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As a part d a systematic study d catalysis in homogeneous solution
carried out in this Laboratory! under the direction o Professor Julius
Stieglitz, an exact measurement has been made d the rate o saponification
d methyl acetate d about one hundredth molar concentration in agqueous
sodium hydroxide solution at 25°.

Experimental Detail

Except for the case d the ester the preparation d materials, the method
d measurement, the excluson d carbon dioxide d the air from contact
with reagents, etc., were the same as described el sewhere.]

Methyl acetate was prepared, first, by fractionation d Kahlbaum's best grade o
ester, second. by the reaction o acetic anhydride and methyl acohol and, third, by the
reaction d acetic acid and methyl acohol catalyzed by sulfuric acid as described by
Wade2 and purified by the method d Wade and Merriam.? All samples were neutral
to azolitminin water solution. No difference wasfound for the rate d reaction o the
ester d these samples.

In thiswork and in part d the work d Wilson and Terry* a special apparatus was
used to take the samples d the reaction mixture for analysis at noted times. The
apparatus, which was developed jointly with Wilson, will now be described with the
assistanced Fig. 1. The main parts are as follows: (1) the flask A which held the
reaction mixture, (2) the valve tube B connecting A with the mercury pipet C from
which mercury was discharged into A, producing simultaneously the discharge o an
equal volumed the reaction mixture from e the ddlivery tube d A, into the receiving
bottle at M, (3) thereservoir E from which mercury wasforced into C asit was needed,
(4) thedevice H by means d which the delivery tube A could befreshly filled with solu-
tion just prior to the discharge d mercury from C, and (5) the coiled copper tube F
through which water from the hydrant passed into E, thus supplying the pressure

1 Seeref. 2 o Terry and Stieglitz, THIS JOURNAL, 49, 2216 (1927), for details o
this study. The present paper is based on the thesis d Dr. Gooch, which was pre-
sented in 1916.

2 Wade, J. Chem. Soc., 87, 1656 (1905).

8 Wade and Merriam, <bid., 101,2429 (1912).

¢ Wilson and Terry, THIS JOURNAL, 50, 1250 (1928).
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which caused the flow of mercury from E whenever Stopcock 1 was opened. The
apparatus was contained in a de Khotinsky thermostat, the water level d which is
indicated by the horizontal broken line in the diagram.

Although much d the apparatus will be evident from the diagram, the following
details and explanations are given to complete the very brief description o the ap-
paratus which space permits. The glass to metal, glass to rubber and the glass to glass
seals fatz and z’) were made with de Khotinsky cement. Each unit  the apparatus
was equipped with a stopcock used only in filling it. These stopcocks are s and 2, 5,
6, 7 and 8.

The mercury pipet C, which wasd 98-cc. capacity, had a small cap f with a two-
millimeter hole through the top The cap could be removed when it was necessary
to clean C.

L‘-}

Rubber
Monel
Brass

] Nercury

Fig. 1

Before a bottle had been put in place at M, the operator stopped the exit of e
with a finger and opened Stopcock 1. Mercury then flowed upward in C to fill it.
Stopcock 1 wasthen closed and the hole at f was closed with a finger, the operator being
careful to leave no air bubble in C. Thetip of e was then released and prepared for
the discharge d a sample from A in the manner used commonly for pipets. The oper-
ator removed his finger from f at the desired instant, thus permitting the entrance o
air to C and the discharge & mercury from C through R into the water layer in the
top o B. An equal quantity o mercury was simultaneously discharged into A. R
was a monel metal cap carrying an adjustable annular slit so narrow that the momentum
acquired by the falling mercury in C was expended in forcing the last portion through
the aperture into water. With this device the mercury in C descended quietly to a
position d rest at a nearly constant level in the graduated stem o C, and a reading
was quickly made d the exact location o the meniscusin order to determine the exact
volume discharged from A to M. The valve R was designed and made for us by Cap-
tain A. de Khotinsky, now d Pentwater, Michigan, who was associated with this
Laboratory at the time this work was done.
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When an experiment was begunthe apparatus had already been filled with mercury
to the levels shown in Fig. 1 except in the case d Flask A, which was empty. The
lugsdf thecover d A (see diagram) had been unscrewed and the stopper with its equip-
ment of Beckmann thermometer, discharge tube e and air tube had been removed.
After the reaction mixture had been prepared in A, the stopper, etc., was clamped in
place, mercury was forced into A from E through C and B until all the air was dis-
placed in A, the last bubbles under the stopper being forced out through stopcock s,
which was then closed for the remainder o the experiment. The diagram shows the
apparatusready for thefirst discharge d a measured sample of the reaction mixture.

Constant temperature in C was maintained by meansof thewater jacket K through
which water was pumped from the thermostat in which the main apparatus stood.

The bulb “D’” was simply a trap to prevent grease from Stopcock 1 from being
carried into C.

The chamber H contained a constant quantity o air under pressure imposed by
opening Stopcock 4, thus connecting H with . When Stopcock 4 was closed and 3
was opened the air compressed in H forced the required amount o mercury into A,
thuscausing freshliquidto displacethat already in thedischargetube, e. Thisoperation
was carried out just before taking a reaction mixture sample. H could be dispensed
with when economy o material was not important.

The advantage o the above-described apparatus over that first used in this Lab-
oratory' was that greater ease and speed d operation were possible with it. Only
when it was necessary to remove samples every minute was more than one operator
needed. Under these conditions two were required instead of three as with the older
form.

Another apparatus that simplified work, thistime d titration, was the mechanical
shaker already referred to. Thiscould be used asshown inFig. 1 or to shakethe samples
during titration. The sample taken from the reaction mixture was always discharged
into a measured amount o hydrochloric acid sufficient in quantity to more than neu-
tralize the free base present. The titration of the excess acid, which was acetic acid
because d double decomposition d hydrochloric acid with sodium acetate, required
careful observation o the end-point, as the solutions were dilute. This was made
tedious by the necessity o removing mist from the surface d the container, which was
at 0° (seeref. 1for these details).

Captain de Khotinsky, therefore, designed and made for usthe shaker in question.
It was controlled by a foot switch so that the operator had both hands free for the
necessary manipulations. The efficiency o shakers o thistype is evinced by thefact
that they are still in use (1915-1928) at this Laboratory in cases where the titration
samples are large and the observation d the end-point is difficult.

The construction o the shaker, shown at M o Fig. 1, isdescribed briefly asfollows.
The titration bottle is supported on a circular base and held in place by two rods con-
nected to a semicircular collar that easily dips into place around the neck of the bottle.
Thiscircular baseis mounted at a slight angle to the horizontal on one end of a counter-
balanced frame which is made to whirl by an intermittent electric clutch driven by a
small motor (not shown in the diagram). The angle d the base is so adjusted to the
height o the bottle that while the base d the bottle is moving in a circle, the opening
in its neck does not change its position and thus permits the presence o the buret tip
without contact with the neck o the bottle. Thus the frame and the bottle revolve
about a perpendicular line (see dotted line at M o Fig. 1) while an equal counter ro-
tation o the bottle itself, produced by a series o compensating gears, prevents the
bottle from revolving about its own axis. The advantage o thisis that the liquid is
whirled within the bottle and not with the bottle. The clutch is made intermittent
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because a continuous whirling motion causes the liquid to form layers at the sides o
the bottle without mixing with the solution which is being added.

We take pleasurein acknowledging here our indebtednessto Captain de
Khotinsky for thedesign d the valve and shaker.

Results

Coefficientsd the rate d the reaction were calculated by meansd the

following integrated form d the bimolecular reaction equation
k = [2.803/(& — &)(B — E)]log (B — X)(E — X3)/(B — Xo)(E — X1) (1)

The initial concentration d ester and base are indicated by the letters
B and E, respectively; the concentration d ester or base changed up to
thetimetiscaled X; K isthecoefficientd thereaction.

In Table | are given the results d a representative experiment. The
term (b—x) is the compositiond the solution with respect to basein terms
of f, the normality d standard acid, which was 0.009917. Obvioudy
(b—x)f = (B—X) but the implied multiplication is not carried out since
f would subsequently be canceled when (B —X) is substituted in the above
equation. Theterm (b—e) is the composition d the solution at the end
d thereactioninterms off. Obviously (E—X) =f[(b—x) — (b—e¢)] =
f (e—x), ebeing the concentrationd the ester in terms of f, and (e—x) may
be used in placed (E—X) in Equation 1. The value d B givenin the
table was calculated from the dilution d the stock solution used to make
the reaction mixture.

TaBLE |

RESULTS OP A REPRESENTATIVE EXPERIMENT
Time & —=x) Temp., °C. K K K
2.050 0.8552  24.967 (2.050 (2.800  (3.604
2.800 .8135  24.970 = ) =t) =t)
3.604 7756 24.976 f = 0.009917
6.917 6550 24986  11.64 11.59 11.63 B = 0.0094
7.992 6255 24988 11.64 11.61 11.64
8.908 .6027  24.990 11.67 11.65 11.68 (b-e) = 0.2691
9.900 .5817 24.995  11.61 11.58 11.60
10.925 .5608  24.994  11.64 11.62 11.64
12.112 .5399  24.994  11.63 11.60 11.62

Av. 11.641  11.614  11.639

Av. temperature 24.983'. Kix.o = 11.64.

In Table II isgiven asurvey d experiments. |n Part 1 are given the
results for temperature close to 25.00 and in Part 2 are given results at
temperatures near 25.20°. From the average d the two series at coeffi-
cient d 0.0087 per 001 change d temperature wasobtained. By means
o this all results (except those at 25.20°, Part 2) are corrected to 25.00.

In Part 3 d thetable are the results of experiments done under photo-
graphic dark room conditions as described elsewhere.® |t will be seen that

¥ Gooch, THIS JOURNAL, 49,2257 (1927).
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TasLE 11

1963

SummARY oF raE RESULTS or THE FIRST SERIES oP ExprriMeEnTs (1915)

B

0.01000
.00994
.00994
.01009
.01009
.01009
.01009
.01009
.01010
.01010
.01010
.01010
.01011
.01011
.01011

0.01001
.01011
.01011
.01011

0.01010
.01010
.01010

0.02003
.02003
.02003
.02007
.02007
.02007

E K
Part 1
0.00792 24.979 11.674
.00726 24.983 11.631
.00789 24.980 11.604
.00763 24.980 11.650
.00728 25.000 11.677
.00749 24.975 11.688
00778 24.974 11.709
.00785 24.970 11.689
00785 24 962 11.647
00779 24.994 11.669
.00788 24.989 11.610
.00760 24.975 11.652
.00753 24.988 11.654
.00803 24.988 11.664
.00815 24.990 11.632
Part 2
0.00810 25.190 11.799
.00765 25.195 11.874
.00788 25.178 11.829
.00799 25.186 11.839
Part 3 (Experiments under dark room conditions)
0.00780 24.997 11.650
.00802 24.987 11.612
.00770 24.989 11.664
Part 4
0.01747 25.010 11.629
.01692 25.009 11.624
.01665 25.000 11.644
.01488 25.006 11.792
.01553 24.988 11.674
.01589 25.000 11.642

Temp.
(average). °C.

Av.

Kas.00

11.690
11.644
11.621
11.667
11.696
11.710
11.731
11.714
11.684
11.674
11.619
11.674
11.664
11.674
11.644

11.674

11.650
11.624
11.674

11.649

11.620
11.606
11.644
11.697
11.684
11.642

11.649

asin the case d ethyl acetate diffuse daylight has no effect on the speed
d the reaction.

In Part 4 are given the resultsd experimentswith mixtures near to 0.02
molar with respect to sodium hydroxide and 0.016 with respect to ester.
The difference between thefirst seriesd Part 1 and thisseriesisdlight and
within the limits d experimental error.

Table 111 givesthe results o experimentscarried out one year later than
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the others. The results will be seen to be in good agreement with the
earlier ones.

TaBLE III

SUMMARY OF RESULTS OF THE SECOND SERIES OF ExXPERIMENTS (1916)
B E (avg;éne?: °C. K Kas.00

Part 1
0.01003 0.00758 25.018 11.765 11.748
.01003 .00741 25.026 11.670 11.678
.01003 .00750 - 25.020 11.731 11.714
.01000 .00754 | 25.025 11.724 11.702
Av. 11.710

Part 2
0.02012 0.01621 25.031 11.760 11.733
.02012 .01595 25048 . 11.727 11.684
.02012 .01607 25.042 11.669 11.634
.01974 .01602 25.045 11.757 11.717
.01986 .01723 25.090 11.739 11.662
Av. 11.686

Thewidest deviation d valued Kobs. in a single experiment was 1.63%.
The average deviation was 0.93%. The maximum deviation d the mean
coefficient o each experiment from the average d all is 0.65%. The ex-
pected error in timing and measurements d samples was 0.75%. There-
fore it may be stated that the value 11.67 has an error not greater than
1%.

Comparison df Results with the Work o Others.— Although various
workers® have made measurements on the reaction under consideration,
only one experiment, that & Walker,” is comparable with the present ex-
periments. Professor Walker used the conductivity method. Although
he felt uncertain d the first and last quarter d his experiment and his
results varied asmuch as 3%, still his average coefficient was11.7, differing
from the value obtained in thiswork by only 0.3%.

Summary

Measurements are reported d therate d saponificationd methyl acetate
at 0.008 and 0.016 molarity in agueous solutions d sodium hydroxide d
0.01 and 0.02 molarity, respectively. The coefficient  the reaction for
25.00° was found to be 11.67 moles per minute with a possible error not
greater than 1%6. It was demonstrated that diffuse daylight has no effect
upon therated the reaction.

¢ Reicher, Ann., 228, 278 (1885), experiments at 9.4°; Bugarsky, Z. phkysik. Chem.,
8, 398 (1891), measurements at 19.4°; Volkmann, " Dissertation,” Freiburg, i/Br,
experiments at 0, 10, 20, 30, 40 and 50°.

7 Walker, Proc. Roy. Sec. London, 784, 158 (1906).



July, 1929 A NEW QUALITATIVE REAGENT FOR SODIUM 1965

Two specia piecesd apparatus are described. Oneisamachine for the
rapid measurementd samplesd a solution without exposured the |atter to
air. Theother isadevicefor shaking a solution while it is being titrated.

CHicAGO, ILLINOIS

[CONTRIBUTION FROM THG ANALYTICAL LABORATORY oF PRINCETON UNIVERSITY]
A NEW QUALITATIVE REAGENT FOR SODIUM
Earre R. Caly
RrcrivEp NovEMBER 8, 1928 PusLisaep JurLy 5, 1929

It is generadly acknowledged that the usua methods for detecting
sodium in qualitative anaysis are far from satisfactory. The flame
test is much too sensitive in that it failsto show whether sodium is present
as an essential constituent or whether it is present in traces as an acci-
dental impurity, while the pyroantimonate test is not sufficiently sensitive
in the presence d large amounts d potassium and in other respects is
an unsatisfactory reagent.

The possibilities suggested by Streng’'s* discovery d a specific micro-
scopical reagent for sodium have not been generally appreciated. This
worker found that a solution containing properly adjusted quantities
uranyl acetate, magnesium acetate and acetic acid formed characteristic
crystals d a sodium-magnesium uranyl triple acetate when added to
solutions containing sodium ions. Streng adso noted that certain other
bivalent metals might be substituted for magnesium in this reaction and
this observation suggested, in part, the present experimental work.

In 1923 BlanchetiPre2 devised a magnesium-uranyl acetate reagent that
could be used as a precipitant for sodium in ordinary analysis. Kolthoff3
improved this reggent and tested its value for qualitative purposes.
These results were confirmed by Crepaz.* Noyes and Bray® also showed
the value d Blanchetiére’s magnesum-uranyl acetate reagent as a con-
firmatory test for sodium in systematic qualitative analysis. In 1927
Kolthoff® described a reagent d the same type in which zinc was sub-
stituted for magnesium and found that this was an even more sensitive
reagent for sodium.

While the two reagents mentioned above are quite sensitive toward
sodium, they possessthedisadvantaged giving precipitates with potassium
when moderate amounts d this ion are present in the solution tested,

L A. Streng, Z. wiss. Mikroskop., 3, 129-130 (1886); Chem. Zentr., 17, 488 (1886).
2 A. Blanchetiére, Bull. soc. chim., 33,807-818 (1923).

¢ 1. M. Kolthoff, Pharm. Weekblad, 60, 1251-1255 (1923).

* K. Crepaz, Ann. chim. applicata, 16,219-224 (1926).

5 A. A. Noyes and W. C. Bray, "A System d Qualitative Analysis for the Rare

Elements," The Macmillan Company, New Y ork, 1927, pp. 258 and 472.
¢ .M. Kolthoff, Z. anal. Chem., 70,397400 (1927).
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so that when using gram samples, as is usual in qualitative analysis,
these reagents cannot be used safely without effecting a separation of the
two elements before applying the test for sodium. It has been found that
a cobalt—uranyl acetate reagent of the above type is sufficiently sensitive
toward sodium for the ordinary purposes d qualitative testing and yet
is less sensitive toward potassium than the reagents containing zinc or
magnesium, so that it may be safely used for detecting sodium in the
presence d potassium when prepared and applied in the manner described
below.

Preparation d Cobalt—Uranyl Acetate Reagent. — It wasfound that the
most suitable manner d preparing the reagent isin two portionsasfollows.

Solution A Solution B
Crystallized uranyl acetate 40 g. Crystallized cobalt acetate 200 g.
Glacial acetic acid 30g. Glacial acetic acid 30g.
Distilled water to 500 cc. Distilled water to 500 cc.

Each solution is separately warmed to about 75° until all d the salts are
in solution and then the two solutions are mixed at this temperature
and dlowed to cool to 20°. The vessd containing the mixed reagent
is then placed in water at 20°, and held at this temperature for an hour
or two until the excessd salts has crystallized out. The reagent isfinally
filtered through a dry filter into a dry bottle.. The solution thus pre-
pared keepsindefinitely.
Experimental Part

General Technique.—In common with the triple acetates containing magnesium
and zinc, the triple acetate containing sodium, cobalt and uranyl exhibits a marked
tendency to form supersaturated solutions. This tendency is readily overcome by
shaking the reagent vigorously with the test solution used. For qualitative purposes
it was found that the most satisfactory procedurewasto mix the reagent and the solu-
tion to be tested in a test-tube and then to stopper the tube and shake vigorously for
two to three minutes, finally setting aside for five minutes before making the observa-
tion. Inthefollowingexperiments, standard solutions d pure salts were prepared and
tested in this manner. The precipitates formed with this reagent are best observed
by holding the test-tube above thelevel d the eye and then looking at the bottom o
the tube, by which means the heavy yelow precipitate that settles to the bottom o
the tube may readily be seen in contrast to the deep red reagent.

Reactions d Cobalt-Uranyl Acetate Reagent with Pure Sodium
Chloride Solutions.— Table | shows theresults o a series d experiments
made on solutions of pure sodium chloride.

It will be seen that two milligrams of sodium give an immediate pre-
cipitate with the reagent, while one milligram may, with certainty, be
detected by alowing the mixture d reagent and sodium solution to stand
for an hour or two. The results aso indicate the necessity d keeping
the volume d sodium solution down to a minimum so as not to dilute
the reagent unduly and lead to the non-separation d the triple acetate.
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TaABLE |
REACTIONS OF CoBaLT-UraNYI, ACETATE REAGENT WiTH PURE SobiuM CHLORIDE
SoLuTIONS
Sodium Sodium Ppt. after shaking Ppt. after
Reagent, solu., present, and standing one
ce. cc. g. for 5min. hour
10 1 0.0020 Marked Heavy
10 2 20020 None Sight
20 1 .0030 Heavy Heavy
20 1 .0020 Marked Heavy
20 2 0020 None None
20 1 .0015 Sight Marked?
20 1 .0010 None Slight®
20 1 .0005 None None®

« Maked ppt. in ten minutes. * Maked ppt. after severd hours. © No ppt. in
24 hours

The reason for using relatively large volumes d reagent appears under
the experiments on potassium solutions.

Reactions with Potassium Chloride Solutions.—Table II shows the
results obtained in a similar series of experiments in which one cc. o
potassium solution was used in each ease.

TaBLE 11
REacTioNs OF CoBALT-URANYL ACETATE WITH PoTassiuM CHLoRIDE SoLuTions
Potassium Ppt. after 5 Ppt. after 1 Ppt. after 24
Reagent, cc. present, g. mim. hour hours
5 0.0500 None None
5 .1000 Heavy Heavy
10 .0500 None Noe c
10 .1000 None None Sight
10 .1500 Heavy Heavy e
20 .1000 None Nore None
20 .1500 None None Sight
20 Sat. KC10n. None Sight Heavy
20 Sat. K.SO; soln. None None None
10 Sat. K,S0; soln. None Norne

It isevident from these results that the use d sufficiently large volumes
d reagent favors the non-precipitation d the triple acetate o potassium,
cobalt and uranyl. Evidently the concentration d potassium in the total
volume d reagent plus solution governs the amount d precipitation and
not the concentration d potassium in the origina test solution. These
experiments showed that a saturated solution d potassium sulfate gives
no precipitate with 20 cc. d thisreagent and that even a saturated solution
d potassium chloride gives noimmediate reaction.

Experiments on Precipitating Sodium in the Presence of Potassium. —
To determine whether or not the presence d potassium would reduce
the sensitivity d the reagent toward sodium, pure sodium and potassium
chloride solutions were mixed, evaporated until their total volume was
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reduced to 1 cc. and then tested with 20 cc. d the reagent in the usual
manner. Table III shows the results.

Tasrg I1I
DETECTION oF SopiuM IN THE PRESENCE oF Potassium wiTH CosALT-URANYL ACETATE
REAGENT
Sodium Potassium Ppt. after Ppt.
present, present. shaking and af?e_r
g. g standing for 5 min. 15 min.
0.0010 0.0500 Slight Fair
.0010 .1000 Slight Fair
.0010 .1500 Slight Fair
.0020 .1000 Fair Good
.0030 .1000 Heavy Heavy

It was therefore concluded that the presence d potassium does not
decrease the sensitivity d the reagent toward sodium. If anything,
the presence d potassium appears to tend to increase the rapidity d the
formation d the sodium-cobalt uranyl triple acetate.

Reaction d Cobalt-Uranyl Acetate Reagent with Various Ions.—
Solutions d salts d lithium, ammonium, magnesium, calcium, barium
and strontium, known to be free from all but traces d sodium, were also
tested with the reagent. It wasfound that the reagent gave no reaction
with theseionswith the exception d lithium. Even in the cased lithium
it is much less sensitive than the corresponding reagents containing
zinc and magnesium since 10 mg. d lithium in 1 cc. o solution gave no
precipitate and even 20 mg. gave only a faint precipitate after standing
for several hours. For the usual student courses in qualitative analysis,
the behavior toward lithium is, d course, d no significance. It has been
found that most heavy metals give no reaction with this reagent. Phos
phates and other anions that would precipitate the metallic constituents
d thereagent must be absent, a condition that is automatically provided
for in systematic qualitative analysis.

Quantitative Possibilities d this Reagent.— Several experiments were
aso directed toward determining the possibility d using this reagent
for the quantitative determination d sodium, but it is apparently not
suited to this purpose. Several analyses d the triple acetate precipitates
obtained by this reagent showed that they approximate the composition
represented by the formula 3U02(C2H302)2'CO(C2H302)2'NaC2H302‘6H20.
It was found, however, that they tend to vary in composition so much
that they are worthlessfor quantitative purposes.

Application to the Usual Scheme for Qualitative Analysis.—In apply-
ing thisreagent to the usual planfor the qualitativeanaysisd the common
metals it is preferable to precipitate magnesium along with barium,
calcium and strontium according to the well-known procedure d Noyes.?

TA. A. Noyes, "Qualitative Chemical Analysis," The Macmillan Company,
1920, 8th ed.
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The filtrate resulting from the ammonium carbonate group may then
be treated as follows.

MobirFIED PROCEDURE FOR THE ALKALI GROUP

Acidify the filtrate from Group |V with dilute sulfuric acid and evaporate care-
fully to dryness in a porcelain dish, finally heating to expel ammonium salts. After
cooling treat the residue with 2 cc. o cold distilled water and stir for several minutes
to bring the sulfates into solution. Finally filter through a small filter. Divide the
filtrate into two equal parts.

Part |.—Test for potassium in the usua way with sedium cobaltinitrite, con-
firming by means o the flame test.

Part 11.—Add 10-20 cc. o cobalt—uranyl acetate reagent, stopper the test-tube
and shake thoroughly for two to three minutes. Allow the mixture to stand for at
least five minutes. The formation d a yellow precipitate indicates the presence o
sodium.

NOTES oN THE PrROCEDURE

1. In case large amounts d these alkalies are present the sulfate residue will
not all gointo solution. ‘This is no disadvantage since the usual tests will be obtained.

2. Care must be taken to use not more than 1 cc. d solution for the sodium test.

3. The amount and speed d formation d the triple acetate precipitate in the
test for sodium afford a valuable indication o the probable amount present.

Summary
1 There has been described a new qualitative reagent for sodium
composed d asolution d uranyl and cobalt acetates in normal acetic acid.
2. 'The.application d this reagent in the qualitative scheme for the
common metal s has been indicated.
PRINCETON, NEW JERSEY

[ConTRIBUTION FRCM THE DEPARTMENT OF CHEMISTRY OF STANFORD UNIVERSITY ]

THERMAL DATA ON ORGANIC COMPOUNDS. V. A REVISION
OF THE ENTROPIES AND FREE ENERGIES OF NINETEEN
ORGANIC COMPOUNDS

By GEORGE S. Parks, KENNETH K. KELLEY AND HucH M. HUFFMAN
RECEIVED DECEMBER 10, 1928 PuBLISHED JULY 5, 1929

In four preceding paperst the entropies and free energies d eighteen
organic compounds have been calculated from heat capacity data by means
d the third law d thermodynamics. In these calculations the entropy
increase for each compound between zero absolute and 90°K. was ob-
tained by use d the "n formula® d Lewisand Gibson,? asin most cases
the heat capacity datadid not go much below thelatter temperature. This
formula was recognized as being only a rough first approximation but its
simplicity and ease of application justifiedits usefor comparative purposes.

! Parks, THIS JOURNAL, 47, 338 (1925); Parksand Kelley, ihid., 47, 2094 (1925);

Parksand Anderson, ibid., 48, 1506 (1926); Parks and Huffman, ibid., 48, 2788 (1926).
? Lewis and Gibson, ibid., 39,2565 (1917).
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However, recent measurements down to liquid hydrogen temperature's,
made on a number d these substances by one d us (K. K. K.) at the
University of California, have demonstrated that in the case d organic
compounds the “n formula* gives results for the entropies at 90°K.
which are 20 to 30% too high. Since our entropy and free energy calcu-
lations were primarily for comparative purposes, thisfact does not invali-
date the important conclusions drawn in the preceding papers. However,
the desirability d now putting the resultson an absol ute basis has rendered
necessary a revison d our earlier values.

Inthe case d at!east twelve organic compounds heat capacity datafor
the crystalline state are at present available down to or bdow 20°K.
With the aid d these data we have developed'a simple, accurate method
for estimating the entropy increases for organic substances between 0
and 90°K. The molecular heat capacity curvesfor the twelve compounds®
fall naturally into two classes—one for aliphatic and one for cyclic com-
pounds. In each class the various experimental curves are essentially
similar in character and we have been able to construct a type or standard
curve. For any particular substance in either classthe molal heat capacity
at each temperatureis given quite accurately by the equation

C, (per mole) = (A + BT)C, )
where A and B are characteristic constants for each substance and C,
refers to the heat capacity on the standard curve at the temperature 7.
It then followsthat

0
Seo = AS} + B j:) C, dT @)

where Sy, is the molal entropy d the substance at 90°K. and Sy, is that
for the standard. To evaluate A and B it is merely necessary to know
C, for the substance at two different "temperatures, 90 and 120°K. for
instance, whereupon two independent equations, similar to (1) and involv-
ing these constants as unknowns, may be set up and solved. Applying
this method to the twelve compounds referred to, we have calculated the
respective values d Sgo and have compared these with the corresponding
experimental ones. The average difference is 0.3 E. U., or about 2.6%,
and is probably not much greater than the average error in the experi-
mental values.

By means d this extrapolation method we have revised the entropies
d the eighteen aliphatic compounds studied in the four preceding papers.

3 Weare here using the data o Iange, Z. physik. Chem., 110,350 (1924), for quin-
one and hydroquinol, the results o Simon, Ann. Physik, 68, 258 (1922), for glucose,
and those o Gibson and Giauque, THis JOURNAL, 45, 93 (1923), and of Simon and
Lange, Z. Physik, 38, 227 (1926), for glycerol. The data for the remaining eight com-
pounds (methyl alcohol, ethyl alcohol, n-hexyl alcohol, #sopropyl alcohol, acetone,
toluene, m-xylene and cyclohexanol) were obtained by the second author in recent
work at the University o California.
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The new values are given in Table |. For purposes & completeness we
have also included formic acid, which was studied by Gibson, Latimer
and Parks* in a still earlier investigation. In Col. 2 appear the entropy
incrementsfrom 0 to 90°K., calculated by Equation 2. The third column
then contains the entropy increments from 90 to 298°K., as calculated
previously from the heat capacity data.

TABLE |

THE RevisEp Morar, ENTRoPIES oF NINETEEN ORGANIC COMPOUNDS
Entropy increment
qu oo

Substance 0-80°K. 298°K. Soes
Methy! alcohol 82 22.82 310
Ethyl alcohol 93 29.13 384
n-Propy! alcohol 10.4 35 69 46.1
I sopropyl alcohol 10 2 3291 43 1
n-Butyl alcohol 11.9 42.56 54 5
Tert.-butyl alcohol 10.8 34.47 45.3
Ethylene glycol 85 31.39 39.9
Glycerol 99 39.82 49.7
Erythritol 10.6 29.25 39.8
Mannitol 15 3 41.68 57.0
Dulcitol 14.4 41.64 56 0
Formic acid 7.1 23 59 30.7
Acetic acid 10.2 27.98 38.2
Butyric acid 12.8 41.30 54.1
Palmitic acid 35.0 78.66 113.7
Oxalic acid 9.2 19.50 28.7
Ethyl ether 14.0 46.45 60.4
Acetone 12.9 34.93 47.8
Glucose 13 2 37.54 50.5

The entropies at 298°K. appear in the last column d thet able; they
are probably accurate to within 1 or 29 in all cases. As compared with
the results previously published, the present values represent corrections
varying from 1.7 E. U. in the case d oxalicacidto 16.2 E. U. for palmitic
acid. However, the general principlethat the entropy d an organic com-
pound changesin a definite, additive manner with changesin its constitu-
tion still holdstrue. Thusin the normal acohol seriesthe average entropy
increase per CH; increment is 7.8 E. U. in going from methyl to n-butyl
acohol. Likewise in the fatty acid series the change from formic acid
to liquid palmitic acid at 25° is accompanied by an entropy increase d
120.4 or an averaged 8.0 E. U. per CH2 group.

Employing these revised entropy values, we have also recalculated the
free energies d formation of the nineteen compounds by means o the
thermodynamic equation AF = AH — TAS The essential data appear
inTableII. For obtaining thefigures(Coal. 3) for the AH3s o formation

¢ Gibson, Latimer and Parks, THis JOURNAL, 42, 1540 (1920).
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of these organic substances, we have used the heats d combustion® given
in the preceding column in conjunction with the values 68,320 cal.® and
94,270 cal.” for the heats d combustion at 25° d hydrogen and graphitic
carbon, respectively. Column 4 contains the entropy d formation o
each compound, which is simply the difference between its Sss and the
corresponding valuesfor the entropies d the elements contained therein.
For this purpose the respective entropies d carbon, hydrogen and oxygen
were taken as 1.3;® 14.8° and 24.5'° E. U. per gram atom. The resulting

TaABLE 1T

THERMAL DATA AT 298° K.

The 15° calorie is used throughout and all weights have been reduced to a vacuum
basis

Ht. of comb. at ASaes,
const. press., AHas, entropy AF2gs,
Substance cal. cal. units cal.
Methyl acohol 170,600 — 60,300 — 54.0 — 44,200
Ethyl alcohol 327,200 - 66,300 - 77.5 = 43,200
n-Propyl alcohol 482,800 — 73,300 —100.7 — 43,300
Isopropy! alcohol 477,100 — 79,000 —103.7 — 48,100
n-Butyl alcohol 638,700 — 80,000 —123.2 — 43,200
Tert.-butyl alcohol 629,100 — 89,600 —-132.4 — 50,100
Ethylene glycol 281,800 —111,700 —100.5 — 81,800
Glycerol 397,000 —159,300 —-146.1 —115,700
Erythritol 503,700 —215,000 —211.4 —152,000
Mannitol 727,000 —317,000 —305.0 —226,100
Dulcitol 726,000 —318,000 —306.0 —226,800
Formic acid 62,700 — 99,900 — 49.2 — 85,200
Acetic acid 208,100 —117,000 - 726 — 95,400
n-Butyric acid 520,000 —130,400 —-118 5 — 95,100
Palmitic acid 2,379,000 — 222,000 —429.0 — 94,000
Oxalic acid 60,100 —196,800 —-101 5 —166,500
Ethyl ether 651,400 — 67,300 —117.3 - 32,300
Acetone 430,500 — 57,300 — 69.4 — 36,600

Glucose 673,000 —303,000 —281.9 —219,000

5 For the four alcohols, methyl, ethyl, n-propyl and n-butyl, we have utilized
substantially the results d Richards and Davis as recently revised by Swietos awski
and Bobinska, THIS JOURNAL, 49, 2478 (1927). For isopropyl alcohol and acetone
we have used the values calculated by Kelley, THIS JOURNAL, 51, 1149 (1929). In
the case d the remaining compounds we have employed the data which will appear in
" The International Critical Tables™ (private communication from Dr. M. S. Kharasch).
In al instances the heats of combustion have been calculated to 25° for our present
purpose.

