vitamins and enzymes, which together makes up the remainder 
of the work, seems to the reviewer sound, accurate and, in many respects, 
admirable. The form of presentation is attractive and stimulating. 
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The sub-title of the book, "The organic chemistry and the physico- 
chemical reactions of biologically important compounds" correctly indi- 
cates its content and viewpoint. The volume is based upon a course of 
lectures, developed during a period of seve~iteen years, for students in the 
department of Agricultural Biochemistry a t  the University of Minnesota. 
The illustrative material is drawn naturally rather more from agriculture 
and inanimate phenomena than from animal biochemistry. It will prob- 
ably be for some time a standard book in connection with plant physiology, 
a subject badly in need of development. Also for use as the chemical 
preparation for a thorough course in general physiology, Gortner's book 
would be admirable. Such a combined course would doubtless be a better 
preparation for later specialization in some division of biochemistry than 
most graduate students now receive. On the other hand, i t  may be ques- 
tioned whether still better preparation may not be had by the study of 
colloidal phenomena in a special course as a topic of physical chemistry, 
leaving room for some consideration of ehemical physiology as a part of 
the course in biochemistry. Especially to all students devoting themselves 
to biochemistry who lack sound preparation in colloid science and to  all 
teachers of the subject, Gortner's book is warmly recommended. The 
numerous references, each with full title, to journal articles, and the se- 
lected list of monographs, constitute a valuable bibliography. Work 
from the author's laboratory is perhaps given disproportionate notice, 
but this attests a first-hand knowledge by the author of the material pre- 
sented. 

Illustrations are abundant; the type, printing and binding are very good. 
A few minor errors have been noted. On page 107 i t  is stated that  

PH is decreased on adding base to a solution. A number of statements on 
page 106 should be qualified. On page 226 "carbohydrates are partially 
burned, giving rise to lactic acid" is misleading; and the statement that 
rigor mortis is hastened by an atmosphere of oxygen is erroneous. The 
reviewer is not acquainted with evidence for the statement on the same 
page that a "contracted muscle invariably has a higher water content 
than does a relaxed muscle." The statement on page 429 that "any ap- 
preciable quantities of these P-ketonic acids are indicative of a serious 
pathological condition" is, unless qualified, erroneous. The structure 
given on page 453 for glutathione is now known to be incorrect. 

This work is not suitable for use as a text with classes of medical stu- 
dents or others interested mainly in animal biochemistry, unless supple- 
mented by much other material covering the broad field of correlation 
of chemistry to function and metabolism. To cite an illustration, although 
the section on carbohydrates, so far as i t  goes, is excellent, including an 
interesting treatment of photosyntliesis, the metabolism of carbohy- 
drate is largely neglected. Only ten lines are devoted to glycogen. Insulin 
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is mentioned only once, to record the fact that glutose fails to relieve 
insulin convulsions. It is unfortunate that more material is not included 
from the field of animal metabolism and chemical correlation of func- 
tion, not for its medical bearing but by reason of its purely scientific interest 
and importance as a part of biochemistry. 

In  his preface Professor Gortner expresses the following opinim: "In 
most of the Universities of America the development of the field of bio- 
chemistry has been left very largely to the group interested in the medi- 
cal aspects. Accordingly, in a very large measure the biochemistry of 
the American Universities is not biochemistry in its strictest sense, but 
rather leans more and more toward the field of human pathology. Most 
medical school biochemistry could be more correctly designated as human 
pathological chemistry." Recognizing the need of departments of physio- 
logical chemistry in association with medical schools, he says, "It should 
likewise be recognized that there is a necessity for a study of the funda- 
mental reactions underlying the broader field of biology, the primary 
object of which is to study and investigate the chemical and physico- 
chemical reactions which take place in the normal biological organism, 
whether that organism be animal or plant." With the last quotation most 
biochemists will heartily agree, though many will also maintain that the 
point of view advocated has long been the attitude of a large number of 
American students even of "human pathological chemistry." The univer- 
sality of knowledge and the interdependence of nearly all departments of 
biology upon nearly all divisions of physical science is perhaps more widely 
appreciated by biochemists in medical schools than Professor Gortner 
realizes. His book will nevertheless aid in spreading that important 
doctrine. The reviewer would suggest that phytochemistry also may 
profit from closer contact with both physiological and pathological 
chemistry. 

PHILIP A. SHAFPER 
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