6 The value selected for "The International Critical Tables" is 68,380 cal. at
18° (private communication from Dr. F. R. Bichowsky); thisis equivalent to 68,323
cal. at 25°.

” Roth and Naeser, Z. Elektrochem., 31, 461 (1925).

8 Lewis and Gibson, THrs JOURNAL, 39, 2581 (1917).

? Giauque and Wiebe, ébid., 50, 121 (1928).

1 Giauque and Johnston, personal communication.
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freeenergies appear in the last column d the table. The differences be-
tween these results and those which were given in the preceding papers
vary from 100 cal. in the cases d mannitol and glucose to 5000 cal. for
palmitic acid. The accuracy of these revised valuesis now almost entirely
limited by the accuracy of the heats & combustioninvolved.

STANFORD UNIVERSITY, CALIFORNIA

[CoNnTRIBUTION FROM THE ScHooL F CHEMISTRY, UNIVERSITY (F MINNESOTA]

THE KINETICS OF THE OXIDATION OF IODIDE ION BY ACID
DICHROMATE SOLUTIONS IN PRESENCE OF A NEUTRAL

SALT
By Rarpu F. BeEarp! anND NELsoN W. TAaYLOR
RECEIVED DECEMBER 14, 1928 PUBLISHED JULY 5, 1929

Introduction

Many ionic reactions show kinetic anomaliesin the sense that the order
d reaction does not come out an integral number. BrGnsted? has made
the suggestion that if sufficient neutral salt be added to fix the activity
coefficientsd the ions, such reactions can be rendered normal.

The oxidation d iodideion by means d potassium dichromate in acid
solution isareaction d this type.

Delury? and also Kernot and Pietrofesa* concluded from their work
that the reaction was first order with respect to Cr,O7~~ ion, nearly
second order with respect to H+ ion and between first and second with
respect to I -ion. In the preliminary work o thig investigation the data
confirmed theresultsd the above-named workers, but the order of reaction
withrespect to | - ion wasfoundto be more nearly second than first. Thus
the reaction considered as a whole appeared to be approximately a fifth
order one.

The purpose d this work is to test Bronsted's prediction regarding the
effectd neutral salt on thekinetics of the reaction and, if possible, to obtain
experimental evidence bearing on the activity rate theory o reaction
mechanism.

Outline of Experimental Work

A preliminary investigation was made over a wide range d salt concen-
tration. Thesalt used was sodium chloride and the source d H+ ion was
perchloric acid. Sixteen reaction mixtures were made up with the concen-

! Submitted in partial fulfilment of the requirements for the degree & Doctor o
Philosophy, University & Minnesota, June, 1928,

2 Bronsted, ""The Theory of Velocity d lonic Reactions,” Columbia University
Press, New York, 1927, p. 13.

¢ DeLury, J. Phys. Chem., 7,239 (1903).

* Kernot and Pietrofesa, Rend. accad. sci. fis. mat. Napoli, 111A, 275 (1911).
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tration of sodium chlorideasshownin Tablel. Theintial concentrations
of the reactants were the same in all determinations and were as follows:
K,Cr;07, 202 X 10 M; KI,142 X 10~* M; HCIO, 364 X 107* M.

Thereaction timewastwenty minutesin each case, the extent d reaction
being determined by titration with /100 sodium thiosulfate, using starch
solution as the indicator. All the solutions except the potassium iodide
were mixed in a 250-cc. Erlenmeyer flask. The iodide was placed in a
similar flask, both flasks being placed in a constant-temperature bath at
25°, When the temperature d the bath had been assumed, the mixed
solutions were poured rapidly into the flask containing the iodide solution
and then immediately returned to the first flask, both flasks then being
replaced in the water-bath. Thetotal volume of the reaction mixture was
100 cc. At theend d the chosen time interval, 25 cc. d a solution con-
taining 110 g. & sodium acetate and 10 g. d sodium bicarbonate per liter
was added to stop the reaction. The titration with sodium thiosulfate
wasthen immediately made. A 5-cc. buret graduated to 0.02 cc. was used
in making all titrations.

Calculation of the Veocity Congtant

Since the concentrations d acid and iodide were greatly in excess over
the dichromate, the velocity d reaction could be assumed to be propor-
tional solely to the concentration d the latter. Under these conditions
the work o DeLury, and d Kernot and Pietrofesa, and also the results pre-
sented in this paper, indicate pretty clearly that the reaction isfirst order
with respect to dichromate (note the constant valuesd k in TablesIII and ,
IV). Asa basisfor the calculation, the "infinity' value for the reaction
wastaken asthe averaged thelast two thiosulfate readingsshownin Table
I, Col. 3. The experimental results are exhibited in Table | and Fig. 1.

TABLE 1

SHOWING THE Savrt EFFECT oN THE FIRST-ORDER VELOCITY CONSTANT DUE 10 VARYING
CONCENTRATIONS OF SobiuM CHLORIDE FOR CONSTANT TIME INTERVALS oF TWENTY

MINUTES
Initial H+, 364 X 10~ M; |-, 142 X 10~* M; Cr,0,~~, 2.02 X 10~* M.
Nas$:03, _ Na25:0s, _
CNacl, 000986 M, Vi CNacl, 0.00986 24, Vi
Expt. M cc. 2flog k total Expt. M cc. 2+4logk total
1 0.0 4.15 0.314 0.226 10 1.0 3.20 0.179 1.024
2 .01 3.93 .293 .247 11 1.4 3.89 279 1.204
3 .025 3.74 .259 .276 12 1.8 4.86 .401  1.360
4 .10 3.22 .182 .388 13 2.2 6.12 .537  1.500
5 .20 2.88 .126 . 500 14 2.6 7.61 .684 1.628
6 .40 2.68 .090 .671 15 3.0 9.30 .849 1.746
7 .50 2 68 .090 .741 16 4.0 12.29°
8 .60 2.82 114 .806 17 5.0 12.08*
9 .80 2.80 .112 .92

¢ Reaction completed.
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Discussion o Figure 1

In Fig. 1 thelogarithm d the first-order velocity constant, k, is plotted
against the square root d the ionic strength, vz The rather surprising
results obtained are difficult to interpret. In general, the curve in the
figure is very similar to activity curvesfor strong acids when plotted as a
function d /. The minimum in the curve appears at an ionic strength
d about 0.5, which is about
the point at which the mini- 0.90
mum occurs in activity
curvesfor strong acids. Un-
fortunately, little is known \
concerning the variation o 0.60
the activity d dichromate
and hydriodic acid over this
range d ionic strength. If
dataon this point were avail- 0.30
able it might be possible to
interpret the minimumin the

N +bg k.

reaction velocity in more de- S

tail. However, in the light ol

d Bronsted's theory it ispos- 0.0 0.6 12 18
sible to explain the results V.

obtained in the more dilute Fig. L—Curve showing the effect & neutral salt
luti For the detail of Onthefirst-order constant, theinitial concentrations
?ﬁeu 1Ic3)1:§)hsted theory, the d H+, I~ and CrO:;~~ being maintained constant

. . .~ throughout.
reader isreferred totheorigi- roughon

nal papers.> The followingis a brief outlineof someof the more essential
features.

According to the classical theory, the expression for the velocity o reac-
tion in the case d a trimolecular reaction may be written h = kicacpec.
The corresponding expression derived from the "activity theory" ish =
kwasapac. 1IN these expressons ¢ and a represent concentrations and
activities, respectively. Bronsted drives the expresson h = kcycgec fa-
fufe/fx for a trimolecular reaction, where fa fzfc and f, denote the ac-
tivity coefficientsd A, B, C and x, respectively. X isacomplex ionformed
by the collison & A, B and C. Since in dilute solutions the activity
coefficientsd ions depend largely on the charges borne by the ions, and
since the charged x isthe algebraic sum of thechargesd A, B and C, the
application d the Bronsted equation to the calculation o reaction velocities
ismade possible.  Combiningthe Bronsted with the classical expression we
obtain k& = kfsfsfc/fsx- For the calculation of the "kinetic activity

5 Bronsted, Z. physik. Chem., 102, 169 (1922); Bronsted, ibid., 115, 337 (1925);
Bronsted and Delbanco, Z. anorg. Chem., 144,248 (1925).
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factor,” fafsfc/fr the Debye expression,® —log f = Asz%/%, may be
employed. In thislast equation z isthe valence d a particular ion, u is
theionic strength and thefactor A hasa valued about 0.5 and is so taken
for the calculation. Bronsted_lf development finally leads to the relation:
log k1 = log k+(zAzB 2azc T 2p2c)v/u for a trimolecular reaction. If
now log k, as ordinate is plotted against \/u as abscissa, a straight line
should result with a slope equal to (zx2g + 2zazc -+ 2zc) and with an
intercept log k on the ordinate axis. Considerable evidence’ has been
presented in support d this theory, but so far as the authors are aware no
previous attempt has been made to apply the Bronsted theory to trimo-
lecular or more complex reactions.

Assuming for the sake d argument that our reactionis trimolecular, wz
may let A, B and C be Cr,0;~—, H+* and I, respectively. Thus z, =
—2,2g5 = 1, 3c = —1. Substituting these values in the above equation,
it becomes, log ;= logk + (—1)+/z. A plot d log & versus +/k would
have a sloped (—1) under these conditions.

On the other hand, if the reaction be pentamolecular, as the work o
Delury and others and many o the experimental results obtained in the
preliminary work d this research seem to indicate, it can be shown that
this would lead to the equation
log k1 = log k F Gazn -+ zazc T 2020 T 2028 T 2n20 T 2520 + 2828 + 2050 T 2020 + Zp2E)

Letting A represent Cr,0;~—, and B and C represent H*, and D and E,
|-, the expressionsimplifiestolog k1 = log k + (—2)v/-

Later on in this paper evidence will be given showing that the reaction
really consistsd two simultaneous reactions, one involving Cr,O;——, H*
and |- to the first power and the other involving Cr,O;~~ to the first
power and H* and 1~ to the second power. Furthermore, calculations

Tasre 11

EFFEcT or VERY Low SobiuMm CHLORIDE CONCENTRATION oN THE FIRsT-ORDER
VELOCITY CONSTANT ¥or CONSTANT TIME INTERVALS OR TwENTY MINUTES
Initial H+,364 X 10~* M 1-,142 X 10~¢* M Cr;0;~—, 2.02 X 10~* M.

Expt. CNacl NasS:0s, cc. 2 + log k VE, total
1 0.00 3.74, 3.69, 3.84, 3.84 (av. 3.78) 0.271 0.226
2 .005 3.72, 3.70, 3.66, 3.72, 3.69 (av. 3.70) .260 .237
3 .01 3.62, 3.60, 3.60, 3.66, 3.62 (av. 3.62) ,248 .247
4 .02 3.52, 3.50, 3.54, 3.49 (av. 3.51) .232 .267
5 .03 3.34, 3.38, 3.30 (av. 3.34) .210 .285
6 .04 3.27,3.24, 3.31, 3.30 (av. 3.28) .197 .302
7 .05 3.25,3.22, 3.20, 3.20, 3.18 (av. 3.21) .186 .318
8 .06 3.14, 3.15, 3.12, 3.16, 3.14 (av. 3.14) 175 .333

¢ Debye and Hickel, Physik. 7., 24, 185 (1923); Bronsted and La Mer, THis
JOURNAL, 46, 555 (1924).

7 Bronsted and Livingston, ibid., 49, 435 (1927); Livingston and Bray, ihid., 45,
2048 (1923); Bronsted and Delbanco, Z anorg. Chem., 144,248 (1925).
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from the data show that about 659%; d thetransformation isbrought about
by the pentamolecular reaction. Consequently, if a plot d log £ against
V& be made, the slope d the resulting line should be —1.65 at low ionic
strength. The data d Table II were thus plotted in Fig. 2. It will be
seen that the experimental curve isasymptotically tangent to the theoreti-
cal dope —1.65. The magnitude d the ionic strength in these experi-
mentsis, d course, too great to expect that the points would actually fall
on a line with the theoretical dope. Actua coincidence d such experi-
mental curves with the theoretical
isonly obtained at ionic strengths
vu = 015 or less (see work d
Bronsted cited above). Unfortu- 49
nately, data are not available over

alower ranged concentration ow-

ing to the marked slowing down

d thereaction. Figs. 1and2will 034
be discussed further, later in the
paper. Table II presents results
d additional experiments in the 5,4
more dilute sodium chloride solu- \

0.48

N + log k.

tions. Fresh solutions o the re-

actantsweremade upin practically Q\\N\
26

the same concentration as before.  0.18 S
0.3

When Expts. 1 d Tables | and
IT are closely compared, it will be
noted that differentvaluesfor logk 0.10
are obtained for solutions d the 010 018 0)

same ionic strength. This incon- Vi
Fig. 2.—Showing the variation in the first-
order constant with the sodium chloride

mined source of error, Perbaps concentration. Thecurve
( A . approaches a theo-
caused by incorrect standardiza: retical tangent of about —1.65.

tion o thesodium thiosulfate used

in the second set d experiments. However, the error is a constant one
and does not invalidate the conclusionsdrawn from the data. All o the
runs in Table II were performed within a few days and it is improbable
that any change occurred in the strength o the thiosulfate during that
period.

6

sistencv was due to some undeter-

Experiments at High Neutral Salt Concentration

I n carrying out this seriesd experiments, the datafrom which are given
in Table I1I, 1.5 M sodium chloride solution was used in each d the seven
runs, the first four involving change of iodide concentration only and the
last three change d acid concentration. The concentration o the dichro-
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mate was 2.02 X 10* M inal theruns. Table IV gives similar data for
three runs in which no salt was added.

TasLE III

Saowing VELOCITY of REACTION WITH THE DicaroMATE CONCENTRATION Low AND
VARYING TrE |ODIDE AND AciD CONCENTRATIONS IN TURN. 1.5 M Sobium CHLORIDE

0 00986 M 0 00986 M
Time, Na:5:03, Time, NazSzOs,
min, ce. k min.
Run 8. TInit. Cxy, 142 X 107% M. Init. Run10. Init. CKI, 284 X 104 M Init.
Cacios 364.8 X 10~* M. Av. k/- Cucios, 364.8 X 107* M. Awv. k/
(HH2(I7)?, 820 X 10% (HH2(I")? 6.85 X 104
5 1.18 0.0202 5 3.36 0.0640
10 2.22 .0197 10 5.81 .0642
15 3.19 .0203 15 7.62 0655
20 3.96 0177 20 8.91 .0647
30 5.40 0190 RUN12. 1pie. Cry, 142 < 107 M. Tnit.
45 6.98 0174 Crcios, 181.2 X 10=4 M. k/-
75 9.29 .0190 (HH2I7)?, 1030 X 104
120 10.98 0184 10 0.72 0.0068
Run 9. Init. Cgi, 710 X 107* M. Init. 15 1.08 .0063
Creion, 364.8 X 10™* M. Av. k/- 20 1.45 .0067
(HH(I7)%, 1166 X 10* 33 2.20 .0055
5 0.44 0.0073 45 2.93 .0063
10 0.88 .0076 75 4.46 .0060
15 1.35 -0084 Run 13. 1nit. Cgy, 142 X 10~* M. Init.
20 1.70 .0065 Crcio,, 273 X 10~* M. Av. k/-
30 2.44 .0072 (HY(I7)?, 920 X 10¢
‘712 2“1% '88(758 5 0.80 0.0135
: .0071
120 6.50 0052 10 1.48 .0122
15 2.14 .0126
Runil Init. Cky, 1065 X 107* M. Init. 30 2.98 .0102
Croios, 364.8 X 107 M. Av. k/- 45 3.88 .0114
(H+)2(I7)2 976 X 10¢ 75 5.20 0115
5 0.86 0.0145 120 7.27 .0128
10 1.58 .0130 Run 14. Init. Cxy, 142 X 19—« M. Init.
15 2.30 .0139 Crcios 4542 X 10~* M. Av. k/-
20 3.02 .0150 (HY)2(17)?, 809 X 10¢
30 4.10 .0124 5 181 0.0319
45 5.42 L0117
10 3.27 .0300
75 7.38 .0112 20 568 0260
20 9.38 .0116 ' :
1 30 7.39 .0299
57 9.98 .0279

As before, the values of k were calculated on the assumption that the
velocity d the reaction was proportional solely to the concentration d the
dichromate, owing to the fact that the concentration d the other two
reactants was high in comparison to that of the dichromate. The assump-

tion d fixed H* and | - isnot entirely justified, particularly in Runs 9 and
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TasLg IV
SHowinGg VELOCITY OF REACTION WITH THE DricuromareE CONCENTRATION 1L,OW AND
VARYING THE Acipb CONCENTRATION ONLY. No NEUTRAL SALT ADDGD
Run 1R. Init. |-, 142 X 10~* M. Init. HY, 730 X 104 M. Na,S;0; 0.01032 N.
Av. BE/(H*)2I7)? 11.78 X 10t

Timein minutes 5 10 15 20
NagS:03 used, cc. 4.70 7.42 9.32 10.34
k 0.1023 0.0976 0.1159 0.1095

Run 2R. TInit I—, 142 X 107* M 1Init. H¥, 5476 X 10~ M. Na,S;0; 0.01029 N.
Av. B/(H™)2(I7)? 955 X 10¢

Timein minutes 6 10 15 20 30 45
Na»S,0; used, cc. 3.00 4 60 6.06 7.26 9.02 10.52
k 0.0490 00503 0.0455 0.0472 00495 0.0526

Run3R. Init. |-, 142 X 10™* M. Init. H+, 3651 X 107* M. Na;S;0s, 0 01007 N.
Av. k/(HT)2(I7)? 824 X 10*

Time in minutes 5 10 15 20 30 45
NazS:0;5 used, cc. 1.14 2.18 3.02 3.86 5.38 7.20
k 0.0199 0.0201 0.0178 0.0196 0.0206 0.0213

12, as may be seen by comparing the concentrationsin Table III. How-
ever, in evaluating the expression k/(H+)*(17)?, used in Pigs. 3, 4, 5and 6,

(1-), CurveA.
109 X 104 153 197 241

]
10.3 * //
| \\ B2

£ A
: AN
T 89 ,
-
fole]
2L AT N

60 84 108 132
1/ "), CurveB.

Fig. 3.—Curve A shows that the reaction is not second order with re-
spect to (I-). Curve B shows that the reaction consists d two simul-
taneous reactions, one involving (1-) and the other (I7)2.

a correction was made to take into account the change in iodide and hy-
drogen-ion concentration during the course d arun. This was made by
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calculating the concentration of the iodide and acid left at the end d each
time interval and dividing the product of the squares d these values into
the corresponding value for k previously determined. The following ex-
ample shows the method d calculation. 1n Run 10 theiodide used up in
the first five minutes was equivalent to 3.36 cc. o 0.00986 N sodium thio-
sulfate. Consequently, 3.36 X 0.00986 X 10—3 = 3.31 X 10~ (the num-
ber d moles used upin 100 cc. d the reaction mixture), or 3.31 X 10~* per
1000 cc. o the reaction mixture. The concentration d the iodide at the
end d thefirst five minuteswill then be equal to 284 X 10~* minus 3.31 X
10— or 280.69 X 10—* moles per liter. Multiplying 3.31 X 10~* by 7/3

(H+), CurveA.
206 X 104 276 336 396

) -

9.6 \ /

\ ’éB/

AN
é/ o) | 0\\€>

1/{H*), CurveB.

Fig. 4.—Curve A shows that the reaction is not second order with re-
spect to (H*). Curve B shows that the reaction consists o two simul-
taneous reactions, oneinvolving (H*) and the other (H+)2

and subtracting from 364.8 X 10—* will give the concentration d the acid
at the end o the first five minutes, 357.07 X 10—* moles per liter. The
corresponding value d the velocity constant is seen to be 0.0640. Conse-
quently &/(H*)%(I7)? = 0.0640/(280.69)2(357.07)2(10—%)2 = 6.39 X 104

While the usual method is to usetheinitial values d the concentration
o those reactants which are in excess, we believe that this method d cal-
culation is a more accurate treatment o the experimental results. In
TableV isgiven theaveragevalue d &/(H+)%(17)2 for each run, computed
inthisway, aswell asthe other dataused in Figs. 3, 4, 5and 6.

In Fig. 3areshown plotsd these values against the iodide concentration
(Curve A) and against the reciprocal of the iodide concentration (Curve B)
for Runs 8, 9, 10 and 11. Curve A, Fig. 3, shows that the reaction is not

k/(H*)XI7)%

8.8 X 104
\\
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TaBLE V
VaLuEs USED IN FIcUuRrEs 3, 4, 5A8D 6

Av. H* Av. I~ v.(1/H*)-  Av. k/(H*)2-

Run X 104 Av. 1/H* X 104 Av. 1/1- (1/1—) X 1073 (1-)2 X 10-%
1R 711.1 14.06 133.5 74.90 . 11.78
2R 531.4 18.82 135.1 74.02 . 9.55
3R 356.2 28.07 138.2 72.36 .. 8.24
8 3524 28.38 136.6 73 22 2.08 8.20
9 358.5 27.89 68.3 146.4 4.09 11.66
10 350.0 28.57 277.7 36.05 1.08 6.85
1 355.0 28.16 102.3 97.75 2.76 9.76
12 176.3 56.73 139.9 71.47 4.05 10.30
13 262.4 38.12 137.7 72.62 2.77 9.22
14 441.3 22.66 136.5 73.26 1.66 8.09

second order with respect to iodide concentration, because if this were so
k/(H*)%(I-)? would be constant from run to run and a straight horizontal
line would be obtained in the plot. [f two simultaneous reactions were
going on here, one d which was first order and the other second order

(HV),Curve A.
432 X 104 508 584 660

pd

10.4 N /

k/(HA)HI)2

9.2 X 104

/

17 20 23 26
1/(H%), Curve B.
Fig. 5.—Showing that no simple interpretation d the data is possible in
theabsence d neutral salt. Straight line relations are not obtained.

with respect to 1-, the general expression for the velocity constant would
bek = kI~ Tt kik:(17)%  Dividing through by (H+)2 X (I7)? this ex-
pression becomes k/(H)%(I7)? = ky/(H)AI™) + kiky/(HT)2.,  Conse-
quently, if 2/(H+)%(I7)? be plotted against 1/(I~), a straight line should
be obtained, since in the four series d experiments the concentration o
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acid wasnot varied. 1n Curve B, Pig. 3, the pointsfall approximately on
astraight line.

The data for Runs 8, 12, 13 and 14 were treated similarly with results
asshown in Fig. 4. Curve A shows that the reaction is not second order
with respect to (H*). Curve B indicates that the reaction is really com-
posed o two simultaneous reactions, one d which is first order and the
other second order with respect to (H™).

Pigure 5 showstheresultsd similar plotsin the cased Runs 1R, 2R and
3R. Again Curve A isthe plot d &/(H+)2(I7)% against H+, while curve
B isthe plot against 1/H+. Hereit is seen that neither curve is capable
d any simple interpretation. In this series d experiments no salt was
present to-fix the activity coefficients. Not only is Curve B not a straight
line, but eventhedirectiond B isreversed, the slopebeing negativeinstead
o positive. Thesdopeisadsoreversedin A. A comparisond Figs. 4 and
5 clearly indicates the beneficid effect & adding a neutral salt in making
velocity studiesd thistype. It isimportant to note that the datain the
absence d salt are incapabled any simple interpretation, as may be seen
from Fig. 5, but when salt is added the difficulties d interpretation dis-
appear asseenfrom the straight-line relation in Fig. 4.

Rate Congantsfor the Two Simultaneous Reactions

The discussion from this point bears entirely on the experimenta re-
sults obtained in presence d 1.5 M NaCl. If the assumption is made
that two simultaneousreactionsoccur, the observed vel ocity constant may
be split into twofactors, asfollows

K = B(HY)(I-) T kabo(HY)2(I)2

where one reaction involves H* and |- each to the first power and the
other involves H+ and I— each to the second power. Dividing through
by (H+)2(I7)?% we obtain the relation

B/(HH)AI7)? = b/ (HHDI) T Raks

where k, isthe velocity constant for the trimolecular reaction and k., the
corresponding velocity constant for the pentamolecular reaction. In
Fig. 6 the" 5th order constant &/(H +)2(17)? has been plotted asafunction
d 1/(H+)(X-). Itfollowsfrom the equation just given that the slope d
the best straight line through these points should be k.,  This has a value
o 14.62. The pentamolecular constant has been evaluated from the
data and found to be k,k, = 53,000. Taking these values as correct, one
may calculate what the "observed velocity constant™ should be to give
exact agreement with thisline. The data arerecorded in Table VI. The
calculated valuesd k were obtained from the straight line of Fig. 6 by pick-
ing of thevaluesd k/(H*)%(I7)? corresponding to the different values o
1/(H*)(1-) and solving for k.
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TaBLE VI
VELociTy ConstanTs IN Runs InvoLving 1.5 M NaCl
Run 8 9 10 11 12 13 14
Av. k, obs. 0.0189 0.0070 0.0646 0.0127 0 0063 0.0122 0.0293
AvV. k, ealed. 0.0195 0.0068 (0.0646) 0.0124 0.0068 0.0123 0.0283
Deviation, % 3.0 3.0 0.0 2.0 7.0 1.0 3.5 Av., 3.0

The average percentage deviation d 3% is within the limit of error for
the actually observed constants, k.

/o
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1.5 X 103 25 3.5
1/(HH)X).

Fig. 6.—A combination d the two B curvesin Figs. 3 and
4, showing that the reaction consists d two simultaneous re-
actions, oneinvolving (H+) and (1-), theother (H+)=and (1-)2.

Discussion d Figures 1 and 2

I n the experiments recorded in Table IT and Fig. 2, on the effect of vary-
ing sodium chloride concentration on the reaction velocity, the H+ and | -
ion concentrations were 0.03643 and 0.0142 M, respectively. Substituting
these values in the equation k = 14.6(H*)(1-) + 53,000(H*)%(I-)2, one
obtains the following result, k = 0.0076 T 0.0142. Thus, x being 1.55,
the fraction 0.0142/(0.0142 4 0.0076) = 0.651 (or about 659,) d the
iodideis oxidized by the pentamolecular reaction.

As will be seen from an inspection of Fig. 1, the rate is practically the
same in solutions of ionic strength ranging from /z = 0.1to 4/ = 0.2 as
itisinal5M sodiumchloridewherey = 1.550r v/ = 1.25. If hydriodic
acid is like hydrochloric acid, the activity coefficient o hydriodic acid
(i.e, fufr) isaso practically the same in these two solutions, namely,
about 0.9. It isa consequenced the Bronsted theory that the ratio of
the pentamolecular to the trimolecular rate will be proportional to fy fi.8

8 he/hs = [(H*)(I7)ks/ks] fu+f1-.
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Consequently, about 659, of the oxidation should take place by the penta-
molecular reaction in the dilute solution. The theoretical Bronsted slope
should therefore be not —1 nor — 2 but about —1.65, and is so drawn in
Pig. 2. The lowest ionic strength investigated, +/z = 0.226, is still too
high for the smple Debye~Hiickel equation to apply, but the trend o the
experimental curveissuch astoindicate —1.65 as being a reasonable value
for the limiting dopein the most dilute solutions. It istherefore felt that
Bronsted's treatment gives the correct interpretation d the experimental
data in the less concentrated sodium chloride solutions. We do not wish
to claim that —1.65 isthe exact limiting slope, since fg fi increases from
about 0.9 to 1 as theionic strength changesfrom vz = 0.15t0 v/u = 0,
but merely to emphasizethe point that on account d the two simultaneous
reactions the limiting dope cannot be an integral number. However, the
limiting slope cannot be far from —1.65.

Discussion d the Probable Chemical Changes

DeLury? has stated that his measurements indicate the possibility o
two simultaneous reactions which affect the measured rate. Bray® has
suggested that these may be

21- 4 2H* 4 Cr0;~~ = 210~ 4 H,Cr;05 eh)
I- + 2H* + Cr,0;~~ = 10~ + 2HCrO; @)

It isevident from the experimental results presented in this paper that
Reaction 2 involving 2H- ions per I- ion cannot be a dow reaction and
affect the rate. If this were so the plot o 2/(H*)%(I7)% against H+ in
Fig. 4 would be a horizontal straight line or, in other words, the " 5th order
constant,” &/(H*)*I~)* would be independent o the H* ion concentra-
tion. Fig. 4 showsadefinitelinear relation of k/(H*)2(I7)2to 1/H*.

The fact that a satisfactory representation o the experimental results
in high neutral salt concentration is given by the equation

k = 146 (H*)(I™) + 53,000 (H+)*I")?
indicates that the two dow stepsin thereaction are probably
(1) H+ + I~ + Cr,0;7~ — .. and
(I1) 2HY 4 21- 4 Cr07=~ —> ......

Although the experimental evidence points clearly to the occurrence o
a tri- and a pentamolecular reaction, it is not necessary to assume the
simultaneous collison  more than two molecules. Starting with the
Bronsted rate equationsfor only rapid reversible bimolecular reactions, one
may readily combine them to obtain the correct kinetic equations for re-
actions d the third and fifth order, which satisfy the experimental data.
The following equations were thus obtained

18 = ks(H)(I™)(Cr:0:77) X fu+fi- X fomor-/fxi—-
fa = &(H)2(I7)%(Cr:0:=) X firr X fi= X fomor=/fxe--

® Bray, Z. physik. Chem., 54, 491 (1906).
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SUmmary

Measurements have been made on the velocity o the stoichiometrical
reaction Cr.O7;~~ 4 61~ + 14H+ = 2Crt++ 4+ TH,O 4 31, at various
concentrationsd the reacting ionsand in presence and absence o a neutral
salt, sodium chloride.  All experiments were carried out at 25°.

I n dilute solutions the results offer confirmation d the Bronsted activity
rate theory o reaction velocity.

In more concentrated solutions in the absence d a neutral salt, the
kinetic behavior is incapable d any simple interpretation.

In the presence d 1.5 M sodium chloride as neutral salt, the kinetic
anomalies disappear. The experimental results clearly indicate that two
simultaneous reactions are taking place which may be represented as fol -
lows

H++ 1~ + cro;~~ —> HI-Cr,0,~- (1)
2u+ 1 21~ + Cr0,—~ —» (HI)»Cr,0,~- @)

The observed velocity constant k is given to within an accuracy d 39
by the expressionk = 14.6 (H+) (1-) T 53,000 (H*)2(1-)2.

MINNEAPOLIS, MINNESOTA

[ConTRIBUTION FRIM ‘reE CHEMICAL LABORATORY 0¥ THE JOHNS HOPKINS UNIVERSITY ]
THE RATE OF RECOMBINATION OF ATOMIC HYDROGEN

By HucH M. SMALLWOOD

RECEIVED JANUARY 31, 1929 PuBLISHED JULY 5, 1929

I't has been pointed out by a number o investigators® that certain exo-
thermic reactions d the type A + B —> AB cannot result from simple
binary collisonsd molecules A and B since, in such a collision, there is
no means by which the energy corresponding to the heat o the reaction
may be removed from the colliding molecules. In order to react the
molecules must collide in the immediate neighborhood o some other object
such as another molecule or the wal o the containing vessel. 1n other
words, the reaction can only take place asthe result d triplet impacts or
three-body collisions.

A few limitations must be made to the foregoing statement. Thus, if
there isa possibility d radiation occurring during the collisond molecules
A and B, combination may result from a single collison since the energy
d combination may be radiated from the system as light. Further, if
molecules A and B are relatively complex, the energy d combination may
be taken up by their internal degreesd freedom.

! Boltzmann, 'Gastheorie. II,” Leipzig, 1912; Herzfeld, Z. Physik, 8, 132
(1922); Born and Franck, Ann. Physik, 76, 225 (1925); Z. Physik, 31, 411 (1925);
J. H. Jeans, ‘““The Dynamical Theory d Gases," 4th ed., Cambridge University Press,
p. 195.
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There are therefore only a few reactions which may be expected to pro-
ceed according to the predicted three-body mechanism. One o these,
however, is the recombination d atomic hydrogen, represented stoichio-
metrically by the reaction I + H ——-+ H,. The present paper describes
a measurement d the rate d this reaction at various pressures. The
results obtained are in agreement with the predicted mechanism.

The method used was to alow dissociated hydrogen drawn from an
electric dischargeto pass along a straight tube.? The degree d dissocia
tion d the hydrogen at varying distances along this tube was determined
by measuring the heat effect produced upon a pieced platinum foil placed
in the flowing gas at the desired distance from the discharge. Wood? has
shown that metals cause the complete recombination d the atomic hydro-
gen. Since the heat d this recombination is known and since the rate
o flow can be measured, the degree d dissociation is readily calculated.

Experimental

Source of Hydrogen.— Throughout these experiments the hydrogen was taken
from a water-cooled €electrolytic generator using as electrolyte a 30%, solution d potas-
sium hydroxide containing a little
barium hydroxide. The hydrogen so
obtained contains about 39, d water
vapor. Since the presence d this
water vapor has been shown to be
necessary for the production d the
atomic hydrogen, no attempt was
made to removeit.

Apparatus.—Figure 1 shows the
essential partsd theapparatusfinally
adopted. Hydrogenfromthegenera-
tor (not shown) was admitted at A
and expanded through the capillary B
toapressured afew tenthsd amilli-
meter. It was then led to the dis
charge tube C, which was immersed
in a water-bath. While in the dis-
charge tube the hydrogen was almost
completely dissociated, so that recom-
bination took placeaongthe vertical
tube, ab. The pressure at each end

Fig. 1 o this tube could be measured on a

MecLeod gageby meansd the connec-

tions shown in the sketch. D is a calorimeter (shown in detail in Fig. 2) which could
be dlid up or down the tube ab. The calorimeter was made in the shape of a small
Dewar flask with a hole in the bottom, the joint between the calorimeter and the
central tube ab being made water tight by means d a short piece  gum tubing, E.
The calorimeter wasflared slightly at thetop to permit the insertion of a rubber stopper

2R. W. Wood, Proc. Roy. Soc. London, 974, 455 (1920); 102A, 1 (1925); Fil.
Mag., 42, 729 (1921); 44, 538 (1922); Bonhoeffer, Z. physik. Chem., 113, 199 (1924).




July, 1929  THE RATE OF RECOMBINATION OF ATOM C HYDROGEN 1987

carrying astirrer, ¥, a Beckmann thermometer, G, and a platinum heating unit, H,
used to determine the heat capacity d the calorimeter. J was the catalytic surface
causing the recombinationd theatomsd hydrogen. |tconsistedd acylinder d plati-
num foil fitting snugly inside the central tube and suspended from a fine nickel wire.
The other end of this wire was fastened to a glass tube containing soft iron which
could be moved along the tube yy by means of the electromagnet K (Fig. 1). In
this way the platinum could be moved along the central tube with the calorimeter.
The pressurein the apparatus was regulated by sliding thecore 1, into or out of the gas
stream by meansd the electromagnet M. N isan aux-
iliary electrode whose use will be described below.

The tube ab was approximately one meter long and
0.8 cm. in internal diameter. The discharge tube was
made d thin-walled 0.6-cm. tubing to facilitate cooling,
the distance between theinlet and outl et tapsbeingabout
10 cm. The distance between the discharge and tap a
was 8 cm.  The electrodes were the usua cylinders d
aluminum foil fastened to tungsten wires which were
sealed through thepyrex. Rapid streamsd water played
over the exposed ends d the eectrodes, thus preventing
the conductiond heat from the discharge to the calori-
meter. The volume d the calorimeter was dightly
greater than 100 cc. The calorimeterstirrer wasrotated
by a small electricfan motor.

Procedure.—The primary consideration for experi-
ments with atomic hydrogen is that the regions where
it isto be produced and studied must be absolutely free
from substances which may catalyze the recombination.
Apparently al metals are active catalysts, together with
porousor adsorbent surfaces. With thisin mind the ap-
paratus was designed to permit washingin sitw. Each
apparatus was made from new pyrex glass. After com-
plete assembly aqua regia was forced through the arm P
up to the top d the tube ab and then alowed to drain
back. Cf course, during the washing the platinum cata-
lyst Jwaslifted out d ranged theacid. The apparatus
was then rinsed repeatedly with distilled water, after
which the arm P was sealed df and the pump started.
Before making any runs a dischargewas passed from the
auxiliary electrodeN to thedischargetube. Bonhoeffer? has previously shown that this
is useful in preparing a catalytically inert tube.

The foregoing procedure has been found in practically every instance to give
apparatus in which reproducibleresults can be obtained. Presumably the aqua regia
removes any metallic dust from the tube wall, the water fillsup the pores in the wall
and the discharge melts into the glass any active spots not removed by the acid. The
discharge tubes show a pronounced fatigue effectafter twenty to thirty hoursof running.
Thisfatigue is gradual and coincident with the appearance d appreciable quantities o
sputtered material from the electrode. No successful method has so far been found for
rejuvenating a spent tube.

The actual measurements were carried out as follows. The calorimeter and cata-
lyst were set at the desired distance from the dischargeand the pressure was allowed to
reach the desired value; 100 cc. d digtilled water, one or two degrees below room tem-

-

| Ty

Fig. 2.
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perature, Was pipetted into the calorimeter and the stirrer started. After the warming
of the calorimeter had reached a steady rate the Beckmann thermometer was read at
one-minute intervals (timed by an electric cl ock) for a period o five minutes, in order to
obtain therate d warming at the start of therun. At theend d this period the dis-
charge wasturned on and thetemperature readingswere continued until thetemperature
rise was great enough to ensure the desired accuracy. Thisrequired ten minutes or less.
The temperature measurements were continued for five minutes after the discharge was
turned off to determine the final cooling curve. Fig. 3 shows several typical tempera-
ture-time curves. The pressure in the apparatus was measured at points a and b
twice each during each run. The room temperature was maintained constant within
0.5° throughout each run.
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Fig. 3.
The heat capacity d the calorimeter was determined by noting the temperature rise
caused by passing a current through the heating unit, H, the power input being measured
by means o a milliammeter and millivoltmeter. The rate o flow d hydrogen was

measured by disconnecting the hydrogen generator and allowing the hydrogen to be
drawn instead from a gas buret.

Results

A saries d preliminary experiments showed the qualitative conditions
that must be fulfilled for the best production d atomic hydrogen. Aside
from the necessity d the absenced catalysts, all the other variablesaffect
the degree d dissociation d the hydrogen at a point some distance from
thedischarge. Thusthedegreed dissociation isincreased by high current
density in the discharge and by water cooling the discharge. These two
factorsare, however, d secondary importance compared to the pressure
and the quantity d hydrogen flowing. If the pumping capacity is ap-
proximately constant, these last two quantities are roughly proportional,
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the pressureincreasing if the quantity d hydrogen admitted to the appa-
ratusis increased. Since the degree d dissociation at a point removed
from the discharge decreases rapidly asthe pressure increases, there will
be some set d conditions for each apparatus at which the greatest amonunt
d atomic hydrogen is obtained at a point outside the discharge. ‘The
pressure and the rate d flow at which the greatest amount o atomic hy-
drogen is obtained are determined by the efficiency o the pumps and the
dimensionsd the apparatus.

The best series d measurements d the rate d recombination are sum-
marized in Table | and plotted in Fig. 4. ‘The degree d dissociation is
expressed by «, the fraction d the total amount d hydrogen which is
present in the atomic form x cm. from the point & measurement d the
initial pressure (P).

TaBLEI
Rrsurrs o MEASUREMENTS

Rate of flow of H; = 7o = 1.03 X 1075 moles/second. Primary current to trans-
former = 25amps. Internal diameter d tubeab = 0.848cm. Length ab = 108.3cm.
Heat capacity of calorimeter = C = 121.5Cal./deg.

Dist from Press. (mm. Hg) Temp. rise Disso-
atocalorim. meas. at incalorim. °C. ciation,
Date No. % (cm ) a, Po b, P Tobs- Teorr- 100 @, %
4/5 1 86.2 0.524 0.150 2.53 1.62 31.6
2% 86.2 .514 .142 251 2.14 41.8
3 86 2 .584 290 2.23 1.79 35.0
4 86 2 .632 .356 2.04 1.48 29.0
5 86.2 .714 .494 1.75 1.03 20.2
6 86.2 .798 .584 1.23 0.77 15.1
7 86.2 . 508 .138 3.10 2.43 47.5
8 65.9 508 .140 3.43 2.73 534
9 65.9 .642 .360 2.66 1.94 380
10 65.9 716 .484 2.36 1.44 28.2
11 65.9 .788 .583 2.00 1.11 21.7
12 65 9 .874 .684 1.44 0.87 17 0
» 13 65.9 . 508 .142 3.48 2.69 52.7
4/7 1* 65.9 .498 .134 327 2.57 50.3
2 47.6 .488 .132 3.69 2.94 57.5
3 47.6 .622 .360 2.98 2.25 44.0
4 47.6 .696 .468 2.59 1.83 35.8
5 47.6 .766 .b68 2.33 1.45 28.4
6 47.6 .850 .666 2.11 1.16 22.7
7 31.6 .476 .136 3.25 3.23 63.2
8 31.6 .616 .366 3.35 2.53 49.5
9 31.6 .688 474 2.73 2.25 44.0
10 31.6 762 . 568 2.49 1.93 37 8
11 31.6 .874 .666 2.08 1.53 | 29.9
12 18.8 .488 .132 3.77 3.43 67.1
13 18.8 622 .364 3.43 3.01 58.9
14 18.8 .694 AT74 3.10 2.74 53.6
15 18.8 .780 570 2.79 2.39 46.8
16 18.8 -834 .672 2.13 2.08 40.7
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TasLEl (Concluded)

Dist. from Press. (mm. Hg) . Temp.rise Disso-
atocalorim, meas. at in calorim. °C. ciation,
Date No. % (em.) a, P b, P Tobs- Toorr- 100 a, %
4/10 1 18.8 .502 .148 3.62 3.52 68.8
2 8.3 .504 .148 3.93 3.89 76.1
3 8.3 .642 .374 3.56 3.62 70.8
4% 8.3 .708 . 500 2.58 2.50 49.1
5 8.3 784 .578 3.06 2.96 57.9
6 8.3 .864 .678 2.99 2.86 56.0
7 8.3 710 .490 3.35 3.38 66.2
8 1.4 .496 .142 3.71 4.10 80.2
9 1.4 .638 .394 3.39 3.91 76.5
10 1.4 .710 .490 3.51 3.76 73.6

The pressuresrecorded are each the average d two readings taken during
the particular run. During each d the runs the dischargewas on for ten
minutes except Run 4/7 No. 7, thetime d which was eight minutes. The
temperature-time readingswere plotted on alarge scaleassoon as obtai ned.
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Fig. 4.

The observed temperature rise was obtained by subtracting the tempera-
tureat thestart d the period when the discharge was on from the tempera-
ture obtained by extrapolation d thefinal cooling curve back to the time
at which the dischargewasturned df (Tops. = 7y — T4 Fig. 3). Thecor-
rection for radiation and conduction d heat to or from the surroundings
and for the heat d stirring was obtained by averaging the rate d cooling
at the start and at the end, multiplying this average rate by the time
during which the discharge was on and adding or subtracting, as the case
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might be, to the observed temperature rise.  The figures so obtained are
tabulated under the heading *‘7T¢q::.”
The fraction dissociated was calculated from the relation

CT eorr-
= 60nitaH W

where AH is the heat o formation d one mole d molecular hydrogen
from the atoms. This quantity was taken to be 100,400 Cal., which is
an average d the values reported by Dieke and Hopfield,® and Witmer#4
from studies o the molecular spectrum o hydrogen. The"t" d Equa-
tion | stands for the time in minutes during which the discharge was on.
The other symbols have the meaningsassignedin Table I.

I't will be noticed that the starred (') runsd Table | are omitted from
the plot d Fig. 4, since it was apparent from the varying slopes o the
respective temperature—time curves that conditions changed during these
runs. Thisdiscrepancy isd common occurrenceand is undoubtedly due
to a temporary catalytic effect. For example, if the apparatus is filled
with air and left overnight, it requires from fifteen to twenty minutes
running before the degree d dissociation d the hydrogen outside the dis-
charge builds up to a reproducible value, possibly due to a dow clean-up
d oxygen adsorbed on the glass. This effect accounts for the first three
inconsistent runs d Table I. 1t is readily recognized on the tempera-
ture-time curve, as may be seen by comparing the first two curves o
Fig. 3. Itisnot evident in thefirst experiment d the third day since the
discharge was run for thirty minutes before the runs werestarted. The
other inconsistent run may have been caused by a catalytic particle work-
ing into the discharge and then being rendered inactive. |t must be em-
phasized that, once active catalysts have been removed, the results do
not depend on the apparatus. Duplicate runs which checked well within
the experimental error have been madein different apparatus and at inter-
vals d several weeks.

As will be pointed out below, an interpretation d the results requires a
knowledge d the manner in which the pressure varied along the tube ab.
An attempt was made to measure this, at the concluson d the experi-
ments, by sealing a number d taps into the tube and connecting these
taps through stopcocks to the McLeod gage. The results so obtained are
shown in Fig. 5, the dotted portions d the curves corresponding to the
pressure drop caused by the presenced the platinumfoil. Unfortunately
some catal ytic substance must have been present during theseruns because
the curves corresponding to the dissociated gas have the same slope as
those for the molecular hydrogen. This would mean that the'mixture of
atomic and molecular hydrogen has the same viscosity as pure molecular

? Diekeand Hopfield, Z. Physik, 40,299 (1926).
¢ Witmer, Phys. Rev., 28, 1223 (1926).
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hydrogen. That thisis not the case has been shown by Harteck.’ It is
much more probable that very little atomic hydrogen reached the Tube
ab duetothe presenced an active catalyst. Therewasnoway d checking
this point since the calorimeter was necessarily removed during the re-
modeling d the apparatus.

It was hoped at first that the method could be used to measure the rates
d the gaseous reactions of atomic hydrogen, This could not be done,
however, because these reactions take place along such a short interval
d thetube (5-20 cm.) that accurate results could not beexpected. Inthe
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Fig. 5.—Curves 2, 3 and 5 obtained with discharge off and platinum
out of outlet tube. Curvesland 4 obtained with dischargeon and plat-
inumat x = 83cm.

coursed the preliminary experimentsit wasfound, however, that if atomic
hydrogen is led along a tube lined with a thin coating o sulfur, from /¢
to /s d the atomic hydrogen reacts to form hydrogen sulfide. Thisis
to be expected since the first hydrogen sulfide formed rapidly catalyzes
the recombination d the remainder o the hydrogen atoms.®

It was asofound that nitric oxide catalyzes the recombination without
itself being reduced. Analysis d the gases leaving the mixing chamber
showed that over 99% d the nitric oxide was unchanged. Heowever, a
very minute amount d ammonia was formed in each case. Thus in one
experiment 2.8 X 10~% mole d ammonia was found while there were
available 0.01 mole d atomic hydrogen and 0.0088 mole d nitric oxide.

& P. Harteck, Z. physik. Chem., 1394, 98 (1928).
8 Boehm and Bonhoeffer, bid., 119,385 (1926).
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This ammonia may have been due to the presenced nitrogen oxide as an
impurity in the nitric oxide. Blank experiments showed that it was not
present in the original hydrogen or nitric oxide and that it did not come
from the combination in the discharge d the hydrogen with a small con-
tamination o nitrogen. It is difficult to explain the catalysis of nitric
oxide by means d a chain mechanism such as has been used by Bonhoeffer
for the similar effect  hydrogen sulfide, hydrochloric acid, etc., since if
the nitric oxide moleculeis ever broken up it isextremely unlikely to form
again under the conditions d the experiment. Possibly an unstable
molecule d the type H—NO isformed, in which case the mechanism would
be
H + NO —> H—NO
H—NO *+H—>H T No

The H—NO molecule might be quite short-lived and yet account for the
effect.

The errors incident to this method o determining atomic hydrogen
may be classified under four headings. In the first place the method is
liable to the usual errors d calorimetry. These probably predominate in
the present experiments, limiting the accuracy to 2-3%. Second, the
method depends upon a knowledge d the heat d recombination of atomic
hydrogen. This quantity, however, is now known with an accuracy
within the above limits. Third, the heat effect registered in the calori-
meter may be too small either becausethe recombinationis not completely
catalyzed by the platinum or becausesome d the heat is conducted away
by the hydrogen stream. The first effect is extremely improbable since
therate d diffusion d atomic hydrogen under the conditions o the experi-
ment is so high that a minute speck & metal in front d the calorimeter
completely stops the heat effect. Further, in some d the preliminary
experiments a thermometer with a silvered bulb was hung in the gas
leaving the calorimeter and showed no temperature rise. Since the
quantity d hydrogen flowing was small it would have had to be heated
to an unreasonably high temperature to remove an appreciable amount
d heat from the system. Finaly, heat may be brought to the calori-
meter in other ways than by the recombination d the atoms. Thus heat
may be conducted from the discharge along the glass walls. This, how-
ever, was too small to affect the results since, when the whole discharge
tube was water cooled, numerous runs in catalytically active apparatus
showed no heat effect. This fad aso removes the possibility o meta-
stable molecules bringing energy to the calorimeter. 1t might also be sup-
posed that, since the atomic hydrogen is recombining along the tube
between the calorimeter and the discharge tube, sufficient heat could be
liberated to affect theresults. Thisisunlikely sinceinsome d the prelim-
inary experiments thistube was water cooled without affecting the results.
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The accuracy d the method, therefore, islimited by the errors involved
in the calorimetry d quantities d heat which, in this case, varied from
51040 Cal. per minute.

The Three-Body Mechanism

It will now be shown that the results summarized in Table | are in
accord with the predicted mechanism d recombination by triple impacts.
The fundamental assumption isthat at constant pressure

—dNn
dt
where Ny is the number d hydrogen atoms per cc. at the time t and
Zy; is the number d triple impacts per second per cc. in which at least
two d the colliding bodies are hydrogen atoms.

There is considerable uncertainty as to the quantitative definition d
a three-body collison. Whatever be the definition, however, Zvs may be
set equal to

= 23y @

vy = KIN]% + K2N"H + KSN%NHZ - (3)

where K, K, and K; are proportionality constants and Ny, is the number
of hydrogen molecules per ce. Thefirst term on the right & Equation 3
takes account d triple imparts in which the wall is the third body. In
the second term the third body is a hydrogen atom and in the third a
hydrogen molecule.

T o expressthe present results it will be necessary to take account d the
fact that the atomic hydrogen is recombining at variable pressure while
flowing along the tube. This may be accomplished by writing the equa-
tion d continuity d the hydrogen atoms

’ ON, O(Nmu
where « is the linear velocity d the gas at the point x

n

u = -—_———]———
wr’(NH, + -2- NH)

()

Here n is the number d hydrogen molecules admitted to the apparatus
per second (# = n,N,4). Since

Na + Na = i ©®)
and

“= oW S W @

Na= Xt ®

S e
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Substituting Equations 2, 3, 5, 8 and 9 in Equation 4, there is obtained
—da  wr? 4a? P2 8at P? 402(1 — a)P?

o - a X aForr e gT o T BT r o e

Equation 10 cannot be integrated except by means d a series devel op-
ment. It is possible, however, that any one d the three terms may
predominate. To integrate these three smplified equations it will be
necessary to know P as a function d x. This pressure gradient could be
calculated from the data d Harteck® but this would make the computa-
tions quite complicated. Since Harteck found that the viscosity o mix-
tures d atomic and molecular hydrogen does not differ greatly from the
value for molecular hydrogen alone, itisbeieved that an empirical method
will be sufficiently accurate for the present purposes. It will therefore

be assumed that
P=+/P: - gx (11)

where 8 is a constant to be evaluated from the data o each experiment.
This equation is equivalent to the assumption that the viscosity d the
gas is constant along the tube. In order to calculate the constant g it
may reasonably be assumed that, since all d the hydrogen is molecular
after leaving the calorimeter, the curvesd Fig. 5 give the true pressure
gradient for this part of the flow. If thisisthe caseit is possible to de-
termine the pressure P at the calorimeter from the measured value o P;,
by interpolation. Since P, P, and x are known, 8 may be calculated
for each run. Although this method d calculation is approximate, the
results seem fairly certain for large values d x. Thus in the first five
d the runs calculated in Table I1 8 variesirregularly between 3520 and
4440 (pressure expressed in dynes/cm.?). In the last five runs 8 de
creases fairly regularly from 4160 to 3190. The calculated value o 8
for molecular hydrogen is 3570.

Using the assumption d Equation 11 and setting alternately K, and
K;, K, and K,;, K; and K, equal to zero, the following equations are ob-
tained

(10)

nk2T2[}:— al;+2ln%'-+ @ — a]

Bx?
47r? (Pg -5
56nk3T3|:l(-1—2— -1—) +3 (1— - i) F3I 2 4 oy — a]
K, = 2\’ af a__a a 13)
: 16712 [P} — (P} — Bx)¥:]
56nk3T3[4 In2* 4 81n i - Zo + f; - i—o — (a0 — a)] (14)
K; =

8rr2[P§ — (Pg — Bx)*/2]
Equation 12 embodies the assumption that the recombination o hy-
drogen atoms is largely heterogeneous; Equation 13 that it is homogene-
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ous, but that only the hydrogen atoms can act as the third body; and the
last equation that only the hydrogen molecule can act as the third body.
Table IT summarizesthe values d these constants calculated from some
o the experimentsd Table|. The values d «p used in the calculations
were taken from the extrapolated curved Fig. 4.

TasLg 11
SUMMARIZED VALUES OF CONSTANTS
Po * o « K1 X108 K» X 10%  Ks X 1032
0.508 86.2 0.810 0.475 4.20 4.20 12.40
.584 86.2 .790 .350 4.24 3.60 9.04
.632 86.2 778 .290 4.68 4.16 8.24
714 86.2 .758 .202 5.04 4,72 6.32
.798 86.2 .740 .151 5.20 4.96 4.84
.508 65.9 .810 .534 3.84 3.48 14.44
.642 65.9 775 .380 3.76 2.84 7.44
.716 65.9 .7568 .282 4.24 3.24 6.04
. 788 65.9 .743 217 4.44 3.48 4.88
.874 65.9 .728 .170 5.12 3.60 3.88

Each o the three constants shows a well-defined drift so that it may
be concluded that none d the three equations expresses the actual mech-
anism o recombination. The variation o the constants, however, is
such as to make it seem probable that the differentia Equation 10 does
express the correct mechanism. Thus as the pressure is increased the
apparent value d K, increases, K, first decreases and then increases and
K3 decreases. The increase in K indicates that there is relatively less
recombination taking place on the wall at the high pressures. Similarly,
the decrease d K shows that there are relatively more effective collisions
involving two hydrogen atoms and one hydrogen molecule at the higher
pressures. These two effects combined can account for the changes in
K,. Thus increasing the pressure lessens the relative amount d wall
reaction, which would cause K, to decrease, and increases the relative
amount of recombination caused by the molecules, which would cause
K, toincrease. Since the wall reaction varies as the square d the pres
sure and the "molecule reaction as the pressure cubed, the first effect
predominates at the low pressures and the second at the higher pressures.
K, therefore, passes through a minimum.

An attempt was made to calculate the constants directly from the
differential equation, by obtaining the slope graphically. Thisis a very
unfavorable way d calculating the data since the determinants d the
various sets of equations nearly vanish. Thus a change of 2% in the
slope changes the constants by a factor d 100 or more.

A series of approximate calculations, however, indicated that the data
would be satisfied if K;, K. and K; are of the orders & magnitude 10-%,
10— and 1022, respectively.
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The approximate values d the constants so obtained may render
possible a more quantitative definition d a three-body collision. Thus
a three-body collision in which the wall is the third body may be defined
as a collison between two hydrogen atoms occurring less than a short
distance, 6, from the wall. In other words, the number d such collisions
per second per cc. equals the number d collisionsbetween hydrogen atoms
per sec. per cc. times the volume o a cylindrical shell o radius r, thick-
ness 5 and length such that the volume inclosed by the shell shall be 1 cc.
That is L
LA (15)
MHA 7
where oy iSsthe diameter and my the massd the hydrogen atom. There
fore

— 2 2
V3(wall) = QNH‘TH

_doio [T
- r mu

(16)

1

In arriving at thisrelation it is assumed that the tube wall is perfectly
smooth. Although this cannot be the case, the actual area o the wall
is probably not greatly different from the assumed value since the small
adsorbing poresd thewall arefilledwithwater. Substitution d numerical
valuesin Equation 16 showsthat 6isd the order & magnitude d 10~7 cm.
Irregularitiesin thewall would decreasethisfigure. |nthe calculation the
diameter d the hydrogen atom has been assumed to be 2 X 10—8 cm.

A three-body collision involving three molecules may be defined in a
number o different ways. For example, Tolman’ defines it as one in
which the distances between Molecule | and Molecule IT and between
Molecule IT and Molecule IIT are equal to or less than some short dis
tance, 6. From the relation obtained by him it follows that

K, = 32n%§s *T a7
Ty
and
- zzdﬂ_t_'fm2\/£( \/w) 18
K, 16”,1( = )5 rell pr (18)

where oy, and my, are, respectively, the diameter and mass o the hydrogen
molecule. From either equation it is found that 6 is d the order d
magnitude 10— cm.

The definition suggested by Herzfeld® and used by BodensteinS in his
calculations d the rate d the reaction between NO and O, is identical
with the above except that 6 isidentified as the diameter d the colliding
molecules. The expressions obtained from the two definitions for the
number o triple collisonsdiffer only by a numerical factor d the order ten.

” Tolman, " Statistical Mechanics with Applications to Physics and Chemistry,"
The Chemical Catalog Co., New York, 1927, p. 247.
8 Bodenstein, Z. physik. Chem., 100, 68 (1922).
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Syrki n’ has calculated the number of multiple collisions between point
molecules by defining a multiple collison as one in which the colliding
molecules are within a small sphere o radius r. Applying his genera
equation to the present case, there are obtained the equations

(Y o g
_\8") 2 [T

K= 3y 3V ma (19)
2
(o) o e |
K; = o X 3 2wkT ig—‘gz (20)

From either equation r isfound to be d the order 108 cm.

It may thereforebe concluded that the recombination d hydrogen atoms
proceeds according to the predicted three-body mechanism. The experi-
mental proof, however, is not as definite as might be desired since no
integral & Equation 10 was obtained. For this reason the experimenta
method was not considered suitable for an investigation d the effect o
mixing other gaseswith the dissociated hydrogen.

There are a number d other possible mechanismsfor the recombination
d atomic hydrogen. Thusit might be supposed that even under the best
circumstances the walls d the containing vessd still exert a specific cata-
Ilytic power at relatively isolated points. If, however, this were the
principal means d recombination, K; calculated from Equation 12 should
be constant. It might further be supposed that the water vapor present
in the gas might enter into the mechanism. The fact that Bonhoeffer®
and Mohler!! have shown that the OH bands are excited by atomic hy-
drogen might be cited as evidence in favor d this statement. Since,
however, the reaction

H+ m0 —»>1H, + OH- 12G.
isendothermic, it may beruledout. 1t seemsmoreprobablethat unexcited
OH molecules are produced in the discharge tube and that the bands result
from triple impacts between these and two hydrogen atoms. Under the
conditions d the present measurements such an effect would be too small
to influence the results.

No account has been taken d the possibility o recombination taking
place in the adsorbed phase. Langmuir!? has shown that atomic hydro-
gen is appreciably adsorbed by glass surfaces at room temperature butin
his experiments the glasswas thoroughly baked out prior to the adsorption
while in the present case the tube wall was covered with a film d water.
Furthermore, if the wall were covered with a reactive adsorbed film the

v Syrkin, Physik. Z.,24,236 (1923).
10 Bonhoeffer,Z. physik. Chem., 116, 391 (1925).
11 Mohler, Phys. Rev., 29,419 (1927).

12'], Langmuir, THIS JOURNAL, 34, 1310 (1912); 36, 1711 (1914); 37, 417 (1915);
38,2270 (1916).
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recombination would be at least 10* times more rapid. In the light of
these factsit seemsextremely improbable that the wall as a whole adsorbs
atomic hydrogen. There remains the possibility that isolated points on
the wall are absorbent and hence catalytic. Such a possibility is unlikely
sinceif thiswerethe caseduplicate results could not be obtainedin different
apparatus.

In conclusion the author wishes to express his indebtedness to Dr.

H. C. Urey and to Professor K. ¥. Herzfeid for their advice during the
coursed thiswork.

Summary

1 A caorimetric method for the estimation d the amount d atomic
hydrogen obtained from a Wood tube is described, together with the
application o this method to the measurement d the rate  recombina-
tion d the hydrogen atoms.

2. This rate has been measured through the pressure range 0.5-0.9
mm. o mercury.

3. Itwasfound that, under the conditionsd the experiment, one-fifth
to one-sixth d the atomic hydrogen present reacted with solid sulfur and
that nitric oxide catalyzes the recombination d the atomic hydrogen.

4. The data obtained for the rate d recombination are discussed and
it is concluded that they are in accordance with the predicted three-body
mechanism.

BALTIMORE, MARYLAND

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, YALE UNIVERSITY ]

THE REACTIVITY OF IODINE CYANIDE IN DIFFERENT ORGANIC
SOLVENTS

By ERWIN CHARGAFF!

RECEIVED FEBRUARY 1, 1929 PUBLISHED JULYy 5, 1929

F. Feigl and the author have stated? that the reactivity of iodine toward
the silver salt d saccharin depends upon the solvent used. In the so-
called active solvents, which give brown solutions d iodine (vz., ethyl
ether, ethyl alcohol, etc.), aimost only Agl isformed. In the inactive
solvents (vz., carbon disulfide, carbon tetrachloride, etc.), in which iodine
dissolves with a violet color, there apparently is formed an addition com-

Co
/
pound O\ NAg...Iy, which, being unstable, easily decomposes into
SO

1 Milton Campbell Research Fellow in Chemistry, 1928-1929.
* F. Feigl and E. Chargaff, Monatsh., 49,417 (1928). (In. C. 4., 22, 3816 (1928),
and 22, 4083 (1928), both times the second author's name is incorrectly reported.)
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silver saccharate and iodine. This remarkable difference in reactivity is
attributed by the authors to thefact that in the brown solutions the iodine
is present in a molecular compound with the solvent, whereas in the
violet solutions we are dealing with uncombined moleculesd iodine. The
absorption spectra d these violet solutions are almost identical with that
d iodine vapor. Therefore it was d some interest to compare the re-
activity d an interhalogen compound with that d iodine in the same
solvents. For this purpose the reaction d silver saccharate in solutions
o iodine cyanide with different solvents has been investigated under
identical conditions.

Experimental Part

The silver saccharate used was prepared by adding a boiling agueous solution o
8 g. d silver nitrateto a boiling solution o 10 g. o sodium saccharate The precipitate
was washed with water, acetone and ether. By analysis it wasshown to be pure silver
saccharate. The best method for preparing iodine cyanide proved to be that recom-
mended by V. Grignard and P. Crouzier,? which consistsin passing a stream o chlorine
through a solution d iodine in aqueous sodium cyanide, and subsequently removing
the iodine cyanide by extraction with ether. In order to obtain a good yield o the
cyanide it was found to be desirable to remove the ether by distillation in a vacuum
at room temperature and not on a steam-bath, asiodine cyanide is very volatile even
below 40°. Out d the highly concentrated ether solution the iodine cyanide is then
precipitated by adding carbon tetrachloride. The product thus obtained is amost
pure (m. p. 145.5° instead of 146.5"). For ordinary purposes the very unpleasant
sublimation thus may be avoided. However, for the experiments given here the
original product was sowly sublimed in small portions at 40°, whereupon the melting
point rose to 146° in the closed capillary tube. From 31.5g. d iodine 35.2 g. d iodine
cyanide was obtained (92.6% d the iodine used). The solvents were all freshly dis-
tilled and dried. The carbon disulfide was shaken with mercury and calcium chloride
and then distilled.*

I'n all cases the reactions were carried out by refluxing .6 g. d silver saccharate
with solutions d 0.8 g. of iodine cyanide in 80 cc. of the respective solvents for two
hours. Longer heating does not change the results. When still hot the solution
then was decanted from the silver salt and the latter heated with fresh solvent several
times until a sample d the solvent did not liberate iodine from a potassium iodide
solution. To determine the silver in the reaction product the previous method o
analysis could not be employed. A method was necessary which allowed the deter-.
mination d slver iodide and at the same time o the amount d silver cyanide which
may have been formed. Therefore, each time a weighed sample o the product was
heated with dilute nitric acid and the liquid separated from the silver iodide and
silver cyanide with a filter crucible. In thefiltrate the amount o silver, which came
from unchanged silver saccharate, was determined by titration with 0.1 N-ammonium
thiocyanate solution after the method o Volhard. The residue in the crucible was
washed with warm aqueous ammonia after weighing and the loss d weight indicated
the amount of silver cyanide dissolved by the ammonia. However, as the amounts
o silver iodide and silver cyanideinsolublein nitricacid were very slight, great accuracy

3 Grignard and Crouzier, Bull. soc. chim., [4] 29, 214 (1921).
* Th. Sidot, Compt. rend., 69, 1303 (1869); H. Arctowski, Z. anorg. Chem., 6,
255 (1894); M. v. Unruh, sbid., 32, 407 (1902).
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could not be expected for the determination d the silver cyanide. Some of the results
obtained are given in Table I.
TaBLE |

ResuLTs or EXPERIMENTS
) Silver saccharate
Digest , Silver Insol. Sol in NHACN reccnvered,0

Solvent hours salt, g. res, g. NH.0H, g N/10, cc. g. %
Abs. ether 2 0.2046  0.0007 e 7.02 0203 99.47
Ether 2 3757 L0015 0.0004 12.89 3737  99.46
Ether 5 .3215 .0016 0003 11.02 ,3195 99.37
Abs. alc. 4 2927 .0020 .0008 10 00 , 2900 99.06
Abs. ale. 2 3434 .0024 e 11.74 .3403 99.11
Benzene 4 2772 .0009 e 9.52 2760  99.56
Benzene 2 .3988 .0008 e 13.72 .3977  99.73
Carbon tet. 2 .2189 .0012 e 7 0 2174 99.32
Chloroform 2 .3423 .0015 ceen 11.74 .3403 99.42
Carbon disulfide 4 .3158 .0022 .000¢ 1081 3134 99 24
Carbon disulfide 2 .3968 .0021 e 13.59 3940 99.29

Discussion of the Results

The experiments described above gave the result that iodine cyanide does
not act on silver saccharate at all, whereas iodine does, and there cannot
be found any influence due to the nature d the solvent used. In Table
IT are recorded the respective amounts d silver iodide expressed as per-
centage d the reaction products in the cases d both iodine and iodine
cyanide.

TABLE 1I

SLVER lobiDE ExPRESSED AS PERCENTAGES
Carbon Carbon

Abs. Abs. Chloro-  tetra-  disul- Pet.

ether Ether ale. Benzene form chloride fide ether
Reaction with I, 90.15 95.76 91.30 8820 86 4 2457 O 0
Reaction with ICN 053 059 092 036 058 068 0.74

In the reaction with iodine there appears to be a decisive difference
according to the use d an active or inactive solvent (with the exception
only d chloroform and benzene),® while with iodine cyanide no influence
d the solvent can be stated at all, the amount o silver iodide formed
being very small in all cases. The statement d F. Ephraim® that the
reactions d the interhalogen compounds are merely weakened reactions
d the free halogens does not prove to be correct at least in this case.
In order to explain these facts two assumptions could be made. Either
it could be assumed that, contrary to the case d iodine, iodine cyanide
does not give addition compounds with the active solvents and that to
these addition compounds is due the formation d silver iodide in brown
solutions d iodine, or (and this may be the more plausible explanation)
that iodine cyanide—and perhaps other interhalogen compounds, too—

5 F. Feigl and E. Chargaff, ref. 2, pp. 418 f.
§ F. Ephraim, " Anorganische Chemie,” 2d and 3d ed., p. 300.
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does not function as a "mixed halogen,” but asa salt & hydrocyanic acid
withtheweak baseiodinehydroxide.! Thesalt-like behavior d theiodine-
halogen compounds is emphasized by severa investigators.® In conclu-
sion it may besaid that accordingto the results which have been obtained
the hypothesis that the structure d the iodine cyanide moleculeisdifferent
fromthat o theiodine moleculeis confirmed, and that it isto the different
chemical nature d iodine cyanide that we may attribute its divergent
reactivity.
Summary

The reactivity d iodine cyanide toward silver saccharate in various
solvents has been investigated. It isshown that contrary to the behavior
d iodine the reactivity d iodine cyanide is independent o the nature o
the solvent. From this fact the conclusion may be drawn that iodine
cyanide represents a heteropolar compound and does not function as a
"mixed halogen." Theyieldd iodinecyanide has beenincreased by modi-
fying the purification methods.

NEw HAVEN, CONNECTICUT

[ConTRIBUTION PROM THE CHEMICAL L ABORATORY oF THE UNIVERSITY OF UTaH]

THE DENSITIES OF COEXISTING LIQUID AND GASEOUS
NITROUS OXIDE

By ELTON L. QUINN AND GRANT WERNIMONT
RECEIVED FEBRUARY 19, 1929 PUBLISHED JULY 5, 1929

During an investigation d the internal pressure d liquid nitrous oxide
by the measurement d its surface tension, the authorsfound that no data
existed on thedensitiesd theliquid and itssaturated vapor at temperatures
below zero. As these data were necessary for calculating the surface
tension, it became necessary to interrupt the investigation and to attempt
a set o measurements for supplying these values. This paper describes
the method d making these determinations and the results obtained over
a temperature range from 30 to —50°.

The densities o liquid nitrous oxide and its saturated vapor were de-
termined between the temperatures d 30 and 0" by Villard' in the year
1894. Wihilethe reliability d these determinations has never been ques-
tioned, the temperature range covered is not great enough for the work
at hand. Theadvisability d extrapolating these values to the lower tem-
peratures was carefully considered but it seemed best under the circum-
stances to make direct measurements.

7 Cf. Abegg, " Handbuch der anorganischen Chemie" 1913, Val. IV, 2, pp. 455 ff.

8 P. Walden, Z. physik. Chem., 43, 385 (1903); R. Abegg, Z. anorg. Chem., 39,
330 (1904).

1 Villard, Compt. rend., 118, 1096 (1894).
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As it was necessary to make measurements beow the freezing point
d mercury the usual method in which mercury isused asa confiningliquid
could not beused. Themethod d Y oung?seemedto betheonly onie appli-
cable under these conditions and after slight modification was found to
give quite satisfactory results. Several glass tubes o different lengths
werefilled to about two-thirds of their capacity with liquid nitrous oxide;
thevolumesd theliquid and saturated vapor were determined at different
temperatures and the weight d the compound in each tube was measured.
From these values by means d simultaneousequations it was possible to
calculate the densities d the two phases at each temperature at which
measurements were made.

Experimental Method

The five pycnometers used in this work were simple straight ' soda-glass' tubes
having an outside diameter o 12 mm. and a wall thickness d 2 mm. These tubes
varied in length from 10 to 20 cm. and were graduated on the outside in mm. divisions.
The greatest care was necessary in their manufacture as it was necessary for them to
withstand at times a gas pressure as high as 68 atmospheres. 1t wasfound that proper
annealing after working in the gas flame was much more important than the thickness
d thetube wall, provided, d course, that it had a reasonablethickness. Thetwo-thirds
capacity filling d the tubes was aso important because tubes having very much less
than this amount could not be used over the whole temperature range. Stewart®
showed in the case d carbon dioxide, which behaves much the same as nitrous oxide,
that theliquid in a tubefilled to less than about two-thirds d its volume contracts on
cooling until some temperature is eventually reached where the liquid condensed from
the gaseous phase, due to the lowering d the temperature, is equal to the contraction
d theliquid phase. [t isquite obviousthat measurementsmade under such conditions
would be d no value for density determinations.

The nitrous oxide used in this investigation was taken from a commercial cylinder
of the liquefied gas manufactured by the Ohio Chemical and Manufacturing Company.
The gas was carefully analyzed qualitatively using the tests suggested by Hackh* and
found to befreefrom other oxidesd nitrogen, halogens, carbon dioxide, sulfur compounds
and ammonia. A small quantity d air was present but the most troublesome impurity
was water vapor. |n order to remove these impurities as wdl as any other substance
that might be present in small amounts the liquid was fractionally distilled several
times in an apparatus represented by the drawing in Fig. 1. The pycnometer, e,
was cemented to the exit tube with de Khotinsky cement and the whole apparatus
evacuated with an oil pump until the pressure was less than 3 mm., as indicated by a
mercury manometer. During the evacuation the pycnometer was heated with a hand
blast lamp until it was much too hot to permit touching with the bare hand. Nitrous
oxide was then admitted to the apparatus and when the pressure reached that of the
atmosphere the vacuum pump was stopped, the valve on the safety line closed and the
safety valve adjusted. Then after a slight pressure had been put on the system, the
valve to the safety line was opened and the pressure increased until the safety valve
operated. While in this condition a Dewar flask containing solid carbon dioxide and
ether, the temperature d which had been lowered to —100" by means o a vacuum

2 Young, Trans. Chem Soc., 59, 37, 126, 929 (1891); Proc. Phys. .Sec., 13,617 (1895).
8 Stewart, Trans. Am. Soc. Mech. Eng., 30, 1111 (1908).
* Hackh, J. Am. Pharm. Assecn., 13, No. 3, March (1924).
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pump, was pushed up over Tube a. Gaseous nitrous oxide was admitted from the
cylinder fast enough to keep the safety valve closeto the opening point until a sufficient
quantity ef theliquid had collected in Tubea. The supply d nitrous oxide was then
cut off and the valve to the safety line closed. The freezing mixture was then trans-
ferredto Tube b and the liquid in a was permitted to distil into b, after which a Dewar
flask containing liquid oxygen was substituted for the carbon dioxide freezing mixture.
Assoon as the nitrous oxide wasfrozen the vacuum pump was connected and the system
evacuated to 3mm. or less. AsTube b was cooled with liquid oxygen beforeall d the
liquid in a had evaporated, a residue d liquid nitrous oxide wasleft in a which usually
changed to a solid as soon as vapor pressure was decreased by lowering the temperature
o Tube b. This residue was removed by heating after the vacuum pump had been
operating for afew minutes. Theresidual gaseswereable to passto the pump without
coming in contact with the solid nitrous oxide. This procedure was repeated by dis-
tilling to a liquid in ¢ and freezing to a solid and pumping in d and finally distilling the
proper amount into the pycnometer e, freezing and evacuating. The pycnometer

Manometer

A
U

containing the proper amount d solid nitrous oxide was sedled while the vacuum
pump held the pressure to less than 3 mm. and after the heated end o the tube had
cooled it was removed from the liquid oxygen and the whole tube warmed slowly to
room temperature. That this process was effectivein removing the water from the
gas isindicated by the fact that in preliminary experimentsin which the gaswasdried
by passing it through a 50-cm. tower o calcium chloride, crystals of some impurity,
supposedly water, separated from the liquid nitrous oxide on cooling to about —20".
Liquid nitrous oxide distilled in this apparatus failed to show such an impurity at any
temperature. Weighing the tubes was delayed for several days so as to permit them
to stand at room temperature long enough to give some assurance that they would not
explode in the balance case. Several tubes exploded during this period, usualy very
soon after filling but none caused any trouble after starting the measurements, some
even being heated to the critical temperature.

After weighing, the pycnometers were placed in long glass tubes having one end
closed. A wad of cotton prevented the pycnometers from touching the bottom and
aroll of paper held the top end securely in place. These tubes madeit easy to handle
the pycnometers and to clamp them in position in the thermostat. The thermostat
used has already been described.> The temperature was kept constant by expanding

5 Quinn, TH S JOURNAL, 49, 2704 (1927).
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liquid carbon dioxide through a cooling coil submerged in an alcohol-bath. Some im-
provement was made when a so-called *'siphon cylinder** was substituted for the in-
verted carbon dioxide cylinder. This made handling easier and prevented water and
oil from being forced through the coils. The temperature was adjusted every thirty
seconds during the period o measuring and it was not difficult to hold it within ==0.25°
d the desired temperature down to —60°. Temperature measurements were made
with a pentane thermometer which had been calibrated twice by the U. S. Bureau of
Standards. The last calibration was made during the summer of 1928.

The routine procedure d reading the volumes d liquid in the several tubes was
as follows. The tubes were submerged in the acohol-bath at the desired temperature
for ten minutes. They were then removed and quickly shaken thoroughly and returned
to the bath. At the end of six to seven minutes a reading was taken d the position
d the meniscus on the tube graduations and it was again removed, quickly inverted
and returned to the bath. In three to four minutes or as soon as the liquid nitrous
oxide had drained from the sides o the tubes a second reading was made and if the
two readingschecked thisvalue wasused asthe volumed theliquid at that temperature.
The time necessary to reach equilibrium in the tube was determined several times by
taking readings every twenty seconds until they became constant. |t never took over
seven minutes to reach this point.

After the readings had been completed the temperature d the tube was lowered
in a solid carbon dioxide and ether bath and a small hole madein thetip o the pyeno-
meter with a hand blast lamp. The tubes were then removed and the nitrous oxide
permitted to escape. Thelast d this compound was removed with a vacuum pump
and its place taken by air, the weight d which was easily determined. The weight of
the tube was then determined, after which it was filled to the top with freshly boiled
distilled water and again weighed. From these weighings and the temperature of
the water the total volume d the pycnometer was determined. The top of the tube
was then removed and the lower portion calibrated by filling with water to the marks
reached by the liquid nitrous oxide at the various temperatures. Thecurvatured the
meniscus in the case of water was, d course, different from that o thenitrousoxideand
a correction for this difference had to be applied at each temperature.

The weight d the water in the meniscus was found in the following manner. A
tube d the same size as that used for the pycnometers partly wasfilled with mercury
andallittlewater placed ontop. It wasthen put in a projection lantern and
its image, enlarged 23 times, was projected on a white piece d paper. A NG
drawing was made d the ‘two menisci which is represented by Fig. 2, abed 3 <
being the meniscus o the water and efghthat d the mercury. Theseareas ¢
were then cut from the paper and weighed. Theweight o abcd
divided by the weight of abcd + efghtimes100 gave the percent-
age d the total area due to water above the line bc which was
found in three determinationsto be62, 61 and 819, respectively.

VAR MR 2R dLGa R HERRAA M ENREYSY Al Afdhust touched

the meniscus o the mercury asin Fig. 3. Theweight of thewater wasthen
determined and 619, d this was taken as the weight abovethelinebe. A
tube containing liquid nitrous oxide was then warmed to 30° and adrawing
maded itsmeniscus. The surface came so near to being flat that it was assumed that
no appreciable error would be introduced by so considering it. An attempt was made
to get a drawing of the nitrous oxide meniscus at a low temperature. T s was un-
successful and it was therefore necessary to be conteut with the apparent similarity of
the meniscus o theliquefied gas at —60° and that d water at +30°. It was quite
evident that if any correction was needed at thispoint it wasvery small. Thecorrection

g

‘l:ig. 2

Fig. 3.
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at 30° was 0.05g. Thiswasthe weight d the water inthe curved meniscus above the
comparatively flat surface of the liquid nitrous oxide. The correction at —60° was O.
By interpolation the correction to be subtracted at each temperature was determined.

The thermal expansion of the tube from —60° to the temperature at which the
calibration was made was calculated and it was found that this made a difference in
the volume d the tube d about 1 part in 500. As this correction was less than the
probable error in the readings, it was not applied.

The dilation o a glass tube under a pressure practically the same asin this case
was measured experimentally with liquid carbon dioxide6 and wasfound to be less than
0.1%. Thiscorrection could, therefore, be neglected in these calculations.
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Fig. 4.

I n order to eliminateasfar as possible the experimental errorsinvolved
in determining the volume d the liquid nitrous oxide at the various tem-
peratures, the volumes obtained by calibrating the tubes were plotted on
coordinate paper 50 X 80 cm. and a curve was constructed for each set
d readings. The agreement between the points on each curve was very
satisfactory, only afew pointsfailing to fall in the proper position. The
values used for the calculationsd the density d theliquid and the density
o the gas were read from these curves. Tube No. 1 was discarded at the
outset asit was quite evident that the volume d theliquid was too great
togivereiableresultsfor the gaseousdensity. Readingsfrom Tube No. 3
also had to be discarded although the curve seemed to be quite regular.
Apparently the trouble was due to an error in the total weight d the
nitrous oxide or its total volume. As the tube had been cut it was quite

8 Quinn, THis JoUuRNAL, 50, 675 (1928).
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impossible to check back on either d these points. The densities were
determined by setting up simultaneous equations between different sets
d volumereadings. Five calculations were thus made at each tempera-
ture and the values plotted in Fig. 4 were the averages between these
results. In constructing this curve the value obtained by Villard for the
critical temperature was used, that is, 38.8°. |t isquite evident from an
inspection d the curve that the values reported at times around 35°
could not be used. The critical density was determined by the method
d Cailletet and Mathias’ in which the valuesfor (I + d)/2 were plotted
against the temperature and the straight line thus produced was extrapo-
lated to the critical temperature. Thisgaveavaued 0.459for thecritical
density, while the value reported by Villard was 0.456.

Experimental Results

The results o these measurements are tabulated in Table |.  Villard’s
results were plotted and values read from his curve at corresponding tem-
peratures are given in the table for comparison. It will be noted that
the agreement is, in general, very satisfactory. TLowry and EricksonS de-

TABLE I
T DENsrrigs oF CoexXISTING Liguip AND GAsEous N1Trous OXIDE
P Quinn and Wernimont————— — §
Tegp- s Calcd. Obs. Calcd. p Viard
38.8 0.451 0.459 0.459 0.459 0.456 0.456
30 704 721 217 .216 .680 .240
25 750 .780 181 ,166 740 .196
20 793 .805 .153 .155 784 .160
15 .826 .837 133 .133 820 .135
10 .861 .866 111 ,116 .856 114
5 .894 .892 .090 .102 .886 .099
0 .925 .916 .073 .088 012 .087
=5 .952 .939 .062 077
~10 .975 .960 .051 .066
-=15 .995 .980 .042 .058
—-20 1.013 .999 .038 .049
=25 1.033 1.018 .030 042
-30 1.044 1.036 .029 .034
—-35 1.053 104 .028 028
=40 1 062 1 070 031 .022
=45 1.071 1.087 .020 .017
-50 1.079 1.103 .032 .013

The experimental error for the liquid densities is estimated as about +=0.25%,.
The error & measurement d the gaseous phase is much greater. Neglecting the two
highest and two lowest values, which are obviously much in error, the average deviation
will run about =2.09%,.

7 Cailletet and Mathias, Compt. rend., 102, 1202 (1886); 104, 1563 (1887).
8 Lowry and Erickson, THIS JOURNAL, 49, 2731 (1927).



2008 ELTON L. QUINN AND GRANT WERNIMONT Val. 51

veloped equations for the relation between the values for (D 4+ d)/2 and
the densitiesd the gaseous and liquid phases d carbon dioxide. These
equations when applied to nitrous oxide take the following form

D = 0.459 + 0.00111 (¢ — t) + 0.1222 V#; — ¢
d = 0459 + 0.00111 (¢ — t) — 0.1222 V% — ¢ and
(D + d)/2 = 0459 + 000111 (¢, - t)

I n these equations D is the density d the liquid phase and d the density
d the gaseousphase. The values d D and d calculated by meansd these
equations have aso been tabulated and it will be noted that the agreement
is not especialy good and this disagreement is more pronounced at the
higher temperatures. Lowry and Erickson, in the case d carbon dioxide,
obtained excellent agreement between the calculated and observed values.

It isd some interest to use these results for calculating the molecular
volume at absolute zero, using for this purpose the equation proposed by
Sugden.® I theequationiswrittenintheform D —d = Dy (1— T/Tk)”"
Dy being a constant whichin the case d nitrous oxide hasavalue o 1,566,
then the molecular volume at absolute zero would bé 4411.566 or 28.1 ce.
The actual volume occupied by each molecule could be calculated easily
from this value by the use of Avogadro’s number.

Summary

The densities d the coexisting gaseous and liquid phases of nitrous
oxide have been determined over a temperature range d 80°. Thecritical
density wasfound to be 0.459 and the molecular volume at absolute zero
to be 28.1 cc. when calculated from Sugden's equation. The values for
the density d the liquid and its saturated vapor show a very good agree-
ment with those obtained over part of the temperature range by Villard.

SALT LAKE CiTy, UTAH

9 Sugden, J. Chem. Soc., 130, 1780 (1927).
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Although the lead storage cell has been extensively studied from the
practical side, the value o the lead dioxide-lead sulfate electrode, which
is generally considered to form the positive electrode d the storage cell,
is known only approximately. Gerke? gives 1.7 v. for the value d this
electrode, the second figure being considered uncertain. This value is
based on the work d Kendrick.? Vinal* has tabulated the values d dif-
ferent observersfor the electromotiveforced the lead storage cell. There
isan average variation from the mean d 0.02 v. in the valuesfor cellswith
the same acid concentration when all the results tabulated are considered.

In thisinvestigation the electromotiveforced thecdl

Hg | Hg:SO04, PbSO4, HaSOs (@ = x) | HySO4 (¢ = x), PbOx, PbSO4 | (Pt) (1)
was measured. The lead dioxide and lead sulfate were prepared chemi-
caly or, in the case d afew preparations d the former, by an electrolytic
process different from that used in forming the positive plates d storage
cells. From the electromotiveforced Cell 1thevaued thelead dioxide—
lead sulfate electrode was cal cul ated.

By combining the electromotive force d Cell 1 with that o the cell®

Pb \ PbSO4, SO~ | Solg-'_, PbSO4, Hg2504 i Hg (2)
the electromotive forced the cdl
Pb | PbSO,, H,SO4 (a = x) | HsSO4 (¢ = x), PbO,, PbSOy | (Pt) 3)

was calculated.® This was found to agree as wdl as could be expected
with the observed electromotive forced the lead storage cell.

Materials

Mercury.— Commercia redistilled mercury was purified by passing it repeatedly
through a column o mercurous nitrate solution, and by fractionally redistilling it at
least twice under reduced pressure in a current d air.

! Condensed from a major portion d the dissertation submitted by D. Norman
Craig to thefaculty d the Graduate College d the State University o lowa in partial
fulfilment o the requirementsfor the degree d Doctor d Philosophy.

* Gerke, Chem. Reviews, 1, 390 (1925).

8 Kendrick, Z. Elektrochem., 7, 53 (1900).

¢ Vinal, " Storage Batteries,” John Wiley and Sons, New Y ork, 1924, p. 166.

5 (a) Henderson and Stegeman, THIS JOURNAL, 40, 84 (1918); (b) Mellon and
Henderson, ¢bid., 42, 676 (1920).

¢ The electromotive force of Cell 3 could not be measured directly on account of
thedifficulty o reproducingthelead sulfate—lead amalgam electrode when the electrolyte
was a sulfuricacid solution. Lewisand Brighton, THISJOURNAL, 30, 1908 (1917), have
reported this difficulty, and their observations were confirmed in this investigation.
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Lead Amdgam—The lead amalgam was prepared electrolyticaly from purified
mercury and twice recrystallized lead nitrate. |t contained 10% d lead by weight.

Mercurous Sulfate——The mercuroussulfate was prepared by adding at a dow rate
a mercurous nitrate solution, made from twice recrystallized mercurous nitrate, to a
hot 2 M sulfuric acid solution, which was made from C. p. acid. The precipitated mer-
curous sulfate was digested for nineteen hours on a steam-bath under 2 M sulfuricacid
solution.”

Lead Nitrate. —Lead nitrated C. ». quality wasrecrvstallized twice by theaddition
o concd. nitric acid to a hot concentrated solution d the salt. In the second re-
crystallization redistilled nitric acid and redistilled water were used.

Lead Sulfate —Five hundred cc. each d a 0.5 M lead nitrate solution and 0.5 M
sulfuric acid solution were added simultaneously drop by drop with constant stirring
to 2 liters d bailing 0.1 M sulfuric acid solution. The lead sulfate was digested for
twelve hours on a steam-bath under 2 M sulfuric acid solution.

Sulfuric Add Solution.—The sulfuric acid solutions to be used as electrolytes in
the cells were made by diluting concentrated C. p. acid to the required concentration
with redistilled water.

The concentrations were determined by titrating a known weight d the solution
with a standard carbonate-free sodium hydroxide solution. The latter was stand-
ardized by titrating in asimilar manner a known weight d a hydrochlorioacid solution,
which in turn had been standardized gravimetrically by the silver chloride method.
Duplicate determinations agreed within one part in a thousand. The method o
Randall and Scalione® was tried aso as a check. Duplicate determinations did not
agree quite so wdl, but the mean valuesagreed within an average d lessthan two parts
in a thousand with the results d the first method. The concentrations given below
are expressed in moles per 1000 g. d water.

Preparation o the Lead Dioxide

Several methodsfor the preparation o lead dioxide were tried because
agreement d preparations made by different methods can be considered
asevidencethat the material isd sufficient purity and hasastable physical
form.

Method 1.—Lead hydroxide was prepared by precipitation from a dilute lead
nitrate solution by meansd sodium hydroxide. 1t waswell washed and then dissolved
by means d sodium hydroxidesolution. The resulting sodium plumbite solution was
maintained at about 93°, stirred mechanicaly and bromine or sodium hypobromite
solution added. It made little difference whether the oxidizing agent was bromine
carried in by a current d air, bromine water or sodium hypobromite solution. In all
cases the addition d the oxidizing agent was continued until the precipitate which
was formed had turned dark brown or black.

Method 2—The second method wassimilar to thefirst except that gaseouschlorine
was used as the oxidizing agent. The chlorine was generated by the action d concd.
hydrochloric acid on potassium permanganate and was washed by bubbling through
water.

Method 3.—The third method consisted in hydrolyzing sodium plumbate. L ead
dioxide was prepared by electrolysisand dissolved with hot concentrated sodium hy-
droxide solution. The solution wasfiltered and added drop by drop to alarge volume
o water kept at about 93° and mechanically stirred.

7 See Voshurgh and Eppley, THISIJOURNAL, 46, 110 (1924).
8 Randall and Scalione, Met. Chem. Eng., 13, 787 (1915).
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Method 4.— ead dioxide was also prepared by the electrolysis of a solution d
100 g. of lead nitrate and 400 cc. d coned. nitric acid in atotal volume d three liters
with a platinum gauze anode. The cathode was a platinum wire sealed into glass and
was surrounded by a porouscup. The current density was kept in the vicinity o 2.5
amperes per square decimeter and the temperature was 93°.

A few preparations were made with the solution at room temperature. This
material was not as satisfactory as that made at the higher temperature.

Lead dioxide was aso deposited electrolytically directly on coilsd platinum wireto
beused |ater ascell electrodes. Theeélectrolysiswascarried out in hot solutionswith vari-
otts concentrations d lead nitrate and nitric acid and variouscurrent densities.  Smooth
aswadl as previoudy platinized wireswereused. Theseelectrodeswere not satisfactory.

Other Methods.—L ead dioxide preparations made by hydrolyzing sodium plumbate
with cold water and by oxidizing sodium plumbite with hydrogen peroxide were not
satisfactory.

Digestiond the Lead Dioxide —Two advantages may be gained by digesting lead
dioxidewith sulfuricacid at an elevated temperature. Thelead dioxide may be brought
to a more stable physical form” and any lead monoxide present may be converted to
lead sulfate. Sincelead sulfate wasto be mixed with thelead dioxidein setting up the
cells it was not an objectionable impurity.

The lead dioxide used in al but the preliminary experiments was digested under
3 M sulfuric acid solution on a steam-bath for several days. The color d the digested
lead dioxide was nearly black, even in those casesin which the color was dark reddish-
brown before digestion.

Apparatus

The electromotive forceswere measured by meansd a Leeds and North-
rup Type K potentiometer, which was calibrated by the method described
by the manufacturers.*®

The standard cells were 0 the saturated type and were kept in an oil
thermostat at 25°. They have been previously described."*

The experimental cells were kept in an oil thermostat. During the
measurements at temperatures other than 25° two thermostats were used,
one at 25° for the standards and the other containing the experimental
cells. Thetemperatures were measured by a thermometer checked by the
Bureau d Standardsand are probably accurateto =0.03°.

Preliminary Experiments
A number o separate lead dioxide-lead sulfate electrodes were set up
in order to find out which methods d preparing lead dioxide gave the best
results. They werecombined, by meansaf an intermediate vessel contain-

ing some d the electrolyte, with two mercuroussulfate electrodes and the

¥ (a) Vosburgh and Eppley, ref. 7, found that digestion d the mercurous sulfate
with a sulfuric acid solution at boiling temperature helped in the preparation o repro-
ducible Weston standard cells. The digestion probably brought the mercurous sulfate
to a morestable physical form. Seeaso (b) Cohen, ' Physico-Chemical M etamorphosis
and Some Problemsin Piezochemistry," MeGraw-Hill Book Co., Inc., New Y ork, 1926,
p. 50 and (c) Vosburgh, THISJOURNAL, 50,2391 (1928).

1 |_eedsand Northrup Company, Bulletin No. 755, 1923, p. 22.

11 Ref. 9¢, p. 2389.
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resulting cells were measured at room temperature. The electrolyte was
0.1 M sulfuric acid solution throughout. The lead dioxide-lead sulfate
electrodes were made by mixing lead dioxide and lead sulfate with the
electrolyte and allowing this paste to flow around a coiled platinum wirein
the electrode vessdl. The platinum wire, which was 0.4 mm. in diameter
(No. 26) and 4-cm. long, was sealed into a glass tube and connected with a
copper wire terminal by means o mercury.

The preliminary experiments showed that different samples o undi-
gested lead dioxide prepared by the same method gave cells differing by
as much as 5 mv. Samples prepared by different methods gave cells
differing by 10 to 15 mv. in some cases. When the lead dioxide was di-
gested with asulfuricacid solution on asteam-bath for several days, samples
prepared by different methods gave cells agreeing within 2 mv. or better.
The concentration d the sulfuric acid in which the lead dioxide was di-
gested was d some influence. The best results were obtained when the
acid concentration was from one to six molar.
Ninemolar acid led to some erratic results.
Therefore three-molar acid was used in digesting
the lead dioxidefor thefina cells.

The preliminary experiments also led to the
choice o Methods 1, 2, 3 and 4 described above
as the best methods d preparing lead dioxide.
When lead dioxidewas deposited directly on the
J platinum coils by electrolysis, the resulting cells
decreased in electromotive force steadily over
_? periodsd several weeksand were never observed

7

to becomeconstant.

The Cell Hg | Hg:SOs, PbSO,, H.SO, | HaSO,,
PbO,, PbSO; | Pt

Preparation o the Cells.—The final cellswereset up
in vessels o thetypeshown in Fig. 1. The leg bearing
_U the sealed-in platinum wire was used for the mercurous

sulfate electrode and that with the side arm was used

Fig. 1.—Cell vessel. for the lead dioxide electrode. The sulfuric acid solu-

tions used had been carefully standardized as described
above. The lead dioxide had been digested in all cases.

I n preparing some d the mercurous sulfate electrodes, air-free solutions were used.
These had been standardized after freeing from air. Precautions were taken also to
protect the mercurous sulfate from air by means d an atmosphere d carbon dioxide
while the cell was being set up.'2 Others, as indicated in the tables below, were set
up without protection from oxygen. Some lead sulfate was mixed with the mercurous
sulfate paste and the layer o this mixture in the cell, at least 1 cm. deep, was covered
with a layer d lead sulfate.

12 Vosburgh, THIS JOURNAL, 47, 1258 (1925).
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I n setting up a lead dioxide—lead sulfate electrode, the tube bearing the platinum
roil wasfirst fixedin place. The glass tube was passed through a hole in a paraffined
cork disk and the disk was pushed into the tube o the cdl vessd for a distance d two
or three centimeters. Melted beeswax was poured on top d the cork disk. Then a
paste d about equal parts d lead sulfate and lead dioxide was introduced through
the side arm. Enough was introduced to cover completely the platinum coil. This
mixture was covered with a layer d lead sulfate. The opening d the vessel on the
mercurous sulfate electrode side and the opening d the side arm were closed with
paraffined cork disks pushed in for some distance and covered with a layer  beeswax.
The finished cells were mounted on racks and connected as described by Vosburgh.!t

Effect of Dissolved Oxygen.—Randall and Young,'* whose paper
appeared while this investigation was in progress, have shown that the
presence d dissolved oxygen has an appreciableeffect on the electromotive
force f a cadome electrode with an acid electrolyte. Vosburgh'4 found
that in setting up Weston standard cells protectionfrom the air was d less
importance when the electrolyte contained some sulfuric acid than when
it was nearly neutral. Therefore, the effect d dissolved oxygen in the
present cellsis d interest. Table | givesa comparison d four cells pre-
pared with and four prepared without precautionsagainst dissolved oxygen.

TABLE |
EFFECT oF DissoLVED OXYGEN

H2S04, E.m f.b Changed e.m.f,
PbOz M 1day, v. 6 days, v. 2 vKks., V. 4 wks, v.
1A 0.1000" 0.82587 0.13 0.23
2 .1000° 82503 .06 .05 e
1A .1035 .82874° - .37 — .70 —-0.85
2 .1035 ,82833" - .30 - .78 — .98

“ Oxygen wasexcluded in the preparation d these cells by means d an atmosphere
d nitrogen.

® Each value is the average value for two cells.

® Onthe basisof these valuesthe valuefor a0.1000 M el ectrolytewould be 0.82687 v.

The electromotive forces o cells made with oxygen present decreased,
while the electromotive forces o the cells made in the absence o air's
increased slightly but were more nearly constant than the others. The av-
erage initial electromotive forcesd thetwo groupsdiffered by about 1. mv.
when that d the second group was calculated to an acid concentration
0.1000 M. Tables IT and III indicate that the presence d oxygen has
a smaller effect on the constancy when the acid concentration is larger.
In Table IT agroup d cellsmade without protectionfrom the air and with
1.036 M acid as the electrolyte is compared with a group made with pro-
tection from the air and with an electrolyted 1.964 M acid. |nthistable
also each electromotive force value is an average of the values of duplicate
cels. «

¥ Randall and Y oung, Tuis JOURNAL, 50,993 (1928).
1 Ref. 12, p. 1266.
15 Nitrogen was used rather than carbon dioxide in these cells.
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TapLg II
EFFECT OF DissoLVED OXYGEN. CONSTANCY
Hﬁ\sllo‘ : Electromotive force at 25°
PbO; 2 wks, v. 5 wks., v. 7 wks., v. 12 wks, v. 16 wks., v.
1 1036 ... e 0.95255 0.95253 0.95247
2 1.036 .....  aeeen .95256 .95254 .95250
1 1.964" 1.00129 1.00132 1.00133 1.00126
2 1.964" 1.00118 1.00123 1.00123 1.00120

¢ Oxygen was excluded from the electrolyte d these cdls.

Thevauesd theelectromotiveforceswere not measured at 25° previous
to the measurements recorded in Table II. Measurements at higher
temperatures indicated that the electromotive forces increased “slowly
during thefirst wesk or two. Inthecased thelast group d cells, at least,
constancy wes attained within two weeks and the electromotive forces
remained constant for at least ten weeks. Table III will show that values
for the cell with unit sulfuric acid activity calculated from the two groups
agreed within 0.3 mv. It isto be concluded, therefore, that the effect d
dissolved oxygen is largest in the cells with the most dilute electrolytes,
and that it causes an uncertainty in the electromotive force d not more
than 1 mv.

Electromotive Force.—The electromotive forces d all the cedlsset up
were measured frequently over a period o several weeks. From the series
o valuesso obtained the best valuefor the electromotiveforcewas selected.
I nthe cased thecdlswith the moredilute electrolytes from which oxygen
was excluded, the initial values were taken as the best. |n the case d
cells with oxygen-free electrolytes in which the concentration was 1 M or
larger, constancy was attained within a week or two after the cellswere set
up and the constant value was taken as the best one. For the other cells
also the constant values were accepted asthe best. Table III summarizes

TaBLE III
CrLy Hg | Hg:SOy, H;S04 | HoSOs, PbOz, PHSO, | (Pt)
— Electromotive force at 25 ———
H;S04 PbO: 16 PbO: 2 Pb02 3 PbO2 4 Av., o
M v. v. V. v, v. By
0.05355" 0.7956 0.7954 ce R 0.7955 1.0580
.1000* . 8258 . 8264 0.8264 0.8270 . 8264 1.0577
.1035 ,8287 .8283 S e .8285 1.0582
.2579° .8747 o e o . 8747 1.0593
25154 .9106 .9105 e L9113 .9108 1.0597
1.036 .9526 .9526 e Caen .9526 1.0600
1.065" .9550 e .9551 .9550 .9550 1.0607
1.964" 1.0013 1.0012 A . 1.0013 1.0597
2.206" 1.0121 AU . 1.0121 1.0590

3.409" 1.0638 1.Q639 .

¢ Oxygen was excluded from the electrolytes d these cells.
® The numbers 1, 2, 3 and 4 refer to the method by which the lead dioxide was
prepared.

1.0639 1.0573
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the best electromotive force values for each acid molality and for lead
dioxide prepared by the four different methods. Each value in the table
isan average valuefor at least two cells, and in afew casesfor four cells.

The different lead dioxide preparations gave cdls agreeing within about
1 mv. at most, and in the cased the1.065M acid towithin0.1 mv. Com-
mercial lead dioxide even after digestion gave cdls with electromotive
forcesabout 4 mv. higher than the others but d good reproducibility and
constancy-

Cels with electrodes made by electrolytic deposition o lead dioxide on
the platinum wire electrodes from hot solutions d lead nitrate agreed
fairly well with each other, though not with the other cells, but were never
satisfactory as to constancy. They showed a continuous decrease in elec-
tromotive force which did not come to an end during the two months
period d observation. Consequently their electrsmotive forces are not
includedin the table.

I n the next to the last columnd Table I1I is given the average value for
each acid molality. From these the valuesd E° given in the last column
were calculated by means o the equation

o RT ayH20
E = E+ Fin g5
where m is the molality d sulfuric acid, v is its activity coefficient and
am,o iSthe activity d the water. Values for the activity coefficients o
sulfuric acid were obtained by graphic interpolation from the values o
Lewisand Randall.’® The valuesfor the activity d water were calculated
by the method described by Randall and Young.'” The values so obtained
agreed with corresponding values cal culated from the vapor pressure data
d Grollman and Frazer.!®
The cellswith the smallest acid concentrations were the least reproduc-
ible and the most variable when made with oxygen-free electrolytes. The
E° values for these cdls are therefore to be given less weight than the
others. The activity coefficients d sulfuric acid have been less well es-
tablished for thelarger concentrations than for concentrations in the vicin-
ity d 1or 2M. . Therefore, thelast value may be considered questionable.
Theothers give E5; = 1.060 = 0.001v. asthe best valuefor Cell 1.
The electromotive forced the cell
H, (Pt) | HoSOs (a = 1) | HoSO4 (a = 1), PbO,, PbSO, | (Pt) )

which on the basisd the usual conventionscan be called the potential o
the lead dioxide—lead sulfate electrode, can be calculated from the electro-
motive force d Cell 1 and that d the hydrogen-mercurous sulfate cell.

15 |ewis and Randall, " Thermodynamics and the Free Energy d Chemical Sub-
stances," McGraw-Hill Book Co., New York, 1923, p. 357.

7 Ref. 13, p. 1002. .

¥ Grollman and Frazer, THIs JOURNAL, 47, 712 (1925).
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The electromotiveforce of the latter when the sulfuric acid electrolyte has
unit activity is given by Gerke!® as0.6213v. Therefore the electromotive
forced Cell 4at 25° isE,, = 1.681 =0.001 v.

Temperature Coefficients

The electromotiveforcesd a number d representative cells were meas-
ured at five-degree intervals d temperature between 20 and 40°. The
temperature was changed successively from 25 to 20, 30, 35, 40, 35, 30 and
25°. The cdlswere maintained at each temperature for a period of three
or four days, except at 20° at which temperature they were kept for two
days. Readings were taken at frequent intervals. The standards were
kept at 25° in a separate bath. In general the cells showed no change
greater than 0.01 mv. after the third day. Thevaluesgivenin Table |V
are the averagesfor all celswith the same acid molality. The changesin
the electromotiveforce d the individual cells with the same acid concen-
tration showed an average variation from the mean d =0.02 mv.

TABLE IV
CHANGE OF ELECTROMOTIVE FORCE WITH ‘TEMPERATURE

H:S0s, No. of  Em, - B Ep mye .
M celts V. 20° 30° 35 Bt HgemvT g0 30° 25°

0.1000 11 0.82617 $198 —-1.92 —381 —-5.69 —4.03 —-2.02 —-0.15
. 5154 6 ,91076" o —-2.32 —-157 -0.79

1.036 6 .95267 $0.30 —-0.26 —-047 -—-0.66 —-047 —-025 —-000
1.964 4 1.00128" .... e +0.35 40.18 ...
3.499 4 1.06378" ... BN R .. +0.62 +4-0.34

“ Thesevalues at 25° arethe values obtained after the series of temperature changes
rather than before. In the first case (0.5154 M electrolyte) the cells appeared to be
variable during the early part of the run, while i nthe other two cases the cells were set
up only shortly beforethe second measurements at 35°.

I tisto benoted that the temperature coefficient varies with the molality
o theelectrolyte. It isnegativein the cells with the most dilute electro-
lyte, passesthrough zero as the molality increases and becomes positive
for cellswith electrolyteshaving a molality larger than about 1.5 M.

Thechanged 0.15mv. inthe electromotiveforced the cellswith 0.1000
M electrolyte was permanent. Such a change might be expected in cdlls
with dilute electrolytes. For cells with 1.036 M electrolyte the change in
electromotive force with temperature as determined with rising tempera-
ture showed excelent agreement with corresponding values determined
with decreasing temperature. These cells had apparently attained con-
stancy at 25° before the temperature was changed. Furthermore, the
electromotive forces returned to their original 25° values soon after the
temperature was lowered and showed constancy for some time thereafter.
Their temperature coefficientsare probably the most reliabled all.

¥ Ref.2, p. 385
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The Lead Storage Cell

The electromotive force o Cell 3
Pb | PbSOs, HaSO0s (a = 1) | HsSO4 (@ = 1), PbO;, PbSO4 | (Pt)
can be calculated by combining the electromotive forcesd Cell 1, Cell 2
(with alead amalgam electrode) and the cell#?
Pb | Pb** [ Ph(Hg); E = 0.0057 + 0.000165 (t — 25) (5)
For the cdl with an electrolyte d unit activity the calculated electro-
motive force iISE,, = 1.060 4 0.9648 + 0.0057 = 2.0335v.

Cell 3 represents the lead storage cell according to the double sulfate
theory"" d theaction d thestorage cell. 1t would not, however, represent
the action d the storage cell on the basis d the higher oxide theory o
Féry.2?

Tofacilitate comparison of the electromotiveforce d Cell 3 with that of
thelead storage cell, the acid molalitieswere converted to specific gravities.
Then electromotive force was plotted against the specific gravity o the
electrolyte and electromotive forcesfor certain specific gravities were read
from the graph. These electromotive forces are compared in Table V
with the most concordant o the values compiled by Vinal* for the lead
storage cdll, and also with the valuesd Kendrick.?

TABLE V
CoMPARISON CF THE ELEcTRoMOTIVE FoRcE QP CELL 3 wiTH THAT OF THE LEAD STORAGE
CELL
Sp. gr. 25°/25° 1.040 1.050 1.100 1.150
Gladstone and Hibbert, v. 1.898 1 913 1 963 2.003
Kendrick, v. 1.890 1.905 1.957 2.000
Dolezalek, v. .. 1.906 1.965 2.010
Vinal and Altrup, v. 1.890 1.903 1.956 2.000
Cdl 3, v. 1.894 1.909 1.962 2.006

Cell 3 agreeswith the storage cellsmeasured by Gladstone and Hibbert, 2?
Kendrick,? Dolezalek?* and Vina and Altrup* aswedl as could be expected.
This agreement makes it probable that the lead storage cell is not essen-
tially different from Cell 3 and supports the double sulfate theory o its
action.

Activity o Sulfuric Acid

| t wassuggested abovethat the apparent decreasein £° for Cell 1 (Table
IIT) for the most concentrated acid solutious might be explained by an
error in thevalue o the activity. Itisd interest to calculate the values

® Ref. 2, p. 382.

1 Originally proposed by Gladstone and Tribe, Electrician, 9, 612 (1882); see also
ref. 4, p. 146.

22 Féry, Chimie & Industrie, 17,909 (1927).

23 Gladstone and Hibbert, J. Inst. Elec. Eng., 21,425 (1892).

24 Dolezalek, " Theory d the Lead Accumulator,™ 1904, p. 55.
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o the activity coefficientsfrom the results for Cdl 1 and compare them
with the valuesd Lewisand Randall. Thiscomparisonis madein Table
VI. Eachvauefor the electromotive force represents the mean value for
duplicatecdls. The célsin question were all made from the same prepa-
ration d lead dioxide with the exception d thosewith the 1.065 M electro-
Iyte. In thiscasethelead dioxide was prepared by the same method but
at alater time. In thethird column o the table the electromotive forces
corrected to unit water activity are given. From these the valuesfor the
activity coefficient in the fourth column were calculated, the value v =
0.149 for 1.036 M acid being obtained by grap c interpolation from the
datad Lewisand Randall.?®

Thereisafairly large diierence between the two sets d activity coeffi-
cientsin the most dilute solutions and also in the most concentrated. In
the former case the activity coefficients based on Cell 1 are d doubtful
reliability on account d the lower degree d reproducibility d the cells
with the most dilute electrolytes. The activity coefficient for the 3.5 M
acid solution, however, should be reliable.

TaBLE VI
Acrviry CoOEFFICIENTS oF SULFURIC AcID
E.m.f., E.mf., s ¥,
H2SO¢, M Cell 3, v. aH:0 = 1, V. Cell 3 L.and R
0.05355 0.7956 0.7956 0.380 0.390
.1000 .8258 . 8258 .802 .313
.1035 . 8287 . 8287 .303 .309
.2579 .8747 .8745 .220 .222
.5154 .9106 ,9101 hi .175 .176
1.036 .9526 .9516 ( .149) . 149
1.065 . 9550 .9539 . 149 . 148
1.964 1.0013 .9990 .145 .146
2.206 1.0121 1.0094 .148 .150
3.499 1.0638 1.0584 .176 .183

Thermochemical Data

From the value E = 0.9526 v. and the temperature coefficientsgiven in
Table IV for the cdl with the 1.036 M electrolyte, the values for the free
energy change, entropy changeand heat d reaction for the reaction

PbO; + 2Hg + 2H.SO, (1.036 M) —> Hg,S04 + PbSO, + 2H,0
arefoundtobeAFy; = —43,960Cal., AS,; = —2.58Cal. and AHz; = —44,-
730 Cal.

Theheat d reaction can be cal culated from thefollowing thermochemical
data, which have been taken trom "' International Critical Tables,” except
as noted: heat d formation d lead dioxide, AH;3 = —62,600 Cal.; heat
d formationd lead dioxide (Millar?®), AHz; = —65,960Cal.; partial heat

% Millar, THISJOURNAL, 51, 212 (1929).
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d formation of sulfuric acid in 1.036 M sulfuric acid solution,”” AHgz =
—206,700Cal.; heat d formation & mercuroussulfate, AHs = —171,580
Cal.; heat o formation d lead sulfate, AH;s = —214,600 Cal.; partial heat
d formation  water in 1.036 M sulfuric acid solution, AHy = —65,340
Cal. Combining these to give the heat d reaction, using the value from
"International Critical Tables™ for the heat d formation o lead dioxide,
gives AH = —46,860 Cal. Using Millar's valuefortheheat o formation
d lead dioxide, the heat d reactionis AH = —43,500 Cal.

Summary

i. The conditions necessary for the preparation d reproducible lead
dioxide-lead sulfate electrodes have been determined.

2. Celsd the type Hg | Hg:SO4, PbSO,, HoSOs (xM) | HaSO4 (xM),
PbOs, PbSO; | (Pt) have been set up and their electromotive forces have
been measured over a period d seven to sixteen weeks at 25° and also at
20, 30, 35 and 40°.

3. From the results the following have been calculated: the value o
F,s the electrode potential of the lead dioxide-lead sulfate electrode, the
activity coefficientsd sulfuric acid at various molalities, the electromotive
forceof thelead storage cell and thefreeenergy change, the entropy change
and the heat d reaction for the reaction PbO, + 2Hg -+ 2H,SO; —>
Pbso, T HgeS0s + 2H0. The last comparesfavorably with the value
calculated from thermochemical data.

lowa CiTY, lowa
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THE HEAT OF ADSORPTION OF OXYGEN ON CHARCOAL

By MELVILLE J. MARSHALL AND HARoOLD ¥, BramsToN-Cook
RECEIVED FEBRUARY 28, 1929 PusLisHED JUuLy 5, 1929

Keyes and Marshall* found 73,000 calories per molefor the differential
heat d adsorption d oxygen on activated charcoal for initial amounts o
gas adsorbed. This heat dropped dowly as the concentration increased to
about 0.15 x 10~—* moles per gram d charcoal. As the concentration in-
creased beyond this value the heat d adsorption fell off rapidly to a prac-
tically constant value d about 4300 calories per mole.

The course d the curve d differential heat d adsorption against con-
centration d adsorbed gas at very small concentrations is of considerable
theoretical interest, particularly from the point  view d the hypothesis
that adjacent carbon atoms may vary greatly in adsorptive character.

% |nterpolated with the help d data d Bronsted, Z. physik. Chem., 68, 702 (1910),
for the differential heat solution d sulfuric acid.
! Keyesand Marshall, Tris JOURNAL, 49, 156 (1927).
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The earlier work,* while emphasizing the importance d obtaining adsorp-
tive data at small concentrations, suffered from alimitation with respect to
the amount of charcoal used in the measurements. | n the present work
ten times the amount d charcoal was employed, making it possible to
follow the relation between the heat of adsorption and concentration to
very much smaller concentrations than have previously been reported.
Apparatus.— The arrangement o the apparatus is shown in Fig. 1, and is similar
in many respectsto that o the earlier work.! The chief difference liesin the arrange-

ment d the ice calorimeter, which was supported in a silvered Dewar flask, C, after the
arrangement described by Griffiths.2 The interior o the Dewar flask was rendered

water-tight by a large rubber stopper through which the neck of the calorimeter passed.

!
roml.zan&m:ﬁ 4]]:44

E

i

= #:o =

O

Fig. 1.

The Dewar flask was in turn supported inside the vessel B, which was provided with
double walls, the space B being packed to the top with wool waste. The space C was
filled with cracked ice and sufficient distilled water to fill the voids between the pieces
o ice. Thiswater did not quite reach the mouth o the calorimeter, which was closed
with a thick pieced wool waste. The vessel B was covered with a pieced felt about
0.5inch thick, which prevented a too rapid melting o theicein C. Astheice melted,
more was added every few hours, and the equivalent amount o water drained from F.
The entire calorimeter could slide vertically and make contact with the fixed capillary
tubeat A inamanner similar tothat described in the previous work.

The ice mantle was produced by the use d a mixture of solid carbon dioxide and
ether contained in an open tube d slightly larger diameter than D. We found this

2 Griffiths, Proc. Phys. Soc. London, 36, 1 (1913).
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method preferable, astherate d freezingd theice mantle could be easily controlled by
dropping in small amountsd carbon dioxideat atime. The above arrangement o the
ice calorimeter has the advantage that it can be operated for long periodsdf time. In
the present investigation the ice mantle was found intact after being in continuous use
for aweek.

The oxygen was admitted to the apparatus from the gas pipet J, the bulb d which
had a capacity d about 5cc.  The McLeod gage | had alow multiplying power o ten,
and was used for intermediate pressures, while higher pressures were measured by the
manometer H. A McLeod gage of ordinary size was connected at E for low pressure
measurementswhen outgassing the charcoal .

The charcoal? used was a sample d activated coconut charcoal produced by the
National Carbon Company |t was washed in a Soxhlet extractor with hydrochloric
acid and afterwards treated with hydrofluoric acid, the fina ash content being 0.267%.
Before use it was outgassed for about sixty hours at 1000°, using a platinum-wound
resistancefurnace. The outgassing was continued in every case down to a pressure of
about 1 X 10~* mm. After outgassing the charcoa weighed 25.792 g During the
preliminary outgassing the gas continued to come df for such long periods d time that
interaction between the silica tube and the charcoal was considered possible. In the
final measurementsalining of platinum foil wasemployed to prevent contact o thechar-
coa with thesilica

Experimental Procedure. —After outgassing the charcoa the calorimeter was raised
into position until the quartz tube just touched the bottom d the inner tube. For the
initial reading about 0.8cc. d gaswasadmitted fromthe gaspipet. Theposition d the
mercury thread was noted every ten minutes until the normal heat leak was resumed.
Another increment d gas was added and the procedure repeated until about 250 to 300
cc. inal were added.

Thedatain thetablestofollow give the oxygen added in moles per gram
of charcoal, designated c. The quantity q is the total heat attending ad-
sorption for the correspondingly tabulated valuesd c. To obtain these
values d ¢ allowance was made for the heat capacity d the gas admitted
tothe calorimeter,sincethetemperature d theformer wasin every casedif-
ferent fromzero. Vauesd g wereplotted against valuesd ¢ and theslope
(0g)/(0c) was measured for various values d ¢. The quantity (9g)/(0c)
is the differential heat d adsorption per mole d oxygen at constant tem-
perature, and isrepresented by Q. Datafrom two seriesd measurements
are givenin Table I. The corresponding valuesd Q, obtained by plotting
the abovep, ¢ datasuitably, are givenin TableII.

The equilibrium pressuresin Table | were originaly measured for the
purposed correctingfor unadsorbed gasin the calorimeter and connecting
parts. Asthe low initial pressures gave negligible corrections they were
not recorded. Theseinitial pressures are, in fact, solow that they can be
measured only by means of a specidly sensitive McLeod gage. Such
measurementsare now being madein this Laboratory.

A marked discontinuity appeared in both Q—¢ curves at the point ¢ =
0.75 X 10~%.  Whether thisispart d the phenomenaor due to the method

3 The charcoal used previously was prepared from a sample d French gas mask
charcoal. Thislatter charcoal was made from wood.
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TasLe I
HEXPERIMENTAL DATA
Press, Press.,
mm. ¢ X 10t« [ mm. ¢ X 104
Series 1 Series 2
0 0151 0 124 179 2 2 606 4.595
L0361 272 271 5 3 488 4.999
0793 558 382 2 4.599 5.436
097 650 0 0136 0.119
115 766 0405 .324
151 1 009 0849 .647
193 1 286 152 1.095
232 1 542 0 05 222 1.575
287 1 905 40 354 2.409
0 20 326 2 201 6 85 545 3.009
34 404 2 468 20 25 796 3.609
3.25 501 2 913 43 50 1 113 3.840
7.40 611 3 247 128 2 2 153 4.472
14.73 779 3 567 259 0 3 463 5.072
35.60 1122 3 833 374 0 4 530 5.521
83.40 1 532 4.095 513 9 5 586 5.963
140.00 2 206 4 421
TABLE II
VALUESOF Q
¢X10* 0.00 0.01 0.02 003 0.04 005 0.10
Q 89600 81400 74400 71700 70200 69900 69400
¢ X 104 0.20 0.30 040 0.50 0.60 0.70 0.80 0.90
Q 66800 58900 40800 32200 25300 21300 7690 7570
¢ X 10¢ 1.0 1.5 20 25 3.0 3.5 40 4.5 5.5
Q 7390 6050 5140 4690 4430 4250 4220 4180 4180

d experimentation is not known at this time so the curves were drawn to
follow the data obtained. The resulting valuesd Q are plotted in Fig. 2
and the curve so obtained is smoothed at this point as shown.

Interpretation d Results

Like the curve d Keyesand Marshall, the present curve shows a ten-
dency toflatteninthevicinity d 70,000calories. Insteadd endingabruptly
at 72,000 caories, however, the data indicate a rapidly increasing dif-
ferential heat not differing much from 89,600 cal oriesfor zero concentration.
Thefinal heatsd adsorption at large values d c are practically thesame as
those d Keyes and Marshall. The numerical accord between the earlier
work and the present indicates that the general adsorptive characteristics
d wood and coconut charcoal are not different, at least as far as the ad-
sorptive heats d oxygen are concerned.

With few exceptionsthe Q- curves obtained by other investigators have
shown a maximum value d @ at zero concentration. This can be ex-
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plained in terms d the hypothesis suggested by Langmuir* for adsorption
and Taylor® for contact catalysis, that the surface atoms are d unequal
activity. The gas would be expected to adsorb on the more active atoms
first, and assuming that the heat of adsorption is an approximate measure
d the activity d the surface atoms, a maximum differential heat of ad-
sorption would be obtained at the lower concentrations. In the case o
the adsorption d hydrogen on metal catalysts, which forms an exception
to the above rule,® it must be assumed that here the heat d adsorption is
not ameasure d the activity d the surface atoms.

90000

80000 e

70000

60000

50000 \
\

40000

Q, Cal./mole.

30000

20000 \V

10000 b —

0 1 2 3 4 5 6
C X 10% moles/g. d charcoal X 10%

Fig. 2.

If some value ¢, is considered to represent the concentration at which
thesurfaceiscovered, wecan plot ¢, — ¢ against the corresponding val ues of
Q and obtain an integral distribution curve giving values d Ac equal to
those from Fig. 2, but with a positivesign. From the slopes o this last
curve at various values d Q we obtain d{(c, — ¢)/dQ = —d¢/dQ. These
values of —d¢/dQ were accordingly obtained from Fig. 2 by measuring
graphicaly at various values d Q the dopes d the curve, and their sign
was then changed. These results are given in Table III and plotted in
Fig. 3.

This last curve (Fig. 3) is a distribution curve d the type used to de-
scribethe distribution o gasvelocities. In such curvesthe area under the

* Langmuir, THIS JOURNAL, 40, 1361 (1918).
s Taylor, Proc. Roy Soc. London, 1084, 105 (1925).

¢ (a) Beebe and Taylor, THIS JOURNAL, 46,43 (1924); (b) Fryling, J. Phys. Chem,
30, 818 (1926); (c) Kistiakowsky, Plosdorf and Taylor, Tris JOURNAL, 49,2200 (1927).
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TaBLE III
RESULTS

Q 89600 80000 75000 72000 71000 70000 69800 69600 69400
—dc/dQ X 10° 0.110 0.132 0.175 0.464 0.594 1.79512.595 9.443 6.431

Q 69000 68000 66000 60000 50000 40000 30000 20000 10000 8000
~de/dQ X 10° 5.224 3.484 1.868 0.899 0.462 0.850 1.370 1.524 0.242 0.000"

¢ The choiced this value is explained below under the heading " Thicknessd the
Adsorbed Layer."

curve between any two energy values represents the fraction d the total
number d molecules present having energy values between these limits.
I n the present case, because the number & moleculesrequired to cover the
surfaceisstill a matter for debate, we have preferred to chooseour variables

12
10
XS
g 6
%4
; /
©c 8 8 8 § 3 g8 8 s 8
s § 88 8 8 g8 5 8
Q, Cal./mole.
Fig. 3.

to makethe area between any two valuesd Q equal to the number & moles
d oxygen per gram d charcod Wlth heats o adsorption between these

limit. Thatls,f de/dQ. dQ = dc As pointed out previoudly, this

changed c between Q; and Q; can beobtal nedfrom Fig. 2. Theseintegral
valuesd c can beregarded as equivalent to Langmuir’s elementary spaces
per gram d charcoal. It is difficult to discuss the relative activities o
individual carbon atoms, as al the surface atoms probably cannot hold
the same amount d oxygen. Furthermore, one carbon atom can represent
two different heats d adsorption, a high heat for thefirst addition d oxy-
gen, and a lower heat for a later second addition.

It isevident that the curve, as a whole, does not resemblea probability
curve in form. Probability distribution in the present curve would be
most likely to exist above 70,000 calories, although the probability function
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y = 2h/+/7 X e~ " could not be made to fit the curve over this range.
The present curve shows a much more uniform distribution in this region
than theerror curve. Itisevident that aslight relativeerror in the values
d ¢ in theextremely low concentration range would alter the shape o the
distribution curve (Fig. 3) considerably, so that a large amount o exact
experimental data is necessary before a decision can be reached regarding
the application d such distribution functions. A knowledge o the dis-
tribution d surface activitiesis very desirable, asit would enable a study
d cataiyzed reactions to be made under controlled conditions of surface
activity and distribution.

That a similar distribution o the more active centers occurs on some
other adsorbents as well is shown by the Q€ curve d Beebe’ for carbon
monoxide on a copper catalyst, and a similar curvefor carbon dioxide on
charcoal by Magnus and Kilberer,® which resemble the present curve in
the particular that the curve becomes almost parale with the Q axisas ¢
approaches zero. Even for the heat d adsorption d hydrogen on nickel,
where the initial heat is abnormally low, Fryling®™ assumes that extrapo-
lation d the final portion & the curve back to small values & ¢ would
causeit to approach the Qaxisin the same manner.

Theflattening d the Q—¢ curve, similar to that at 70,000 caloriesfor the
previous work® and the present investigation, is not 0 common. Polanyi
and Welke’ obtain Q< curvesfor sulfur dioxide on charcoal which increase
rapidly with decreasing ¢ and show a tendency to flatten at the same
molecular concentration (c = 0.1 X 10—%) as the present curve. The
resulting maximum in the distribution curve (Fig. 3) at about 70,000
calories possibly represents some definitely recurring state or position o
the surface carbon atoms.

Thickness d the Adsorbed Layer.—Keyes and Marshall have found
linear relations between thefina heats d adsorption at high concentrations
and certain constants d the normal molecule which led them to the con-
clusion that the final heats d adsorption resulted from adsorption on
previously adsorbed layers. If, then, we assume for the time being that
the entire extent d the Q—¢ curve represents the formation d multiple
layers, the point at which a single primary layer is completed would in
general be represented by a zero or a minimumvalued — dc/dQ, provided
that extensive overlapping d layers does not occur. There are two points
on the Q¢ curve which approach this condition, first, the steep part o the
curve at ¢, = 0.35 X 10~* and second, the inflection resulting from
smoothing d the discontinuity at ¢, = 0.78 X 10~% If the data were
followed strictly —dc/dQ at ¢ would be zero, as can be seen from the

7 Beebe, J. Phys. Chem., 30, 1538 (1926).

8 Magnus and Kilberer, Z. anorg. Chem., 164, 345 (1926).
* Polanyi and Welke, Z. physik. Chem., 132,371 (1928).
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position d the pointsin Fig. 2. For the construction d the distribution
curve (Pig. 3) this zero slope at ¢, has been used, although in the actual
Q< curve (Fig. 2) we have given —dc¢/dQ a small positive value at this
point, as zero slopewould not be expected experimentally either at ¢, or ¢,
due to some overlapping d layers.

Three possible explanations occur to usfor the peculiar form o the dis-
tribution curve (Fig. 3). (1) Therange to ¢, = 0.78 X 10~* represents
the formation & a monomolecular or monatomic layer. Fig. 3 givesthe
variation in activity d the elementary spaces on the surface. (2) As ¢
is about twicec, the point ¢, could represent the completion o a primary
layer and ¢, asecond layer. (3) Adsorption d oxygen on one elementary
space would tend to decrease the activity o an adjacent space. Thusit
can be shown that the heat evolved when an atom d oxygen combineswith
an atom d gaseous carbon to form carbon monoxide is several times as
great. asthat evolved when an atom d oxygen combineswith a molecule o
carbon monoxide to form carbon dioxide. This decreasein the activity o
adjacent spaces might create a preponderance d elementary spaces having
the lower heats d adsorption, and possibly cause a deficiency among the
spaces with intermediate heats. Such a state d affairswould produce the
minimum found on the curve (Fig. 3) at intermediate Q values, thus show-
ing the characteristics  a second layer.

The only other investigation which shows an inflection at ¢, is that d
Fryling® for hydrogen on nickel, whilea minimum valued —de¢/dQ corre-
sponding to that at ¢, is more common. Consequently ¢, most probably
represents the limit d the primary layer. This rarity d occurrence does
not necessarily mean that the ¢, inflectionisdue to experimental errors. It
is evident that an overlapping d layers would obscure both inflections,
but that at ¢, more readily than that at ¢,. This would be particularly
truefor vaporsor easily condensiblegaseswhose initial heats o adsorption
arelow. Theabove considerationsfavor (2) or (3) but cannot distinguish
between them. The authors consider that more data are necessary before
forming a definite hypothesis, and the above statement o possibilitiesis
presented with the hope that it will assist in the production d such data.

It is difficult to utilize the Q€ data below ¢, for the construction d a
distribution curve d the type represented by Fig. 3, because d the com-
paratively small variation d Q with c. Considerations d kinetic equi-
librium would require the formation d an equipotential surface as the
layers increase in thickness, the concentration d adsorbed gas being great-
est around the most active centers. Over this region the surface would be
d uniform activity, which is in accordance with the small variation in Q
actually obtained.

Applicability o the Theory o Monomolecular Layers.— From the
point d view d the monomolecular layer theory we must assume that
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oxygen is adsorbing on elementary spaces d the free carbon surface, even
atc =5.0X 10~4 Examination d the Q-c curveshowsthat atleast 85%,
d thetotal elementary spaces have heatsd adsorption below 8000 calories.
Investigations covering other adsorbents and adsorbates show similar
amost constant final heats. The curve d Keyes and Marshall shows
practically the same proportion d elementary spaces below 8000 calories
asthat quoted for the present results. Outgassingd the charcoal between
runs should alter considerably this abnormal distribution of elementary
spaces by removing some d the carbon atoms as oxides o carbon. The
steep part d the Q- curve would be affected to a much smaller degree,
as the distribution over this range is more in accord with probability. In
accordance with this possibility, we have noted during our experiments
dlight variations about a mean d the shape d thecurvein thisregion. On
the other hand, the position d the sharp changein slope at ¢, varied so
little that the proportion o low activity spaces could be considered to
remain practically constant. The sum total d evidence at hand seemsto
show that the position d this change d dope depends mainly on the
specific surface o the charcoal, which in turn isafunction o the material
from which the charcoal is made.

We might, d course, assume that only the more active carbon atoms can
activate the oxygen molecule, causing a kind d surface chemical combina-
tion, and that the low final heats are due to combination d oxygen mole-
cules with less active carbon atoms by secondary valence only. This
would explain the constancy o the low fina values, but the hypothesis is
still open to the previous objection that it should be possible to shift con-
siderably the position d the change d dope at ¢, by heat treatment.
Consequently, comparing the assumptions involved in the two opposing
views, we believe that the phenomena herein described receive a more
plausible explanation from that form d the multimolecular layer theory
suggested by Keyes and Marshall.

Calculation d the Specific Surface.— Calculationd the specific surface
d the adsorbent from the amount d gas adsorbed is always uncertain, as
some assumption must be made regarding the manner in which the molecule
is adsorbed. Assumption d a monatomic layer would give the largest
surface, while assumption d orientation normal to the surface would give
the smallest. Asa mean between the two extremes we will consider the
total number d molecules which can be packed in a single-layer on 1 sqg.
cm. of surfaceto be0.77 X 10*, ascomputed by L angmuir from the molecu-
lar volume of liquid oxygen. Assuming completion o the first layer at
c = 0.35 X 104 we have (0.35 X 10— X 6.06 X 10%*)/(0.77 X 10%) =
2.8 X 10*sqg. cm. per gram d charcoal. If, on the other hang, we assume
the surface layer to be complete at ¢ = 0.78 X 10~*, the specific surface
would be 6.1 X 10%sg. cm. per gram.
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Other Invedtigations.—Ward and Rideal!® have obtained curves for
the heat  adsorption d oxygen on four varieties d charcoal. They did
not measureinitial valuesd Q, although the curves shown resemble corre-
sponding parts d the present curves. They object to the multimolecular
layer theory d Keyesand Marshall becaused the dye adsorption work o
Paneth,!! and because the pressure increases indefinitely with the concen-
tration and does not tend to a limiting value at constant temperature.
Wefeel that much work must still be done before the conclusionsd Paneth
regarding the specific surfaced charcoal can be accepted without question.
The mode d variation d p with ¢ can hardly be quoted in support d the
monomolecular layer theory, asit can be madeto fit either theory by mak-
ing appropriate assumptions regarding the mechanism o the adsorption.
The question d layer thicknessis reviewed by Rideal.!?

Garner and McKie!® report a heat d adsorption for oxygen on charcoal
d 5000 caloriesper moleat 18° between ¢ = 0.001 X 10—*and ¢ = 0.006 X
10—%, jumping to 60,000 caloriesat ¢ = 0.04 X 104 and then increasing
slowly to 71,000 caloriesat ¢ = 0.15 X 10~ The present results show
no evidenced thislow initial value. We could not, d course, investigate
theregion between ¢ = 0.001 X 10— and 0.006 X 10~%, but from¢ = 0.01
X I0%toc = 0.04 X 10~* our values are abnormally high rather than
abnormally low, as required by the curve d these authors. Further,
between ¢ = 0.0136 X 10~%, our lowest measured concentration, and ¢ = 0
the slope d the g-¢ curve shows a marked tendency to increase as it ap-
proaches the origin, which isa real point on the curve. Finally, we note
that these authors report only one really low value, no heat values between
5000 caloriesand 60,000 cal orieshaving been measured. Since completion
d this paper, McKie!* has described their experimental method in detail.
It would be desirable to repeat the above measurements with thermo-
couples placed at diierent points throughout the massd the charcoa and
so arranged that the averagetemperature d the charcoal could be obtained
by integration d the results.

Summary

1. Thedifferential heat d adsorption d oxygen on activated coconut
charcoa has been measured as a function d the gas concentration on the
charcoal, special attention being paid to these valuesat low concentrations.
The maximum heat d adsorption at zero concentration was found to be
89,600 calories per moled oxygen.

10 Ward and Rideal, J. Chem. Soc., 130,3117 (1927).

1 paneth and Vorwerk, Z. physik. Chem,, 101, 445 and 480 (1922); Paneth and
Thimann, Ber., 57,1215 (1924); Paneth and Radu, ¢bid., 57,1221 (1924).

12 Rideal," Surface Chemistry," Cambridge University Press, pp. 139-145, 150-151.

13 Garner and McKie, J. Chem. Soc., 130,2451 (1927).

14 McKie, ibid., 130, 2870 (1928).
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2. Similarity of the resulting curve, d heat d adsorption against gas
concentration on the surface, to that obtained in previous investigations
emphasizesthe specific nature d the adsorption and the constancy o the
charcoal surface.

3. A distribution curve is obtained showing the apparent distribution
d activities d the elementary spaces on the carbon surface. Several
possible explanations are advanced for the shape d thiscurve.

4. From a comparison of the shapes d the initial portions d various
(J-c curves certain regularities are noted and it is concluded that thereis
a possibility d obtaining a mathematical expressionfor the distribution d
the moreactive el ementary spaces on the surface.

5. 'The conclusionisreached that theresultssupport bestthatform d the
multimolecular layer theory previoudly suggested by Keyes and Marshall.

6. The specificsurfaced the charcoal isestimated to lie between 2.8 <
104 and 6.1 X 10%sg. cm. per gram.

VANCOUVER, Brrrisg CoLUMBIA
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GERMANATE GELS OF THE ALKALINE EARTHS

By JoHN HUGHESMUBLLER AND CHARLES E. GULEZIAN
REcEIVED MARCH 5, 1929 PusLisEED JULY 5, 1929

The solublesalts d the alkaline earths cause no precipitation in neutral
or acid solution d germanium dioxide but when such solutions are made
akaline with ammonium hydroxide most d the germanium is thrown
down as a bulky gelatinous mass. Under such circumstances, however,
it isnot easy to form homogeneousor firmly set gals owing to the floccu-
lating influence d the ammonium salt simultaneously produced. If
calcium hydroxide solution be substituted for the salt o the same base
the reaction with aqueous germanic acid takes on a surprisingly different
character, for the precipitate then assumestheform d afirm, transparent
gd even in highly dilute solutions. The direct formation o calcium,
strontium and barium germanates by neutralization d aqueous germanic
acid results in the formation d insoluble or difficultly soluble salts under
conditions most favorable to colloid formation, as water is the only by-
product in the reaction. At the same time this reaction is peculiarly
characteristic for germanium, for all of the other semi-metallic dioxides
in thefourth periodic group are quite insolublein water.

Itisthe purpose d this paper to describe the alkaline earth germanates
when prepared in the form d highly dispersed systems with particular
attention to the calcium salt, which appears to give permanent gels of
extraordinary water content.
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Preparation o Reagents

Germanic Oxide.—The pure dioxide was obtained by hydrolysis o the redistilled
tetrachloride and subsequent ignition o the product in superheated steam. The nearly
pure oxide so obtained was frequently moistened, dried and ignited to 900-950° to
effect the complete removal d traces o chlorine and finally fused to a glassy mass at
1100-1150° in a platinum crucible. (This can be carried out in an electric resistance
furnace with careful exclusion o any reducing gases, but any direct flame touching the
crucible results in quick reduction and destruction of the platinum crucible) The
glassy mass d oxide was dissolved in boiling water, using approximately one liter of
water for each 5 g. o oxide. After determination  the GeO. content o aliquot por-
tionsd thissolutionthe bulk wasdiluted to definite molarity.

Calcium Hydroxide.— Selected crystals o Iceland Spar were ignited in platinum
and theresidual limewas dissolved in freshly distilled water. Thesaturated solution o
lime water was siphoned df into paraffin-lined flasks and sufficient carbon dioxide-free
water was added to dilute beyond the saturation point at room temperature. Theexact
content of calcium oxide was determined in aliquot portions gravimetrically as calcium
sulfate.

Strontium Hydroxide.— Baker's Analyzed Sr(OH).-8H,O was dissolved in re-
distilled water and preserved in paraffin-lined flasks.

Barium Hydroxide.—Baker's Analyzed Ba(OH),-8H,O was dissolved in redistilled
water. The nearly saturated solution was siphoned of into paraffin-lined flasks and
subsequently diluted tosolutionsd definite concentration.

Water.— The distilled water o the laboratory wasredistilled infresh portionsasre-
quired, rejecting first andlast fractions, collecting middlefractions in paraffin-lined flasks.

Alcohol. —Alcohol was distilled first from lime and then from shavings d metallic
calcium.

Ether and benzene were redistilled and dehydrated over metallic sodium.

Flasks, pipetsand burets were calibrated at 22-25°.

Cacium Germanate Gels

Preliminary experiments were made with 0.0279 N calcium hydroxide
and solutions d germanic acid d gradually decreasing concentration, as
indicated in Table I. It was immediately observed that calcium ger-
manate formed translucent or transparent gels throughout wide ranges
o dilution d acid and base but aso that homogeneous gels could only
be obtained when the reacting base and acid were rapidly and thoroughly
mixed. The following procedure gave most satisfactory results: base
and acid were separately drawn df from buretsinto paraffin-lined beakers
and simultaneously poured into a third beaker in which gelation took
place. If kept free from dust particlesthe fresh surface d paraffin allows
complete transferenced the measured volumesin the few seconds between
initial mixing and subsequent gelation.

In thefirst series o experiments calcium hydroxide and germanic acid were mixed
inthecalculated ratio for theformation of thesalt d hypothetical ortho-germanic acid,
(2Ca0:Ge0y), carrying out the gel formation at 25°. At this temperature, if the mix-
tureisquickly made, the combining acid and base stiffens to an opalescent gel in three

to five seconds and during the next minute or two the somewhat uneven cloudiness
in the gel massdisappears, leaving an almost clear and colorless permanent gel.



July, 1929 GERMANATE GELS OF THE ALKALINE EARTHS 2031

A firm gd wasobtained by mixing 108.4 c¢ d calciumliydroxide solution containing
0.1122 g. of CaQ with the same volume d agueous germanic acid containing 0.1045
g. d GeO,. These quantities correspond to 2Ca0:Ge0O, (molar weights expressed
inmg.). The volumeof the g was then 216.8 cc. and must have contained 0.2167 g.
d totzl anhydrous solids (CaO <+ GeQs). The gel appeared perfectly dry and wasfirm
enough to dlow inversion of the containing beaker (250 cc.) without loss. The extra-
ordinary dispersion d the calcium salt is evident, for the gd contained 99.90% of water
bound or trapped by aslittle as0.109, o anhydrous cot #ituents. Otherwiseexpressed,
0.0184 M CaO reactswith 0.00922 M GeO; with theformationd asolid gd, although the
g contains no mere than 1/1000 o itsweightd anhydrousoxides

Propertiesd Calcium Germanate Gd.—Samples d the solid gd prepared as above
were preserved in alarge desiccator over dilute sodium hydroxideto prevent drying and
contamination bv carbon dioxide and after standing for nearly a year showed no sign
d syneresis. Exposed to air some drying takes place with dow formation d an opaque
white surface as carbon dioxide is taken up. Other samples were broken down by
stirring rapidly with a spatula or glass rod and when the mechanically broken gel was
thrown on a Biichner funnel it wasfound that aimost all d the trapped liquid could be
removed by suction alone, leaving a small residued thecalciumsalt on thefilter. This
residue closely resembles macerated filter paper pulp and after drying at room tempera-
ture or at 100" can be amost completely removed from thefilter in a single piece. It
isalmost infusible, but on strong ignition shrinks considerably with the loss o 14209,
d water held by theair-dried salt. Thehydrogel isdissolved by 0.2 M calcium chloride
and by ammonium chloride but is nearly insolublein the fixed alkali chlorides. Before
and after ignition calcium germanate isinsolublein water but isreadily soluble in dilute
mineral acids. 0.2 N hydrochloricacid dowly dissolvestheignited salt and asgermanic
acid has no effect on methyl orange the CaO content d thesalt can be determined by
titrating back the excessd acid with standard sodium carbonate. This method givesa
rapid check on the compositiond the salt.

Microscopically examined the gel itsalf appears to be amorphous but under highest
power (1700-1800 diameters) some indication d crystalline structure appears indis-
tinctly, especialy in theignited salt.

Effect & Temperature.—As calcium germanate gd is 0 easily broken down by
mechanical means, such as violent agitation or suction filtration, it was thought that
elevation d temperature would bring about a rapid syneresis, hut unexpectedly the gel
when once produced resisted temperature changes up to near the boiling point o water.
A number d tubes containing the ga weretightly stoppered and immersed in thermo-
static baths. The gelsall remained unchangedupto75°. At 100° numerous entrapped
bubbles in the gd greatly increased in size, causing separation & a small amount o
liquid. Geswhichhad been heated to 90-95° showed practically no change.

An attempt was made to reproduce the gel by combining hot solutions d both acid
and base but under such conditions no gelation occurred. At 60-70° calcium hydroxide
and germanic acid gave only well flocculated white precipitatesd small volume which
settled rapidly and could not be subsequently deflocculated. The solutions o acid and
base were then chilled to 0° before mixing and on combining these it was found that
gelation did not take place in the cold. The mixtures remained liquid and perfectly
clear for some time but on alowing the temperature to rise dowly to 25° almost water-
clear solid gels resulted. From these experimentsit would appear that the velocity o
gelation is greatly cut down by small reduction in temperature and that any appreciable
rise above room temperature results in too rapid a precipitation d the salt for any
colloidal structure to build up. The latter condition is connected with imperfect
mixing d the acid and base, for it wasimpossible to obtain any homogeneousge unless
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an appreciableinterval d time was dlowed for afairly good mixtured the two reacting
liquids. With the warm acid and base precipitation was instantaneous. The best
temperaturefor gd formationlies between 15and 25" .

Several gds prepared at 25° were chilled to —17°. The expanding ice crystals
increased the volume d the gd, which assumed a rounded or dome-shaped surface.
After completefreezing the hard masswasallowedto melt dowly. All signsd gelation
had disappeared, leaving a comparatively small precipitate from which the separated
liquid could be poured off.

Subgtitution d the Water of the Hydrogel by Other Liquids

Ethyl Alcohol.—Hydrogds containing 99.90% d water were prepared under con-
ditions favoring firmest set. Conditionsare shown in Table III, Expts. 1 and 2, but
employing larger volumes. Gel massesd 250 cc. each were used. The hydrogel was
immersed in alarge excessd 95% alcohol. The gd became much firmer to the touch
when so treated and could then be more easily cut up into smaller blocks or cubes.
Cubesd about 8 cc. each were selected and again washed with fresh alcohol until most
d the water had been removed. Complete extraction was carried out in the Soxhlet
apparatus usng absolutealcohol. Thereturn acohol was discarded a number d times,
using fresh, dry acohol and continuing the extraction until the return liquid gave
approximately the same density over twenty-four-hour periods. A portion of the gd
was selected and the trapped acohol removed on a dry suction filter. The filtrate
protected from moisture gave a density of 0.7949. The original acohol wasdl, 0.7943,
which value correspondsto 99.8to 99.9% al cohol by volume.

As acohal substituted the water of the hydrogel there was a corresponding fall in
specific gravity d the immersed gd and near the end d the extraction the cubes o gd
becamelight enough to remain suspended in the surrounding liquid for a few moments
and at the same time the gd mass, which was easily visible beneath the acohol aslong
as water was present, became scarcely visible when nearly all o the water wasremoved.
Thechangesin both specificgravity and refractiveindex conveni ently show the end-point
intheextraction process, making alarger number d density determinations unnecessary.

Methyl Alcohd.—The hydrogel was extracted with pure dry methyl alcohol
in the same manner as that described above. In this case the gd volume decreased
somewhat more than 50%. The methyl acohol gd although smaller in volume was
softer and lesseasy to handlethan the ethyl alcohol gd. |t could, however, be cut into
thin diceswith a sharp knife without lossd any liquid and was permanent when kept
in awell-stoppered flask.

Ethyl Ether.—Hdf d the alcohol gd prepared as above was extracted for a number
d dayswith dry ether (distilled over sodium), frequently changing the extracting liquid
for freshether. Asinthe cased the ethyl acohol ge formation there waslittle change
in volume d the gd massand at the end d several daysthe cubesd ether gel became
specificaly light enough to remain suspended for some time in the surrounding ether.
Extraction with fresh dry ether was continued until the density d the return ether
reached the value for the pure extracting liquid (determined by hydrometer). Some
d the cubes of gd were removed from the ether and were found to be much firmer to
the touch than either the alcohol or water gel from which they had been prepared.
Exposed to dry air the ether gd rapidly diminished in volumeto a very small irregular
fragment which crumbled to adry powder betweenthefingers.

Actiond Benzeneonthe Ether Gd.—A part d the ether gd wastreated with pure
benzene (redistilled over sodium). |t immediately contracted to about 40-509, o
the original volume, at first becoming milky white and opaque. The opacity was
probably due to the formation d some emulsion d benzene and ether, as these two
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liquids are not miscible in all proportions After long standing the contracting ge
again became transparent, especially on the outer portionsd the immersed cubes, but
complete extraction d the ether was not possible in several weeks contact with fresh
excessd benzene.

All d the above gds have been preserved in tightly-stoppered vessels and appear
to be quite permanent, both in the dry state and when immersed in excessd the same
liquids trapped by the gd structure. They are al capable  yielding most o their
trapped liquid by strong pressure or suction filtering, especialy after the gel has been
mechanically broken down by violent stirring. Suction filtering yields a residue o the

volumed ge. A wholeliter d the hydrogel, for example, can be transferred completely
to a 9-cm. filter if a platinum cone and suction be applied. The residue on drying at
room temperatureor at 100° can then be taken out o thefilter in asingle piece, leaving
almost nothing adhering to the filter paper.

While any conjecture as to the actual nature d the highly dispersed
calcium germanate in the above gels would be purely speculative, it seems
clear that such gels are entirely structural in character, that is to say,
practically all d the liquid present appears to be simply trapped by an
enormous number d minute filaments d the dispersed calcium salt. At
present it isimpossibleto say whether these are crystalline or amorphous,
for the high power microscope at 1700 diameters fails to show more than
a faint suspicion d crystalline structure. Further information in this
direction may be obtained by x-ray spectral examination o the gel or its
dried residue and an effort to obtain such evidenceis being made.

Composition d Calcium Germanate.—108.4 cc. d cacium hydroxide containing
01122 g. d CaO treated with the same volumed germanic acid containing 0.1045 g. d
GeO, gaveafirmod o 216.8cc. After preservingthis gd for some hoursin a desiccator
aver dilute caustic alkali, it was broken up by stirring and thewholewas transferred to a
suctionfilter. Thesmall massleft on the filter was washed with very little cold water.
‘The residue and filtrate wereseparately analyzed.

The Residue.—The residuedried at 100° was detached from the filter almost in one
piece, leaving scarcely anything on the paper; the latter was separately ashed in a
weighed crucible before adding the main bulk d salt. Ignition at bright red heat,
weighing before and after, showed that. the dried mass had retained about 13.99, o
water at 100°. The ignited salt was dissolved in 6 N hydrochloric acid and all o the
germanium removed by saturation with hydrogen sulfide under pressure. The sulfide
was filtered df and converted to dioxide in the usual way, weighing as GeO.. The
filtrate containing all d the calcium and much acid was evaporated nearly to dryness
and the residual calcium salt was converted to sulfate by continuing the evaporation
with excess sulfuric acid, weighing the residual ignited CaS0Os. Results o this analysis
were36.439%, d CaO and 63.40%, of GeO: for compositiond theignited salt.

The Filtrate from the Mechanically Broken Gd.—-The combined filtrate and wash
water was made6 N with hydrochloricacid and saturated with hydrogen sulfide. Only
avery small precipitate d GeS; appeared, requiring three or four hoursto form. Con-
verted to dioxidethis amounted to only 0.0003g. Thefiltratefrom this small amount
d germanic sulfide was examined for calcium by converting the residue obtained by
evaporation to calcium sulfate as before. Resultsshowed that the suction filtrate from
the original gd was practically purelimewater and that the precipitation d germanium
had been about quantitative.
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It is aso evident that the calcium salt o hypothetical orthogermanic
acid cannot beformed by uniting the base and acid in the ratio calculated
for this salt, and that the solid produced in the dispersed condition ap-
proaches the theoretical composition d calcium metagermanate, CaGeO;
(theoretical values are CaO = 34.93, GeO; = 65.07), about haf o the
lime water originally added remaining in the free state. An attempt was
now made to produce the metagermanate in purer form by combining
the base and acid in the calculated ratio for thissalt. Inthisseriesd gels
(some d which are shown in Table I1), the expected metagermanate did
appear in purer form but a very noticeable change took place in the gela-
tion dilution limit when compared with the gels made in the presence d
excess calcium hydroxide. In addition, the second series d gels differed
greatly from the first in their lack d clarity, for al d these were milky
white or nearly opaque.

Gelation Dilution Limit for Calcium Germanate Gels.—-Tables I, 11,
IIT and IV show the influence d varying ratios o base and acid upon
the gelation dilution limit d calcium germanate gel, the gelation dilution
limit being arbitrarily defined as the maximum dilution at which the dis-
persed salt sets firmly enough to permit the inversion d the container
without lossd its contentsand without separation d any visibleuntrapped
liquid over a period d several days, gelation being carried out at 22-25
in all experiments.

TaBLE |

GELS ForMED By MixING CALCIUM HYDROXIDE AND GERMANIC ACID IN THE
CALCULATED RATIO FOR THE HYPOTHETICAL ORTHOGERMANATE, 2Ca0:GeO,

H:0
Ca(OH)q, CaO, GeQ:, GeO:, Gdl. vol.,, in/gel,
o« g. cc. %

CC.

g
30 0.02345 8 85 0.02177 38.
30 ,02345 11.8 , 02177 41.
30 .02345 14.75 .02177 44.
30 ,02345 14.75 , 02177 44.
30 .02345 17.7 .02177 47.
30 .02345 23.6 .02177 53
30 .02345 29.5 .02177 59.
15 .00782 15.0 .00729 30.
15 01172 17.7 .01088 32.
10 15 01172 23.6  .01088 38.
11 15 .01172 24.1 .01088 39.1 99.942 Aboutsame as 10
12 30 .02345 29.5 .02177 59.5 99.924 Fair gd, not very firm set
13 108.3 .11218 108.3 .10450 216.6 99.900 Quite firm, clear gel, remains in
inverted container

Remarks

99.884 Firm gd, sl. cloudy, permanent
99.892 Sameasl

99. 899 Firmgd, clearer than 1 and 2
99.899 Sameas3

99. 905 Firm gd, nearly cl., nowater sep.
. 915 Stronger gel than 7

99. 924 Very clear, fairly firm set

99. 950 Not firm, falls from inv. cont.
99. 931 Poor gel, some water sep.

99. 941 Not very firm set gel

CEONOUhWNER
PO NO Uy~~~
©
©

The results shown in Table | indicate that the gelation dilution limit
for mixtures d calcium hydroxide and germanic acid lies between fairly
narrow limitsd water content, for those gel's containing more than 99.92%
o water do not set firmly, while those containing less than 99.889, o
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water are cloudy and give evidence d too rapid a precipitation d the
calcium salt to adlow the highest dispersion. All gels in this table are
prepared by combining acid and base in the 2Ca0:Ge, ratio and inspec-
tion d the other tables (II, III and IV) will show that varying the pro-
portions d acid and base results in noticeablechangein dilution limit.

The best working conditions for the formation d good gelsfor thisratio
d acid and base appear to be found at dilutions corresponding to 99.909,
d gd water, asshown in Table |, Expt. 13.

TasLr 11
CAaLcluM GErRMANATE GELS PRODUCED BY COMBINING AcID AND BASE IN CALCULATED
RATIO TO ForM THE CALCIUM SALT OF HYPOTHETICAL METAGERMANIC ACID, CaGeQy,
SeEOWING GELATION DILUTION Limrr FOR GELS So PREPARED

Ca(OH):2 GeO2 H.0
soln , CaO, soln , GeOs, Vol & ingd,
cc 6 cc. g gel 9 Remarks

1 30 0.02345 29.5 0.04354 59.5 99.837 Cloudy white, not very firm gel
2 30 .02345 29.5 .04354 59.5 99.887 Cloudy wh., few water drops sep.
3 25 .01954 14.85 .03653 39.85 99.859 Cloudy white, fairly solid

4 25 © .01954 18.8 .03653 43.8 99.872 Poor gd, water sep.

5 25 .01954 29.7  .03653 54.7 99.897 Very poor gel, white, not firm

6 30 .01172  8.85 .02177 38.85 99.914 Nogd at all, ppt. sep.

7 25 .01954 13.9 .03653 38.9 99.856 Fairly firm, white gel

8 25 .01954 9.9 .03653 34.9 99.839 Like7 butlittlefirmer
9 80.3 .05609 .3

0 160.6 .11218 160.6

.10450 160.6 99.900 Very poor gel with sep. water
.20900 321.2 99.900 About same as 9

D ©

0
0.

From the ten experiments shown in Table IT it will be seen that the
combination d calcium hydroxide and germanic acid in the CaO:GeO,
or 1:1 ratio aso brings about gelation at relatively high dilution but the
gelation dilution limit in this case is reached when the water content
becomes 99.83 to 99.85%; the gelsin Table | made in the 2Ca0:GeO,
ratio d base to acid reached limiting dilution at about 99.909, d water
(see No. 7, Table I, and compare with No. 7, Table 11, as representing
dilution limit in these two systems). In these gdsit is seen that No. 7,
Table I, offers a gel containing 0.04322 g. d total anhydrous solids per
59.5 cc. d gd and No. 7, Table 11, a gd containing 0.05607 g. o anhydrous
constituents per 38.9 cc. of g volume. Calculating these to the same
volume o gd in each case, the limiting values for anhydrous oxides in
the two become0.07596 g. per 100 cc. d ge d theortho, ratio 2Ca0:GeO,
for Table I, and 0.15138 g. of anhydrous oxides per 100 cc. o gd o the
meta, ratio Ca0:GeO; for TableII. These valuesshow the real difference
in gelation dilution limit in the two seriesd gds more clearly than simple
expression d their respective water percentages and point out that the
content d anhydrous oxides per cc. d gel madeasin Table | isonly about
haf that required for a gl d similar consistency made asin Table II.

I n addition to variation in dilution limit in the two series o gelsitisto
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be noted that thosein Table 11 are all white and almost opaque and lack
the almost water-clear, homogeneous character d those formed under the
conditionsin Table I.

The previously described analyses d the gelsd Table | showed that the
composition of the dispersed solid, mechanically freed from trapped water
and ignited, approached the theoretical composition d calcium meta-
germanate and that the trapped water was almost pure lime water which
had remained uncombined with germanic acid. These facts together with
the poorer gelation obtained under the conditions in Table II indicate
that a certain excessd free or uncombined base greatly favors gelation,
although the dispersed calcium salt approaches the composition d calcium
metagermanate in both cases.

A large quantity d gd was prepared under the conditions shown in
Table 11, Expt. 7, and the milky white mass was broken up mechanically
and sucked as dry as possible on a Biichner funnel; residue and filtrate
with wash water now wereseparately analyzed in theway already described.
Theresidueon thefilter after ignition contained 64.129, d GeO. and 35.809,
d CaO (the theoretical values for CaGeOs; are 65.07 and 34.93). The
filtrate drawn from the original gel mass contained germanium which had
evidently escaped precipitation in the solid structure d thegel. Complete
analysis d this filtrate showed that the total solids present amounted to
only about 109, d the total solids present in the original gel and that o
this dissolved portion 34.44% was Ca0 and 65.66% was GeO.. Evidently
germanium is not completely precipitated by mixing calcium hydroxide
and germanicacid in the Ca0:GeO; ratio, asin Table I1, although CaGeO;
is produced in both this or the former ratio 2Ca0:GeO, d Table |I. O
the other hand, analysesd the gelsd Table | showed that the germanium
was completely precipitated by the excesslime water and was to befound
in the solid gd structure and not in the trapped water.

The fact that the dispersed calcium salt is the same in composition
(CaGe0;), whether the base is added in considerable excessas in Table |
or in the calculated amount to produce this salt asin Table II, naturally
leads to the beief that a certain excess d base is required to favor the
formation of homogeneous gdls at high dilution aswell asto quantitatively
precipitate the germanium in the solid or filterable structure o the gdl.
I n the next series of gels, described in Table III, the base and acid were
added in a ratio intermediate between those o the former two tables,
that is, the 4Ca0:3GeO; ratio. Examination d this table will show
that by so uniting the base and acid the gelation dilution limit was still
further advanced and firm gelsd the highest dilution could be so obtained.
It was at first thought that the better gelation under these circumstances
was connected with the formation o the calcium salt & a hypothetical
trigermanic acid but analyses o these gels, seen under Table IIX, show
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that again the salt produced weas nearly pure calcium metagermanateand
that the union d base and acid in the above ratio ssimply furnished a still
more favorable hydroxyl-ion concentration for best gelation.

TaABLE IIT
Carcrum GERMANATE Gars FORMED BY UNITING BASE AND Acip IN THE CALCULATED
RATIO, 4Ca0:3Ge0,, SHowINGg GEeraTION DiLUTION LiMIT FOR THis RATIO
Ca(OH): GeOz Ge Gel comp.,

soln , Ca0, soln., GeQa2, vol., 9% H20
cc. B cc. g cc. CaO + GeO: Remar ks
89.64 0.07478 89.64 0 10450 179.28 99.90 0.10 TFirm dear gel in 10 sec.

26.9 .02243 26.9 .03135 53.8 99.90 .10 Sameasl
40.7 .02243 40.7 .03135 81.4 99.935 .065 Firm clear gel in 2 min.
45.7 ,02243 45.7 .03135 91.4 99.942 .058 Gel in 3 min., not firm
set, fallsfrom beaker
53.5 .02243 53.5 .03135 107.0 99.947 .053 Bulky mass, will not set
78.68 .08971 85.28 .1254 163.96 99.869 .131 Firm, clear gd in 2-3
sec., remainsin inv. vessel on shaking

Resultsindicated in Table III show that the mixture d calcium hydrox-
ide and germanic acid in the 4Ca0:3Ge0, ratio gives the conditions which
favor greatest dispersion d the precipitated cacium salt. Experiments
3 and 4 mark the gelation dilution limit between 99.93 and 99.949, o
water. Gd No. 3is particularly interesting because, asfar as the writers
can ascertain, no gd d comparable water content has thus far been re-
ported in the literature d colloids either in the organic or inorganic field;
the total anhydrous oxides present in this dispersed salt is less than a
fifth d the anhydrous components found in previousy known colloiddl
dispersons. A liter d this gd (No. 3) contains 0.27579 g. d Ca0 and
0.38510 g. d GeO, or a total solid content d 0.66089 g. It will keep
indefinitely (over a year), without any syneresisand if kept in a tightly-
stoppered vessdl will resist any change up to near the beiling point o
water. Any quantity d this gd can be prepared by quickly combining
equal volumesd 0.009837 M CaO and 0.00737 M GeOs.

The 4Ca0: 3Ge0O; gd prepared asin Expt. 6, Table I11, and containing
0.08971 g. d CaO and 01254 g. d GeO; in the gd volume d 163.96 cc.
was broken up by actively stirring and the whole wasfiltered by suction,
using a platinum cone and filter paper. The small residue on thefilter
after washing with a small amount d cold water was ignited and analyzed
by the method before described. The ignited salt contained 36.429, of
Ca0O and 6348% d GeO.. The filtrate plus wash water contained less
than 0.001 g. of GeO; and 0.0087 g. d CaO, nearly al d which was present
as free base. Again it is seen that the insoluble structure o the gel is
essentially calcium metagermanate. The GeO. found in the ignited salt
is low by about 29, when compared with the theoretical value for GeO,
in this salt and the value for cacium is correspondingly high. It is be-
lieved that this discrepancy can be explained in two ways—fird, the
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complete washing d the colloidal residueis difficult on account o adsorbed
calcium hydroxide and, second, the alkaline filtrate or trapped gel water
quickly takes up carbon dioxide if exposed to the air during filtration—
both of these effectsresult in apparent risein CaO content d the salt and
corresponding low valuesfor GeO; found in the filtered residue.

TABLE |V

CaLcium GERMANATE GELS OBTAINED BY CoOMBINING CALCIUM HYDROXIDE AND
GERMANIC AciD IN THEE RATIO 3Ca0:2Ge0,;, SHOWING GELATION DILUTION LiMIT

Ca(OH): G0, Gel Gel comp.,
soln , Ca0, soln , GeOa, vol., % H20 %, solids
[ £ cc g cc. (Ca0 + GeO2) Remarks

1 904.32 0.08414 94.32 0.10450 188.63 99.900 0.100 Firm clear gd, setsin 1
s min.
2 25.0 .02140 33.5 .02670 58.5 99.918 .082 Not firm gd, some liq.
sep
3 25.0 .02140 32.2 02670 57.2 99.916 .084 Fairly firm, some water

sep.

4 25.0 .01290 25.0 .01610 50.0 99.942 .058 No gen., ppt. settles to
bottom

5 22,5 .01290 22.5 .01610 45.0 99.936 .064 Only partia geln., much
lig. sep.

6 26.0 .02140 26.0 .02670 52.0 99.908 .092 Fair gd, setsin 2-min.
diln.limitinthisseries

Table IV shows that the gelation dilution limit for mixtures d calcium
hydroxide and germanic acid in the 3Ca0:2GeO; ratio is reached at a
water content d 99.908 or total solid content d 0.0929, but brings out
the fact that no gelation will take place at the maximum dilution for gels
d the 4Ca0:3GeO, ratio in Table I1T (compare Expts. 3 and 4, Table I1],
with Expt. 4, Table V).

Analysisd thegd obtained in Table 1V, Expt. 6, showed that thefiltrate
obtained by mechanical destruction d the gd and suction filtration was
essentially freelime water but 0.0023 g. d GeQ. had escaped precipitation
and was also present in the alkalinefiltrate. Theinsolubleportion, which
had previously built up the gd structure, on ignition contained 65.40% o
GeO, and 39.52% o Ca0O. Theseresults are closeto the calculated values
for CaGeO:s.

Combining all d the results obtained from ‘I'ables | to IV, inclusive, it
can be safely concluded that more or less pure calcium metagermanate is
precipitated by any excess d calcium hydroxide on germanic acid and
that this salt alone is responsible for the gelation phenomena observed.
Also solid gels are obtained at maximum dilution when acid and base are
combined in the 4Ca0: 3GeO. ratio, Table 111, Expt. 3, giving conditions
for the most highly dispersed salt obtainable in any known circumstances.
This gd contains 99.9359, d water and 0.065%, of total anhydrous con-
stituents.
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Strontium Germanate

Solutions of strontium hydroxide and germanic acid do not form
homogeneous gels at dilutions comparable to those used in the formation
d the colloidal calcium salt. Strontium germanate gels can be formed,
however, if the solutions of acid and base are made up to concentrations
d four or five times the molarity d those used under the calcium gels.
For this purpose 0.047 M SrO (4.9040g. d SrO per liter) and 0.049 M
GeO, (5.14509. o GeO, per liter) were used for preliminary experiments.

Strontium germanate gels were prepared under the same general con-
ditions as those described under the calcium salt, combining acid and
base in ratios analogous to those already given. All o the strontium gels
were opague or almost opaque in distinction to the transparent or nearly
water-clear calcium gels. The strontium gels set much more slowly and
under no conditions could be obtained free from enclosed flocculated
masses or aggregates d precipitated salt which interfered with the direct
passage d light through the solid gdl.

Analyses d the strontium gels were made in exactly the same manner
as under the calcium gels. The results d these analyses showed that an
excess d strontia (25rO: GeO;) precipitates nearly all o the germanium
which appears in the insoluble and filterable solid structure o the gel,
the filtrate obtained by suction and violent agitation d the gel being
nearly pure strontium hydroxide. On the other hand, in the formation o
the strontium germanate under circumstances where the acid and base
were combined in any other ratio approaching the 1:1 molecular ratio,
there aways resulted an incomplete precipitation d the germanium, much
d which then passed into the entrapped gel water. The gel residues
obtained by suction were all ignited and analyzed and as under the calcium
salt it was found that the salt & metagermanic acid in a greater or less
degree d purity was always produced, no matter what excess of strontia
had been added to the solution d germanicoxide. | n mixtures containing
the greatest excess d base (25rO: GeQ,), the residual salt after suction
filtration contained 56.109, d GeO; and 44.01% d SrO. Calculated values
for SrGeQ; were 50.219, d GeO. and 49.79%, d SrO. The gels formed
by combining the strontia and germanic acid in the SrO: GeO, ratio gave
50.669, d GeO, and 49.30%, d SrO for the composition d the similarly
obtained residue.

The gelation dilution limit for strontium germanate isshownin TableV,
but as this salt does not show the unusual dispersion d the corresponding
calcium compound, only a few typical experiments are shown, combining
in one table the limiting dilutions for various mixturesd base and acid.

From the results shown in Table V it may be concluded that strontium
germanate gels cannot be obtained with more than 99.759%, o water.
The gelation dilution limit for these gels is reached at about 0.25%, total
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TasLg V
STRONTIUM GERMANATE GELS

Showing gelation dilution limit for mixturesd base and acid in several molecular
ratios. 28r0: GeQ:; Sr0:GeO:z; 45r0:3Ge0:

Sr(OH): GeO: Vol. Comp.
soln., SrO, soln, GeO:2, ofgel, % Hz sollds
cc. ce. g cc. (GeO: T SrO) Remarks

Gelslto 4 made by uniting base and acid in the 28r0:GeO: ratio

1 42.1 02060 20.3 0.1045 62.4 99.5 0.50 Firm milky whiteopague gd
2 31.2 .1030 31.2 .0523 624 99.75 .25 Imp. gen. setsin haf min.,, a

littlewater sep.

3 38.8 .0515 38.8 .0261 77.6 99.90 .10 Nogelforms, ppt.sep.in10-15
min.

4 504 .2060 50.4 .1045 100.8 99.70 .30 Fairly firm gd, milky trans-
lucent

Gels 5,6 and 7 made by mixing base and acid in the SrO:GeO; ratio
5 21.05 .1030 20.3 .1045 41.3599.51 .49 Firm opague white, sets in 1
min.
6 4135 .1030 41.35 ,1045 82.7 99.75 .25 Fairly firmgd, setsin1 min.
7 5815 .1030 58.15 .1045 116.3 99.83 .17 Very poor gd, sets to semi-
solid in L min.
Gels 8 and 9 made by mixing base and acid in the 4Sr0:3GeO:; ratio

8 727 .2072 727 .1568 1454 99.75 .25 Firm opaquegd, setsin1 min.
9 50.0 :1036 50.0 .0784 100.0 99.82 .18 Poor gen. with sep. d some

lig.

solid content (SrO + GeO2), which isabout twicetheamount d anhydrous
material present in solid gels d the calcium compound. The solid struc-
ture d these gels is made up essentially d strontium metagermanate,
SrGeQ;, although the pure salt is rather difficult to isolate from excess d
adsorbed strontia. There appears to be no indication o the formation
d any other germanate d strontium no matter what excessd strontia is
mixed with germanic acid.

Barium Germanate

Unlike the corresponding calcium and strontium salts, barium ger-
manate iS appreciably soluble in water, so that mixtures o baryta and
germanic acid at dilutions comparable to those used under the calcium
and strontium gels gave nothing more than clear solutions in which only
partial precipitation d the barium salt occurred on long standing.

Experiments were carried out with more concentrated solutions, using
baryta containing 0.00927 g. @ BaO per cc. and germanic acid containing
0.00372 g. d GeOs per cc.

Sixty-six and two-tenths cc. d barium hydroxide containing 0.61348 g.
and 56.2 cc. @ germanic acid containing 0.2090 g. & GeO, were combined.
A fine crystalline precipitate formed almost immediately and on standing
for some time larger crystals were deposited which collected in shining
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aggregates on the sides and bottom d the beaker. The crystalline mass
was filtered df on a suction filter, washed with a small amount o cold
water, dried, ignited and weighed. This amounted to 0.2947 g., repre-
senting only 35.89, d the total oxidesin the origina mixture. Analysis
of the ignited salt gave 58.68% o BaO and 41.309, o GeO; (theo-
retical values for BaGeQO; are 59.41 and 40.58). The akaline filtrate
from the original precipitation o the crystalline barium salt contained
0.089 g. d GeO. which had escaped precipitation, although the base had
been added in double the amount required toform the metagermanate. |t
will be noted that a corresponding excess of either calcium or strontium
hydroxide would have quantitatively precipitated the germanium.

A portion d crystalline barium metagermanate was prepared by com-
bining barium hydroxide and germanic acid in the calculated amounts to
form pure BaGeO;, warming the solution of acid and base before mixing
the two. In this case the solution remained clear for a few moments and
on standing for some time partial precipitation took place as before but
the crystals were much larger. Analysis d this distinctly crystalline
mass gave 59.649%, d BaO and 40.46% of Ge0O,, values which are fairly
close to the calculated composition of BaGeO;. Under the microscope
the crystals appeared to be octahedral in habit and further examination
under the polarizing prism showed them to be isotropic. The crystals
are very fragile and possibly metastable. The isometric habit o barium
germanate is in agreement with the crystalline form d the naturally
occurring metatitanate perovskite (CaTi0;) d analogous chemical com-
position.

Solubility o Barium Germanate.—An excess d finely-powdered
crystals of the barium salt prepared as above was shaken with water for
a number d days. Using a thermostatic bath at 25°, 100 g. of the solu-
tion saturated at 25° contained 0.07536 g. of BaGeO;.

Summary and Conclusion

1. The neutralization d dilute germanic acid by calcium hydroxide
produces a colloidal calcium germanate d unusually high dispersion.
Firmly set gels are obtained in which the total anhydrous constituents
may constitute aslittle as 0.0659%, d the gd mass. Gelation at maximum
dilution occurs when acid and base are combined in the 4CaO:3GeO,
ratio.

2. Cacium germanate hydrogels ranging from 99.90 to 99.949, o
water content are permanent dispersoids if protected from dry air and
carbon dioxide. Gels may be kept at least a year without syneresis.

3. The water present in dispersed calcium germanate appears to be
simply trapped water, nearly al d which can be removed by pressure or
suction filtration. The solid structure or filterable massis pure or nearly
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pure calcium metagermanate. All d the germanium is present in the
insoluble or filterable structure if the proportion d calcium hydroxide
reaches or exceeds the amount present in the molecular ratio 2Ca0: GeOs.

4. The water d the hydrogel may be replaced by a number d other
liquids such as methyl and ethyl alcohol or acetone and these non-aqueous
liquids may in turn be replaced by ethyl ether or benzene, yielding a
series o non-aqueous dispersoids which are permanent if protected from
evaporation.

5. Excessd lime water gives a very delicate and characteristic test
for germanic oxide. A small fraction d a milligram o GeO; in 20 cc.
d water may be recognized on account d the extraordinarily bulky nature
d the hydrogd.

6. Strontium germanate yields a dispersoid similar to the calcium salt
but gels are not obtained at dilutions comparable to those used in the
preparation d the calcium salt.

7. Barium germanate is distinctly different from the calcium and
strontium salts. This salt is very distinctly crystalline and appreciably
solubleinwater. Crystalline BaGeO;isformed in shining aggregates, prob-
ably octahedral. Under the polarizing prism it is shown to be isotropic.

PHILADELPHIA, PENNSYLVANIA

[CONTRIBUTION FROM THE UNIVERSITE LIBRE DE BRUXELLES, LABORATOIRE DE CHIMIE
PHYSIQUE]

NOTE ON THE VACUUM CONTRACTION OF DENSITY BULBSt

By MARCEL BECKERS?
RECEIVED MARCH 6, 1929 PUBLISHED JULY 5, 1929

Having undertaken the systematic study from a physicochemical point
o view d the easily liquefied saturated hydrocarbons, we have been led
to assemble at the start a considerable body d experimental material,
in order to free ourselves from anxiety over apparatus problems during
the measurements.

We had already calibrated a seriesd gas density bulbs for our measure-
ments d the weight d a liter d »-butane,® but as regards contraction on
evacuation, the values obtained differed in general by 25% from those
calculated by theformulad E. Molesand R. Miravalles.*

! This paper containstheresults d an investigation carried out as part & Project
No. 32 d American Petroleum Institute Rcscarch. Financial assistance in this work
has been received from a research fund donated by the Universal Oil Products Co.
This fund is being administered by the Institute with the cooperation d the Central
Petroleum Committee d the National Research Council. Professor J. Timmermans
is Director of Project No. 32.

% Research Fellow, American Petroleum Institute.

# Beckers, Bull. soc chim Belg., 36, 559 (1927).

¢ Moles and Miravalles, J. ckim phys., 21, 1 (1924).
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We have thought it worth while to reopen the question with new
measurements. They have been carried out on bulbs numbered 3 to 10,
previousy calibrated, and on nine new ones, numbered 11 to 20. All
the bulbs, whose capacity varied from 600 to 2000 cc., were constructed
d Thuringian glass; although we do not know the age d this glass, only
bulbs Nos. 6 and 7 devitrified in the flame, and we have not used them
further in our work.

The uncertainty o the results obtained by the method d Travers being
generally accepted, we have attempted to check them by a method dif-
ferent in principle, namely, the hydrostatic method. Six bulbs (Nos. 6,
15, 16 and 17; 12 and 13) have been measured in both ways. Due to
the good agreement obtained, the other bulbs were studied by Travers'
method aone.

To attain the desired accuracy, we have had continuously to overcome
a number d experimental difficulties. The different investigators who
have carried out measurementsd this kind have also mentioned meeting
obstacles, but unfortunately they have been reticent o details as to their
mode d operation. Therefore, we think it worth while to describe our
technique in detail, especially assuch measurementsare dow to make, and
their accuracy depends on small factors.

Hydrostatic Method.— The technique adopted differs from that o
Moles and Miravalles* as follows. The bulb, immersed in a water-bath,
is weighed successively evacuated and filled with air. To effect this, the
bulb was ballasted by a mass d iron, nickel plated and polished, whose
weight was dlightly greater than the buoyant forcee The iron sinker
was suspended by a sort & net made d three pliable brass wires, sym-
metrically placed in three meridians d the glass sphere, and joined to-
gether at the base where the weight was attached by a hook. The upper
ends were fastened to another wire forming a concentric loop about one
centimeter from the neck d the bulb. In this way, the weight is prac-
tically evenly distributed about the neck d the bulb; thisregion is par-
ticularly rigid, and one may assume that no sensible changeismadein the
amount d contraction by this method d procedure.

The calculation d the results requires knowledge o the weight o air
included inthe bulb. Thisquantity isdetermined by filling the bulb with
dry air, freed from carbon dioxide by appropriate washing,® and by the
knowledge d the interior volume. The pressured the gas and the tem-
perature d the room must also be noted.

One d the inconveniences d the hydrostatic method lies in the size
d the corrections to be made for a variation in temperature d the water-
bath, e. g., a variation of 0.14° with a volume d 1393 cc. leads to a
correction of 0.034 g. In order to reduce these corrections as much as

8 E. Saerens, Bull. soc. chim. Belg., 33, 28 (1924).
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possible, we arranged to have the temperature d the bath close to that
d the room. It must also be noted that the total volume o the bulb,
sinker, net, etc., must be taken into account in these calculations. This
volume is determined by the loss in weight d the bulbs fitted with the
same equipment as at the moment d construction d the counterpoises.

The bulb is completely immersed in the bath and the capillary above
the stopcock isfilled with distilled water beforeimmersion.

The weighings were done on a balance sensitive to one milligram.

The suspension between water and air was made d a flexible copper
wire0.2 mm. in diameter; without taking special precautions, the measure-
ments were easily reproducibleto about one milligram.

One important source d error was due to bubbles d air which clung
accidentally to the sides d the bulb; to prevent this the exterior surface
was carefully freed from grease.

Asan example d the calculation, the results on Bulb 15 are given.

Exterior volume o bulb, sinker, etc., 1385 cc.
Interior volume d bulb, 1161.4 cc.
Mean temperature d bath, 16.30".
Changein density d water per 0.01° in theregion o 16.30°, 155 X 1078,
Weighing (a) Bulb filled with air, 68.437 g., bath at 16.31°
Correction for bath temp., 155 X107 X 1 X 1385 = 0.002 g.
Corrected weight, 68.439 g.
Weighing (a) Bulb evacuated, 67.293 g., bath at 16.32°
Diff., (8) — (a) = 68.439 — 67.293 = 1.146 g.
Trueweight d air from weight (a) =
11614 X 1208 X —21 [S10)
273 T 164 ©° 760
Loss due to contraction = 1.375 — 1.146 = 0.229 g.
Value corr. for density o water at 16.3° = 0.2292 cc.®
Contraction, corrected to 760 mm. = 0.236 cc.

=1375¢.

Later we found

Weighing (b) Bulb filled with air, 68.455 g., bath at 16.32°
Trueweight d air =
273 738.4

11614 X 1293 X ————
X 1293 X 273 + 164 X 760

Diff., (b) — (@) = 68.445 — 67.293 = 1.152 g.
Loss due to contraction = 1.376 — 1.152 = 0.224 g.
Corrected to 760 mm. = 0.2305 cc.
Weighing (b") Bulb evacuated, 67.295 g., bath at 16.32°

Diff., (b) — (b') = 68.445 — 67.295 = 1150 g.
Lossdue to contraction = 1.376 — 1.150 = 0.226 g.
Corrected to 760 mm. = 0.233 cc.

Mean contraction for the three measurements = 0.2332 cc.

For the six bulbs studied by this method the contraction has been
determined by measurements (@), (&), (b) and (b'), made in the same
¢ This correction is negligible.

= 1376 g.
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way. Fromthefour measurementsweget three valuesfor the contraction,
differing in the mast unfavorablecase by only 2.5% from the mean (Table
II). We may say here that the values deduced from (b) and (b") arein
all casesthe closest to those obtained by Travers’ method.

Travers’ Method.—In this method the bulb is placed in a strong and
rigid vessdl, and the space between the bulb and thewall d the vess is
filled with water. The vessd is provided with a passage for the inlet
tube of the bulb, and aso for a vertica capillary filled with water. On
evacuating the buib, the water descends in the capillary owing to the
diminution in the volume occupied by the bulb. We have already’ de-
scribed the method d operation in our first experiments. We could not
then obtain a steady meniscus; what is more, the readings on contraction
did not agree with those on expansion. We thought that the precision d
the thermostat might play arolein this discrepancy, so our first effortwas
to employ a moresensitivethermostat;® during the nev measurements, the
temperature variationsfrom the mean wereabout 0.002°. The dead space
being 7 liters, and assuming a° variation in the interior d the vessd of
0.001°, the displacement possiblein the capillary would be

7% 108 X2 X107 = 1. 4mm.?

which isthe order d precison desired in these measurements.

The cover d the vessd this time was curved and had a neck pointing
up, larger on top than bottom. Thiswasthe manner d filling: the cover
isfitted, in addition to the experimental bulb, with the calibrated capillary
tube T, (see Fig. 1), and aso a tube, H, with stopcock. The cylindrical
vessl, placed in the thermostat, is filled with air-free distilled water to
such a height that, on putting on the cover with bulb attached, the water
does not quite reach the ground surface.  Two weights, P, of 500 g. are
tied to the stopcock in order to counterbal anceapproximately the buoyancy
d the bulb. The cover is then closed tightly, taking care that the lubri-
cant isevenly spread. Weights are placed on the cover so as to compen-
sate largely for the buoyancy d the bulb.

First the bulb is evacuated’ and then, by meansd thetube, H, the space
above the water inthecylinder. Duetothedifferenced pressure, air-free
distilled water can then bedowly introduced through the capillary, ‘T, until
the gpace beneath the cover isamost filled. 1t isleft under vacuum for a
quarter d an hour, shaken lightly to detach bubbles from the bulb, then
filled completely and the stopcock, L, closed. Thedistilled water used to
fill thecylinder isstored in an auxiliary thermostat, maintained 0.2" higher
than thethermostat used i n the measurements, so asto compensateapproxi-

"Ref. 3, p. 667.
8|,. Maricqg and M. Beckers, Bull. soc. chim. Belg., 37, 12 (1928).

® T o prevent the plug leaving the barrd o the stopcock when the space above the
water containing the bulb is evacuated.
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mately for the lowering of temperature caused by evaporation in vacuo.
After two hours the meniscusin the capillary is constant to about 1. mm.3
After this lapse d time, all & the small bubbles in the apparatus are
dissolved.

In our first experiments we did not succeed in preventing a rapid descent
o water in the capillary. After various trials, we became sure that this
difficulty was due to adow rised the cover as aresult d the pressure d
the water in the capillary, which was placed vertically. For, if the capil-
lary hasalength d 50 em., the pressureis 50 g./cm.2.  Thecover having
a surfaced about 300 cm.?, it would take 50 g. X 300 = 15kg. to balance

Fig. 1.

thisforce. Obvioudy it is necessary to avoid the slightest movement o
the cover, for it would requirearised only !/2; u to cause a displacement of
1 mm.3inthecapillary. Tolessenasmuch as possiblethe pressureproduced
by the water in the capillary, we bent the tube above the neck so as to
render it nearly horizontal, thus reducing the pressure to a few cm. o
water. In dl our measurements the cover was held down by 10 kg.
distributed equally over the surface.

From the time this artifice was used, we were able to hold the level con-
stant in the capillary; but, in the first experiments, it slowly dropped
during the measurements. Later we were able to complete a series o
experiments during each d which the level remained constant within 1
or 2mm.? fromthe beginningto theend d the measurement, i.e., for several
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hours. This difference d behavior can only he attributed to acquired
skill in manipulating. For lubricating the ground joint we used anhy-
drouslanolin, which appeared to have the strongest adhesion.

To fasten the bulb and the other attachments to the cover, we tried
two procedures. (1) A round disk d rubber with three holes was fixed
in the neck and then covered with melted beeswax. In spite d all pre-
cautions, the wax cracked as it cooled, and even if one managed to cool
it in one piece, it finally detached itself from the neck, as a result o the
contraction on cooling. We had to abandon this method.

(2) A three-holed rubber stopper was solidly fixed in the cover as
follows. a heavy meta plate, A, pierced aso with three equally spaced
holes, was placed above the stopper, B, and held tightly against it by
three nuts, C, acting on threaded rods, D, flattened on one side. These
screws are connected by means of springs, E, with acollar, F (in two pieces),
which is rigidly attached to the neck of the cover by two screws. One
could thus attain a progressive compression d the stopper, but, in spite
d itsstrength, the stopper contracted slightly under an auxiliary pressure
d 100 g. However, the level in the capillary came back very exactly as
soon as this auxiliary pressure was removed. If any secondary action on
the stopper is avoided, the level in the capillary remains very constant
during a whole experiment, as we have already said. We may cite, by
way d example, the results obtained with bulb No. 15; the level in the
capillary decreased slightly during the experiment, and corresponding
corrections have been rnade to the readings.

TABLE I

CONTRACTION AND ExpaNsION DATA
Atmospheric pressure = 758.3 mm.

Contraction 0.2331 0.2343 0.2355 0.2343 0.2323 0.2331 Mean, 0.2338
Expansion 2331 2375 2351 2343 .2319 .2331 Mean, , 2341
Mean o the two series, 0.2340 cc. Contraction corrected to 760 mm., 0.2345 cc.

The rnean d the values obtained on contraction and on expansion do not
differ asa rule by morethan 0.29, athough in afew casesthey reach 0.49%.

Concordance of the Two Methods.— This is shown by the following
figuresfor six bulbs.

TaeLg 1I
CoNCoRrDANCE oF Two METHODS

Val., Contraction obs., cc. Mean contr., Dev. from

Bulb cc. Hydrostatic Travers cc. mean, %
6 906 0.1412 0.1330 0.1371 2.9
15 1161 ,2332 .2345 2337 03
16 1176 .2593 2661 .2627 13
17 1165 .304 .3121 .308 1.3
12 2159 .3738 .3922 .383 24
13 2146 374 3836 3788 13
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It follows that the mean value d the two methods does not differ from
the values obtained from either by more than 2%. We may therefore be
permitted to conclude that the values obtained by each method may be
considered correct to within 2%.

The hydrostatic method seemed to offer chances for more important
accidental errors than that d Travers, so that henceforth we will only
consider the results obtained by thislatter method.

There follows a table showing the contractions found by the method
of Travers, and aso the values d » and K in the formula proposed by
Molesand Miravalles

n = }%/ 1073 cc.

where 5 is the compressibility & the bulb under one atm., reduced to
oneliter, V isthe volumein cc., w isthe weight d the glass (minusthat o
the stopcock), and K isa constant, equal to 15.5, according to the authors.

TABLE III
CONTRACTION DATA
Wt. of glass Obs. contr.
Vol., (minuswt. of reduced to K=g2%

Bulb cc. the stopcock), g. 760 mm. 7 v

3 609 70 0.0867 0.1423 16.4

4 624 56 .1178 .1890 17.0

5 630 71 .0884 .1403 158

6 906 101 .1330 .1468 16.4

7 910 113.5 .1160 1275 16.0

8 1158 110 .2210 .1909 18.1

9 1174 93 .2758 .2351 18.6
10 1264 106 ,2852 .2255 18.9
11 2162 143.5 .5287 .2446 16.2
12 2159 186 .3922 .1817 15.6
13 2146 192.5 .3836 .1788 16.0
15 1161 103 .2345 .2019 17.9
16 1176 89 .2661 .2264 17.1
17 1165 80 .3121 .2678 18.4
18 778 133 .0743 .0955 16.3
19 74 142 .0735 .0980 17.6
20 785 142 .0714 .0909 16.4

Mean 17.0

The mean value d K is17.0, with a maximum experimental deviation
d 119, and a deviation d 109, from the value 15.5 proposed by Moles
and Miravalles. Weshould point out that the mean valued K found for
thethree bulbsd two-liter capacity is15.9. Thelow valuefor thesethree
(11, 12, 13) isdueto the necksd the bulbs being only one cm. long, while
all the others were about 4 cm. long. If these latter had also been made
with short necks, thus diminishingthe weight d glass, K would have been
lowered by 5 or 10%, and thus would have approached considerably nearer
thevalued Molesand Miravalles.
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Our experiments lead us to the following concluson. The contraction
under vacuum d bulbs of capacity from 660 to 2200 cc., and whose wall
thickness varies appreciably, can be represented to within a few per cent.
by the empirical formula

v -3
n—KX\TVX 10

in which K has a value d about 16.0, if, in establishing the weight, a
deduction is made for the neck d the bulb.

Our results thus correspond with those  Moles and Miravalles and
confirm these authorsin the opinion they have expressed, thus: " Prom the
preceding, it necessarily followsthat the empirical formula we have estab-
lished gives the values of the compressibilityd density bulbs more exactly
than those measured by the authors, by a single method, and without
taking excessive precautions.”

The values obtained for Bulbs 3 to 10 of the preceding determinations
diverge markedly from those considered above. We have repeated the
calculations d these results, and have recalibrated the capillaries used.
This has led us to make only a few small correctionsto the old numbers.
We givein thefollowingtable the corrected old values, new values and the
concordance between the two.

TABLE 1V
VALUES For BuLBs 3-10
Atm. press. i
during expt., Old values New values Ratio, new:old
Bulb mm. Contraction in cc. corr. to 760 mm. values
3 766 0067 0.0867 1.30
4 751 .0845 .1178 1.395
5 738 .065 .0884 1.36
745 .099
6 { 770 002 } 0.0955 .1330 1.39
749 .0847 |
{ 763 0855 f 0.085 .1160 1.36
8 763 .1555 .2210 1.42
9 766 .1885 .2758 1.46
753 .2005
10 { 769 196 } 0.198 .2852 1.44

Leaving out Bulb 3, the mean value d the ratios in the last column

is 1403, and it would require a diminution d the contraction d Bulb 3
by only 0.004 cc. to bring thisalso to the 1.4 retio.

The remarkable constancy d this ratio d new to old values, in spite
d its great sensitivity to small variations d the value obtained for the
contraction, leads logically to the admission d some systematic error in
our first measurements. The thorough examination to which we have
subjected them ourselvesdid not lead us to discover it.

It seemsdifficult to attribute thisto thefact that in our older measure-
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ments thewater surrounding the bulb had not been freed from air. What-
ever the cause may be we must admit that our first experiments are in
error due to imperfection d the technique. It is to these same causes,
SO it seems, that the erroneous values obtained in this fidd by most in-
vestigators are due.!* Fortunately, they do not introduce any large error
into the gasdensity; inthe cased butane, for instance, the density should
be corrected by about one part in 20,000.

Variation of the Contraction as a Function of the Pressure.—In
the determination d the density d a gas under reduced pressure (}/; to
?/3 atm.) it is necessary to know the contraction d the bulb with the
same relative precision as under a pressure d one atmosphere. Until
now one has been forced to accept the hypothesis that the contraction was
a linear function d the pressure difference to which the bulb was sub-
jected.! We wished to make an experimental verification d this hy-
pothesis. Our measurements, by the Travers method, were carried out on
three bulbs, on two d which the contraction under '/; atm. was measured,
and on the other at %/; atm.

Our results are, in the three cases, completely in accord with the hy-
pothesis advanced. The table shows the results obtained on Bulb 13.

TABLE: V

REsurts oN BuLe 13
Interior volume o the bulb, 2146 cc. Contraction reduced to 760 mm, 0.3836 cc.

Red. press,, Values obtained in cc. Mean Calcd.

mm. On contraction On expansion value value
479.4 0.2408 .o 0 2408 0.2416
483.3 2421 0,2443 .2432 .2436
479.9 2411 12411 2411 .2419
477.6 .2399 .2399 .2399 .2407

To M. Timmermans, who has accepted the direction d our researches,
we would like to express here our sincere gratitude for his aid and his
willing support.

Summary

The contraction d density globes on evacuation has been investigated
in connection with a physicochemical examination d easily liquefied satu-
rated hydrocarbons. A hydrostatic method d measurement has been
applied to the problem, as well as the method d Travers; the results by
both methods are in good agreement.

Theempirical equation proposed by Molesand Miravalles for the calcu-
lation d the compressibility d density globes is given additional con-
firmation by the results d the measurements.

Data have been obtained which lend support to the hypothesis that the

1 Ref. 4, p. 8.
1 G. Baume, J. chim phys., 6, 18 (1908).
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contraction d density globesis a linear function d the pressure difference
to which the bulb is submitted.
BRUsSELS, BELGIUM

[COoNTRIBUTION EROM THE DEPARTMENT OF CHEMISTRY OF PRINCETON UNIVERSITY]

THE DIELECTRIC POLARIZATION OF LIQUIDS. V. THE
ATOMIC POLARIZATION

By C. P. SuyrH
RECEIVED MarcH 6, 1929 PuUBLISHED JULY 5, 1929

In previous communications® the total polarization, P, o a substance
has been divided into three parts, P, the electronic polarization, 7., the
atomic polarization and P,;, the orientation polarization due to the
permanent moments d the molecules. This seriesd papers is concerned
mainly with the conclusionsto be derived from the values o P, for lig-
uids, but, as P;; is commonly obtained from the total polarization, P,
by subtracting Px and P, it is evident that no treatment of the problem
can be complete without consideration d the two latter quantities. As
Py isdiscussed in another paper,? the present treatment will be confined

to thesignificanced P,, especialyin itsrelation to molecular structure.
The polarization is commonly obtained from dielectric constants meas-
ured at frequencies up to 3,000,000 cycles or wave lengths down to 100
meters. For much higher frequenciesor shorter wave lengths, the orienta-
tion d thedipolesin an applied field often becomesless and P;; diminishes,
being negligible for frequencies in the infrared region. In the range d
visible light the frequency d the alternating field is so great that, for the
most part, the electrons only are affected by it, the polarization being Pg
aone. Py is thus determined as the molar refraction for visible light.
I n the absence d anomalous dispersion, the small variation d Pp with
wavelength may be calculated by a ssimple dispersonformula such asthat
d Cauchy or Sellmeier® and the valued Py obtained for the comparatively
low frequencies, virtually infinite wave length, at which the dielectric
constant is measured. However, the presence d oscillatorswith frequen-
ciesin theinfra-red region causesanomal ousdispersionand, in consequence,
polarizations greater than the values obtained by extrapolation with the
simple formulas. Actually these oscillators are displaced in the electric
field, forming electric doublets and thus contributing to the polarization
d the medium. Although some d these oscillators may be electrons, the
majority are atoms, ions or radicals and, for this reason, their contribution
1 (a) Smyth, Morgan and Boyce, THiS JourNaL, 50, 1536 (1928); (b) Smyth

and Morgan, bid., 90, 1547 (1928); (c)Smyth and Stoops, ¢b7d., 50, 1883 (1928).

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

3 See Errera, "Polarisation Diélectrique,” Les Presses Universitaires de France,
Paris, 1928; also Smyth, Pril. Mag., 45, 849 (1923).
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to thetotal polarizationistermed the ' atomic polarization™ and designated
by P,. P, isusually so small and difficultto determine with accuracy4
that any attempt to subdivideit into the contributions d atoms, radicals,
ions, etc., seemsrather futilein the present state d our knowledge.

Since P = Py + Pa + Py and P and Pg can aways be determined,
P, isobtained by difference when Py is known. P, can be calculated
from the temperature variation d the polarization d a gas or d dilute
solutions, from which the polarization at infinite dilution can be obtained
From measurements d dielectric constant™?® in the solid state at temper-
atures sufficiently low and frequenciessufficiently high to prevent all orien-
tation o thedipolesin the alternatingfield, a value can.be obtained for the
polarization from which P, is eliminated, so that P, can be obtained by
subtracting Pg.*®

Errera® has assembled a considerable number o values & P, from the
literature, calculatingseveral not previously known. These are regrouped
in Table | together with new values calculated by the writer and others
taken from theliterature. Thevaluesd theelectric moment d the mole-
cule, u, areshownin order that it may be ascertained whether thereis any
connection between ¢ and P,. For the gases, Pg + P, is determined
from the temperature variation d the dielectric constant and P4 then
obtained by subtracting Pz. A similar method is employed for CHCl,,
CH,Cl, CH:Br, CHBr, C,H:I and CeHCl, the substances being measured
in solution. For the liquids without moment, P, is determined by sub-
tracting Pz from P, and for the majority o those with moment by sub-
tracting Py for the liquid from P for the solid. A small error in these
calculations is caused by thefact that the value d Pg for the liquid may
often be slightly different from those for the solid and the vapor, which
are usually unknown. Inthecased liquidsfor whichuisgivenaso, itis
sometimes impossibleto distinguish between a very small value of p and 0,
which means that P,; may have a small finite value, instead 0. This
would, o course, cause a small error in P,. As, in generd, P, is deter-
mined as a small difference between relatively large quantities, all the
errorsd experiment and method are accumulated initsvalues. A number
d values obtainable from the literature, in particular several for vapors,
are obviously so much in error that they are excluded from Table |, and
the decimal placesfor many have been rounded off. Theliterature sources
from which thevaluesd n and P, have been obtained are indicated by the
numbersfollowing their values. Where no number is given after P,4, the
value has been calculated by the writer from the data used in obtaining u

¢ Cf. Ebert, Z. physik. Chem., 113, 1 (1924).
® Debye, "Handbuch der Radiologie (Marx),” Akademische Verlagsgesellschaft

m. b. H., Leipzig, 1925, Vol. VI, p. 619.
® Brrera, Bull. sci. acad. roy. Bdg,, [5]12, 327 (1926).
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and the refractive indicesin Landolt-Bornstein or " International Critical
Tables.’

TABLE |
ELEcTrRIC MomENTS AND ATOMIC POLARIZATIONS

u X 101 Py
HCI 1.03 (1) 1.2 (2
HBr 0.79 (1) 0.2 (2
HI .38 (1) 7(2)
A 0@ 12
N; 0 (5) 0 (6)
NH, 1.44 (4) .5 (2)
0O, 0 (5) 0 (5)
co 0.10 (6) 1(2)
CO; 0 (7, 8) 02
CS; 0.33 (6) .9 (vapor)
SO» 1.61 (4) 9 (2)
CH, 0(8) .8 (2)
CH, 0 (9) 02
CH, 0 (9) .4 (2)
CoH: 0(9) 1.9 (2
n-CeHya 0 (10) 0.65 (10)
2,2-Dimethylpentane 0 (11D .91 (11)
2,4-Dimethylpentane 0 (11) .96 (11)
2-Methylhexane 0 (11) 92 (11)
3-Methylhexane 0 (11) .83 (12)
2,2,3-Trimethylbutane 0 Q11 .78 (11)
3,3-Dimethylpentane 0 (11) .90 (11)
2,3-Dimethylpentane 01D .88 (11)
3-Ethylpentane 0 (11) .76 (11)
2,2,4-Trimethylpentane 0 (11) 1.09 (11)
CH;C1 1.59 (24) 4)
CH,Cl, 1.59 (8) 2.4

{ 6.2 (vapor) (12)

CHCL 5.8 (liquid) (10)

1.05(10) 6.0 (solid) (13)

| 3.0 (solid) (2)

CCly 0(® 3.0 (2
TiCl 0 (14) 5.7 (2)
SnCl, 0 (14) 10.6 (2
C.H;Cl 1.98 (24) 5)
CH,Cl 1.89 (15) 5.4
C,H:Br 1.86 (10) (11) (10)
CH,I 1.62 (25) (25) (vapor)
CoH ;X (28) (vapor)

1.66 (16, 25) { 12 (iquid)
CH=~CCl, 1.18 (2) 2.8 (2
¢is-CHCI=CHCI 1.85 (2) 3.4 (2)
trans-CHCl=CHCl1 0(2) 3.2 (2)
cis-CHCI=CHBr 1.54 (2) 3.6 (2)

trans-CHCI=CHBr 0(2) 3.5(2)
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TaBLE| (Concluded)
u X 101 Py
cts-CHBr=—CHBr 1.22 (2) 5.3(2)
trans-CHBr=—CHBr 0(@2) 4.8(2)
¢is-CHI==CHI 0.75(2) 8.0 (2
trans-CHI=CHI 0(2) 5.6 (2
Cyclohexane 0(2) 0.74 (2)
Benzene 0Q7) 1.5(2)
p-CeH4(CHp), 0 (18, 19) 2.1(2
CHNO, 3.9 (19 8(2)
CeH;Cl 1.52 (10) 3.3 (10)
0-CeH,Cl, 2.25 (20) 5.8 (2)
m-C¢HClp 1.48 (20) 4.4 (2)
P-CGHquz 0 (2, 20) 3 (2)
0-C3H4Br2 1.67 (2) 3.8 (2)
m-CsHBr: 1.22 (2) 2.2 (2
0-COH412 1.63 (2) 1.3 (2)
B0 5.3 (vapor) (2)
179 (21) { 2.0 (solid) (2)
H,S 0.93 (6) <1.5
CH;0H 1.64 (22) 4.9 (13)
C.H;0H 1.74 (22) 5(2)
(CH;):0 1.29 (21) 2.2 (22)
(C2Hs):0 1.14 (21) 3.9 (20D
(CH3)2S0, 3.27 (2) 33.4(2)
Canesugar L. 24.8 (23)
Citricacid ... 28.4 (23)

(1) Zahn, Phys. Rev, 24, 400 (1924);

(2) Errera, "Polarisation Diélectrique,”

Les Presses Universitairesde France, Paris, 1928; (3) von Braunmuhl, Physik. Z., 28,
141 (1928); (4) Zahn, Phys. Rev., 27, 455 (1927); (5) Caculated from (6); (6) Zahn
and Miles, Phys. Rev., 32,497 (1928); (7) Stuart, Z. Physik, 47,457 (1928); (8) Singer,
Physik. Z., 27, 556 (1926); (9) Smyth and Zahn, TaH1is JOURNAL, 47, 2501 (1925);
(10) Smyth and Morgan, ibid., 50, 1547 (1928); (11) Smyth and Stoops, ¢bid., 50,
1883 (1928); (12) Calculated by Errera from (8); (13) Ebert, Z. physik. Chem,, 113,
1 (1924); (14) Calculated from results o Errera; (15) Unpublished work d Mr. H. E.
Rogers; (16) Unpublished work d Dr. W. N. Stoops; (17) Singer, Physik. Z., 27,
165 (1926); (18) Smyth, Tuis JOURNAL, 46, 2151 (1924); (19) Williams, Physik. Z.,
29, 174 (1928); (20) Smyth, Morgan and Boyce, THis JourNaL, 50, 1536 (1928);
(21) Stuart, Z. Physik, 51, 490 (1928); (22) Stranathan, Phys. Rev., 31, 653 (1928);
(23) Ebert, Z. physik. Chem,, 114, 430 (1925); (24) Sircar, Indian J. Phys,, 12, 197
(1928); (25) Mahanti and Sen Gupta, ibid., 12, 191 (1928).

Van Vleck” has calculated from infrared intensity measurements that
thevibrational polarization, whichis P4, is negligibly small for HCl, HBr,
CO, CO,, NH; and CH, and attributes to experimental error the difference
found between the extrapolated refraction and the total induced polariza-
tion. Heindicates, however, that this does not necessarily mean that, in
other kinds d molecules, there may not be infra-red vibrational or elec-
tronic bandsd such largeamplitude, high effective charge or low frequency

7 Van Vleck, Phys. Rev., 30, 31 (1927).
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as to cause a difference between the extrapolated refraction and the total
induced polarization, thereby giving significant values for P,. There
appears to be reasonable doubt as to whether the value 1.2 o P, for
hydrogen chloride can be due in the main to experimental error, and thisis
true adso d the value 0.9 for sulfur dioxide and especialy o the value 1.9
for acetylene. However, the values for argon, nitrogen, oxygen and
ethane arevirtually 0, and that for ethylene, 0.37, differsfrom 0 by no more
than the probableerror. At this point one may inquirewhether P,, which
isobtained usually asasmall differencebetween relatively large quantities,
really exists as a quantity d significant size or whether it appears merely
astheresult d the combined errorsd P, Pz and P,. The question may
be answered by pointing to the fact that, except in the case o a very few
results obtained from notably inaccurate measurements, experiment yields
no negative values for P,.

Since P, isdueto electrical dissymmetry caused by the displacement of
atomic nuclei or groups within the molecule, one would expect it to be
greater, the greater the number d the nucle or groupsin the molecule.
Some evidence d such an increase is given by the paraffinsin Table I.
The possibleerror in P, for methane is o large that this value has little
significance and P4 for ethane isvery small. The values for hexane, the
nine isomers d heptane and the octane, 2,2,4-trimethylpentane, are ob-
tained from measurements & P and Py carried out with care upon the
samesamplesd material. Thetemperature variation d Pfor fived these
substances leads to the belief that P;; may be taken as O for al o them.
Thevaluesd P, thusobtained as P — P should be more accurately com-
parable with one another than the others in the table. Although P4 for
the heptane isomers varies somewhat with the structure, it isevident that
thereis an increasein passing from hexaneto heptane to octane. A more
striking increase d P4 with increase in the number & nuclel or groupsis
brought out by comparison d the value 28.4 for cane sugar with that of 5
for ethyl adcohol. Ebert? has calculated that each moled water o hydra-
tion in Na,CO;-10H,O contributes 4.75 to the vaued P4, each molein
BaCl,-2H,0, 4.25, and each mole in CuSO,-5H;0, 4.06, which shows a defi-
nite dependenced P, upon the number d nuclei.

Since P, depends upon the displacement d the nuclel or groups in the
molecule, it should depend upon the forces binding these nuclei or groups,
that is, the valenceforces. Bates and Andrews® have used thermal datato
calculate the force necessary to pull apart two atoms from their positions
d equilibrium, and have obtained results which are d the same order o
magnitude as the approximate val ues calculated by the writer® from molar

8 Bates and Andrews, Proc. Nat. Acad. Sci., 14, 124 (1928); Andrews, Chem. Rew.,
5, 533 (1928).
¢ Smyth, Phil. Mag., 50, 361 (1925).
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refractionsfor the forces necessary to displace bonding electronsfrom their
normal locations. In many cases where the actual forces cannot be cal-
culated from the refractions, an idea of their relative magnitudes can be
obtained from the refractions calculated for the electron groups. In this
way, it isindicated that the C-O and H-O bonds are probably more rigid
than the C-C and C-H bonds, in spite & which the valuesd P, for the
alcohols and ethers are larger than those for the paraffins. Although the
values d P, obtained for water by different methods do not agree well
with one another, the correct valueisamost certainly higher than that for
hydrogen sulfide, while the refractions indicate that the forces d linkage
are stronger in the water molecule. On the other hand, the forceslinking
carbon to halogen are lower than the C-C and C-H forces and thevalues
d P, for the compoundscontaining halogensare higher than those for the
hydrocarbons. The marked risein P, on passing from carbon tetrachlo-
ride to titanium tetrachloride to stannic chlorideis consistent with the de-
crease in binding force indicated by the refractions, the refractions d the
chlorides in stannic chloride being almost those o free chloride ions.
The different behaviors d the acetylene dihalides and the dihal ogenated
benzenes cannot be explained in terms o these forces alone. It seems
probable that the smaller forces required to bend rather than stretch
bonds may play an important role, but our knowledged theseis at present
very meager. Inany event, it isevident that the forces which have been
considered do not providean adequate explanationd the differencesin P,.

It is possiblethat the small moleculeslike hydrogen chloride and sulfur
dioxide, which have electric moments, have larger valuesd P, than the
small molecules without moments, but this is uncertain because d the
small valuesd P4 and thelargeerrors. It iscertain, however, that many
small moleculeswith moments havevaluesd P, smaller than those d large
molecules without moments. The values d P, for the chlorine-substi-
tuted methanes are not sufficiently accurate to permit d definite conclu-
sions. Onemay say, however, that CH;Cl1, CH.Cl,, CHCl;, CCl, and aso
C.H;Cl and C:HoCl havevaduesd P, d about the same size, considerably
larger than thosefor the paraffins. 1t would appear that the presence o
electric doubletsin the molecule, evenif they oppose and cancel one another
to give zero moment to the moleculeasin carbon tetrachloride, is conducive
to higher valuesof P,. The doublets are presumably larger in titanium
tetrachloride and still larger in stannic chloride, although as they are sym-
metrically located in the molecules, the total momentsarezero. Thevaue
d P, for liquid ethyl bromideis very uncertain, and the negative value,
—b5, calculated for the vapor from the measurements & Mahanti and Sen
Gupta and not included in Table | shows only the uncertainty o the
measurements.’® The valuescalculated for thevaporsd methyl and ethyl

10 Mahanti and Sen Gupta, | ndi an J. Phys., 12, 191 (1928).
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iodide from the measurements d the sameinvestigators and shown in the
table in parentheses merely indicate that P, is probably large for these
substances, being thus far in agreement with the high value for liquid
ethyl iodide, which is more accurately determined. The reason for the
abnormally high valuesfor these substances and also for dirnethyl sulfate,
determined by a different method, isnot apparent. |t may bein part experi-
mental error andin part thelargedoubletsand small bindingforces. There
isevidently need of measurementsupon the alkyl halidesin the solid state.

Among the acetylene dihalides the czs-compound, which has a consider-
able moment, always hasavalued P, larger than that o the correspond-
ing trans-compound, which has no moment, although P, increases when
chlorineis replaced by bromine and bromine by iodine, while the moment
d thecis-compound decreases. Amongthedihal ogen-substituted benzenes
the value d P, decreases from the ortho to the meta to the para com-
pounds, as the moment becomes smaller, and also decreases on passing
from the chlorine to the bromine to the iodine compounds, in contrast to
the increase among the acetylene dihalides. P, for cyclohexane is about
the same asthat for the heptanes and differsfrom that for n-hexane by no
more than the possible error.  The valuefor benzeneis alittle larger and
p-xylene, which contains two small opposed doublets where the methyl
groups are attached, hasa still larger P4, but the difference between it and
that for benzene lies within the possible error. When a considerable
doublet is present, as in chlorobenzene, P, is appreciably increased, and
the large doublet in nitrobenzene causesalarge valued P,.

It may be concluded that P, is not generally an additive quantity but
that it tends to be greater, the greater the number d atomic nuclel or
groupsin the molecule; probably, also, thesmaller theforces binding these
nuclel or groups, the greater the number d the electric doublets in the
molecule and the more unsymmetrical the arrangement o these doublets
in the niolecule. However, unknown factors make it difficult to explain
many d the differencesfound between different types d molecules.

Small changesin Pg have been found to accompany change of state and
change d temperature,? but similar changesin P, would have to be very
large to beapparent, becaused therelatively largeerrorsinvolved. Thus,
for chloroform the values obtained from the work d two different investi-
gators for the solid differ from one another far more than do those for the
vapor and the liquid and one d those for the solid. For water the best
value for the solid is much lower than the value for the vapor, but other
values for the solid not listed are close to that for the vapor. One can
conclude only that the variation & P, with temperature and change o
stateislessthan theerror usually occurringin the determination o itsvalue.

In the majority d the determinations d the electric moments o the
molecules o substances in the liquid condition, P, has been neglected
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entirely and P,, obtained as the difference between P and Pz. As the
electric moment is calculated from the square root of P, the inclusion o
P, inthevalued Py, usudly increases the value d u by little more than
the possible error when Py, islarge. Thus, incluson o P, with P,, in
the calculation increasesthe value o u for CéH;Cl by 0.05 X 10— and for
0-CeH,Cl, by 0.06 X 10~ Williams and his collaborators working at
only one temperature have been compelled to disregard 7,4 and, instead o
obtaining Pg by extrapolation to infinite wave length, have subtracted
the molar refractionfor the sodium D-linefrom P and calculated x fromthe
difference. As the molar refraction for the D-line is slightly larger than
Py, for infinitewave length, this procedure reduces the error caused by the
failureto subtract P,. When P, issmall or zero, disregard d P, may
introduce arelatively large error into the value calculated for the moment.
If, for p-CeHCly, thevalued P, = 3.4 is added to that & P, = 0, the
moment calculated from the sum, 3.4, is 0.45 X 10-8, instead d zero, as
given by thecorrect value P,; = 0. Incertain calculations d the moment
made by the writer, Tablel, ref. 18, u was calculated from the difference
between P and Pz. Inthisway valuesd 0.20 X 10-%, 0.23 X 10~ and
0.43 X 1078 were obtained for benzene, p-xylene and carbon tetrachloride,
respectively, for which Table | shows zero values d ux and not inconsider-
ablevaluesd P,. Itwasrecognized at the time that values d u less than
0.4 %X 10— were, in many cases, indistinguishable from zero by the method
o calculation employed, but the cal culation for p-CsH.Cl, given aboveshows
that neglect & P, may give avalue d g larger than 0.4 X 10~® whenit
is really zero and, for an electrically symmetrical molecule possessing a
larger value d Py, like transsCHI — CHI, the error in 4 would be larger.
Itisevident that thevalue0.13 X 10~ for the chlorinemoleculecal culated
by the author in the same paper merely shows the moment to be small, if
not actually zero, and that the value 0.58 X 10-# for the bromine molecule
is probably high because d the neglect & P,. The small difference be-
tween this and the value 0.40 X 10-'* recently found by Anderson'? indi-
catesthat P4 issmall for bromine.

It is evident that if the moment is high and the molecule is small and
contains only one or two electric doublets, P, may be disregarded in the
calculation of x without, as a rule, introducing serious error in the result.
If, however, the moment is small and the molecule is large and contains
several electric doublets, it is unsafe to neglect P, in the caculation o
the moment.

Summary

Valuesfor the atomic polarization o alarge number d substances have

been calculated or taken from the literature.
1 \Williams, Physik. Z., 29, 174 (1928).
12 Anderson, Proc. Phys. Soc., 40, 62 (1928).
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The binding forces calculated by Bates and Andrewsfrom thermal data
and by the writer from refractions are found inadequate to account for the
differences between the displacements d the different nuclei and groupsin
the molecules.

The atomic polarization is not generally an additive quantity, but tends
to begreater, thegreater the number d atomic nuclei or groupsinthemole-
cule, the greater the number o electric doublets and the more unsymmetri-
cal the arrangement o these doubletsin the molecule.

Inthecalculation d the electric moment o amolecule, the atomic polar-
ization may be disregarded without risk d introducing appreciable error
only when the moment is high and the moleculeis small and contains but
one or two electric doublets.

PriNCETON, NEw JERSEY
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RECEIVED MARCH 19, 1929 PUBLISHED JULy 5, 1929

Perhaps the most important fact now necessary for a complete under-
standing d the manner in which reactionsare brought about by light energy
is a knowledged the action produced directly upon its absorption by the
molecule. Taylor® has proposed, as a generdlization d the facts now
known, to state a Second Law d Photochemistry as follows: " The ab-
sorption d light isa quantum processinvolving one quantum per absorbing
molecule (oratom). The photochemical yieldisdetermined by thethermal
reactions d the system produced by thelight absorption." Theresultants
d thissequenced secondary thermal reactionsare determined by ordinary
physicochemical methods. The nature d the quantum process presents
a more difficult problem. "1t has been possiblein many casesfrom a com-
plete kinetic study d the reaction to set up a mechanism, based on a
postulated primary process, which yields satisfactory agreement with ex-
perimental observations. The postulated primary processis then assumed
to be that actually occurring. For conclusive evidence as to the primary
light action we must turn to that on the optical sidefurnished directly by
molecular spectra.  Thusfar it has been possibleto correl ate satisfactorily
the nature o the absorption spectrum with a definite primary action only
in cases involving diatomic molecules. Those more complex give spectra
showing complicated band systems which resist analysis. As a result o

! Taylor, "First Report d the Committee on Photochemistry d the Division of
Chemistry d the National Research Council."
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these two lines o approach the nature of the primary processes and the
sequence d secondary reactions appear to be definitely established for
several photochemical reactions. These are mainly those involving the
halogens and hydrogen halides.

The photochemical decomposition  ammonia has been the subject o
more or less exhaustive study.? No mechanism has as yet been derived
for this reaction which isin complete agreement with experimental facts,
nor hasthe primary processbeen established beyond question. Thesimple
reaction of an activated ammonia molecule on collision with a normal one
toyield nitrogen and hydrogen

NHy' + NH; —> N, + 3H.
does not satisfactorily account for the low quantum yield at high pressures,
nor the observation® that a rapid decomposition takes place at a pressure
d 0.001 mm. d mercury. Photochemical decomposition should cease and
fluorescenceenter at thislow pressure. The ultraviolet absorption bands
d ammonia, also, do not show the fine structure ordinarily expected for
cases where light absorption leads only to the activation o the molecule.
Batesand Taylor* pointed out that a primary processd thetype

NHy —> N + H + H,
proposed by Kuhn®isimpossibleif the recent values o the heats o .dis
sociation of nitrogen and hydrogen molecules be accepted, and that his
postulated secondary reactions are not consistent with several experi-
mental facts.

From considerationsinvolved in the facts that ammonia is decomposed
by excited mercury atoms with an energy content d 112,000 calories and
that the gaseous reaction products contain hydrogen in appreciable excess
d the stoichiometric proportion N»:3H,, the above authors suggested that
all molecules might undergo decomposition on light absorption, hydrazine
formation being an intermediatestage. The proposed mechanismis

NH; T hy —> NHy 1)
followed by either
NHy' T NH3 —> NyH; + Hz @)
or
NH;' —> NH, + H 3)
NH2 4+ NH; —> N,H; + H (4)
NH, + H; — NH; + H (5)

This would then be followed by secondary photochemical hydrazine de-
composition, presumably into nitrogen and hydrogen. Such a mechanism,

 For summary d data see Kistiakowsky, " Photochemical Processes," The Chem-
ical Catalog Company, Inc., New Y ork, 1928, pp. 251-254.

¥ Bonhoeeffer and Farkas, Z. physik. Chem., 134, 337 (1928).

¢ Bates and Taylor, Tris JournNaL, 49, 2438 (1927).

5 Kuhn, Compt, rend., 177, 956 (1923); 178, 708 (1924); J. chim. phys., 23, 521
(1926).
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athough more satisfactory than those previously advanced, does not ac-
count for several observationsd earlier investigators.?

Under the above assumptions hydrazine decomposition would determine
materially the characteristics d the ammonia decomposition. It was
hoped that an investigation d the photochemical decomposition d hy-
drazine might lead to a removal d some d the difficultiesin the case o
ammonia. Hydrazine, while more complex than ammonia, offers a case
of a solely nitrogen—hydrogen compound. |ts behavior might then lead
to a better understanding o the action d radiation upon the nitrogen to
hydrogen linkage and perhaps increase our knowledge d such reactions
in general.

Hydrazine has been found to be decomposed by ultraviolet light and by
excited mercury more readily than ammonia. The results obtained do
not support itsformation as an intermediate stage in the ammonia decom-
position. They do, however, favor a mechanism d the general typeasthat
suggested by Bates and Taylor.

Experimental Method

Apparatus. — Preliminary experiments were made with the flow apparatus and
mercury arc described by Bates and Taylor.4 The usual static system was employed
throughout the remainder d the decomposition studies. This consisted of a quartz
reaction chamber o about 150-cc. capacity joined by a quartz to pyrex seal and capillary
tubing to a constant volume mercury manometer, oil pump and to a hydrazine reservoir
through a three-way stopcock. Thelatter provided meansfor the admission o various
other gases to the reaction chamber. A liquid-air trap in the vacuum line prevented
contamination d the pump.

Temperature control was obtained by immersing the reaction vessel in a copper
tank through which water was continuously flowing. The water was heated to any
desired temperature by previous passage through electric heaters. 1n the sensitized
experiments alarge battery jar was substituted for thetank. |n any casethe tempera-
ture could be controlled to about one degree by proper variation o the temperature
andrated flow o theenteringwater. A stream d air gaveefficient stirring.

Thetotal radiation from a vertical Cooper—Hewitt mercury arcd the ordinary type
provided the source d illumination. ILight reached the reaction vessel through a quartz
window in the copper tank. | n the purely photochemical experimentsthe arc was run
on 110 volts and 3.5 amperes, cooled only by an air blast. Itsdistancefrom the wall of
the reaction vessel was about 2.0 cm. | n the photosensitized experiments the arc was
water cooled, being placed in the tank with the reaction vessal. It was run on 110
volts and 5.0 amperes, and its distance from the reaction vessel was varied from 0.5
cm. to6cm.  For thesensitized study, which was made after the completion o the pho-
tochemical experiments, mercury vapor was supplied by about 0.5cc. & mercury forced
into thereaction vessel from the manometer.

I n order to determine therelation d the reaction rate to the incident light intensity
ametal frame containing aslit the width of thearc and hdf itslength wassoldered to the
copper tank. The distance from slit to the quartz window was about 4 cm. Copper
gauze screens d suitable dimensions and blackened by oxidation to cut down stray
light served to vary the amount o light. reaching the reaction vessel These could be
fixed rigidly in the metal frame between the slit and quartz window. Relative light
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intensities were measured with a Moll thermopile. A shutter controlled from the
position d the galvanometer scale governed the admission d light to the vessel and to
the thermopile. For these experiments the arc was placed in a water-bath separate
from the reaction vessal and run at a constant temperature d 30° on 110 volts and 5.5
amperes. It was started by breaking down the space charge with a high tension coil
so that its position wasunchangedthroughout the series.

The experimentson the thermal decompositionwere carried out in the same system
described above, the reaction vessal being surrounded by an electric furnace.

Preparation d Materials.—Hydrazine hydrate, N,H,H,0, wasfirst prepared from
Kahlbaum's c. p. hydrazine sulfate, N.H4-H,SO4.6 A concentrated solution of thelatter
was mixed with the calculated amount o highly concentrated potassium hydroxide
solution, an equa volume d acohol added and the precipitated potassium sulfate re-
moved. The mixture was then distilled up to 118° under ordinary pressure, decanted
from a further precipitate d potassium sulfate and fractionated at 121-122 mm. pres-
sure. An al-glass distillation apparatus was employed. The portions distilling be-
tween 73and 74°, consisting d 85t097.5% d hydrazine hydrate, served for the prepara-
tion o anhydrous hydrazine.

The preparation d anhydrous hydrazine was carried out according to the method
of Hale and Shetterly” with the modifications suggested by Welsh.® The al-glass
apparatus described by the former authors was employed. The method consists,
briefly, in dehydrating the hydrazine hydrate by refiuxing for several hours with alarge
excess d barium monoxide and then distilling the hydrazine in an atmosphere of hy-
drogen at a pressure below 300 mm. d mercury. This method avoids action of the
hydrazine on glassand has been shown to give a product containing 99.7% d hydrazine.
A glass tube with a stopcock attached was sealed directly to the distillation apparatus
and evacuated. The liquid hydrazine (b. p. 113.5°) was run into this from time to
time during the distillation. |t wasthen seadled off and fused to a second such reservoir
attached to the reaction bulb. Contact with air was thus avoided. The hydrazine
could then befreed from dissolved gases before use by isothermal distillation from the
first container into the second. Dissolved ammonia was removed by evacuation at
room temperature. The liquid hydrazine was preserved in varuo during the entire
research. A sample d its vapor burned over copper oxide gave a pressure of nitrogen
closely approximating the theoretical to be expected from a 100% sample of hydrazine.
This result, together with the amount o pressure increase upon total decomposition
and analysis d the decomposition products, renders the presence d an appreciable
amount of the hydrate in the hydrazine vapor employed improbable.

Electrolytic hydrogen and nitrogen from cylinders were used. Hydrogen was
purified over hot platinized asbestos and phosphorus pentoxide, and nitrogen pver hot
copper turnings and phosphorus pentoxide. The ammonia gas employed was a care-
fully prepared samplestored in acylinder over sodium.

Procedure.—Before each experiment the hydrazine container was carefully evacu-
ated in case slight decomposition might have occurred by diffusion d the vapor up to
the greased stopcock surface. The reaction system was flushed several times with the
vapor. Thereactionvessal wasfilled by alowing hydrazine to vaporizeinto it under its
own vapor pressure at room temperature. The initial pressures thus obtained could
be varied from about three to ten millimeters. The arc was then started and the
reaction followed by noting the increase d pressure at suitable time intervals. An
electric contact between a sealed-in tungsten wire and the mercury d the manometer

8 Gmelin-Kraut, ""Handbuch der Anorganischen Chemie," 1925, Vol. 1, p. 193.

” Hale and Shetterly, THISJOURNAL, 33, 1074 (1911).
8 Welsh, 7bid., 37, 499 (1915).
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alowed a delicate adjustment to constant volume. The manometer scale was so ar-
ranged that readings could be made to about 0.3 d a millimeter with a fair degree of
accuracy. Numerous checkswere madeon all experiments.

Analysis of Reaction Products.—-This could be carried out in the reaction system
by means o a small side tube, attached as closely as possibleto the quartz bulb and
sealed to an electrically heated copper oxide tube through a stopcock. The method o
analysis was briefly as follows. Hydrazine remaining after an experiment was first re-
moved by surrounding the side tube with a carbon dioxide-ether freezing mixture, and
ammonia determined by replacing this with liquid air. The gases non-condensable in
liquid air (H. and N,) were admitted to the copper oxide and the hydrogen burned, the
water formed being simultaneously frozenout. Thedecreasesin pressurethusobtained
give the amounts d the various gases present; nitrogen was determined by difference.
It was necessary to remove any residual hydrazine before admitting the gases to the
copper oxidesinceit wasfound to reducethislatter inthe cold, giving nitrogen and water.

The above method for separating ammonia from hydrazine vapor was shown to
give accurate results by analysesof known mixturesd thetwo. It cannot be employed
when the pressure d ammonia gas exceeds approximately 30 mm., the vapor pressure
of liqguid ammoniaat thetemperature o acarbon dioxide-ether mixture (— 79°).

As carried out, this method o analysis offersthe disadvantage that five to six
hours are required for its completion. This is due to the dow diffusion of the gases
to the freezing zone and the copper oxide. If many analyses are to be made it is de-
sirableto arrange a meansd circulating the gasesthrough the system.

Photochemical Decomposition

Coursed theReaction and Products.— Upon illumination with thetotal
radiation fromthe mercury arc, gaseoushydrazi ne undergoes decomposition.
As will belater discussed, hydrazine vapor showsa marked light absorption
in the ultraviolet below about 2400 A. Itisevident, therefore, thatitisthe
portion d the mercury radiation below this wave length which is effective.

As the decomposition progressesthe pressurein the system increases to
a value three times that d the initial hydrazine,® after which no further
change occurs. This tripling o the pressure indicates that. the final re-
action products are nitrogen and hydrogen only, hydrazine decomposition
being complete. Analysis d the gaseous products at the end o the re-
action confirmsthis. One experiment gave 64% of hydrogen and 369, o
nitrogen, asecond, 65% of hydrogen and 35% d nitrogen. Thetheoretical
is66.7% d hydrogen and 33.39, d nitrogen.

Hydrazine, however, does not decompose directly into the elementary
constituents, but into ammonia, nitrogen and hydrogen according to the
stoichiometric equation

2N,H, —> 2NH; + N; + H, 1
The ammonia subsequently decomposes photochemicallyinto nitrogen and
hydrogen
2NH; —> N, + 3H, 2)
¥ In several experiments slight overrunning o this three-fold value was obtained.

This is undoubtedly to be attributed to traces o hydrazine condensed or adsorbed on
thewallsd the quartz vessel.
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at a dower rate. These facts were ascertained by analysis of the gaseous
products at various stages d the reaction. Ammoniawas found present
up to theend d thereaction. Theratio d ammoniato nitrogen and hy-
drogen decreased as the reaction proceeded. Table | givesthe results d
analyses made after varying amounts o decomposition. Theinitial pres-
sures d hydrazine were constant to about 0.5 o a millimeter.

TaBLE 1
VARIATION OF COMPOSITION OF PRODUCTS WITH EXTENT OF DECOMPOSITION
Press. of Comp. of total Comp. nou-
total Press. of products condensed gases
Expt. prod., mm. NH;, mm. NH;:, % H % N2z, % H, % Nz %

37 6.1 2.2 38 32 30 52 48
35 12.2 3.8 32 34 34 50 50(?)
38 13.4 42 31 39 30 56 44
36 16.2 5.1 31 38 31 55 45
39 24.1 1.8 8 55 37 60 40
28 26.5 <0.5 0 65 35 65 35
Theoretical for no decomp.of NH; 50 25 25 50 50

Asthetable shows, theactual quantity d ammoniafound inthe products
first increases and then decreases upon continued illumination. All am-
moniafinaly disappears asthe pressure attains a three-fold value.

On account d thefact that the rates d hydrazine and d& ammonia de-
composition are d the same relative order d magnitude, the two reactions
could not be isolated in the photochemical expetriments. The use o
monochromatic light would not affect this since the two substances absorb
in practically identical spectral regions. The maximum amount o am-
monia obtained in any experiment corresponded to 779, o that to be ex-
pected from decomposition according to Equation 1. 1t will be seen later
that a sharp separation was made in the sensitized experiments.

It is d inferest to note that gaseous hydrogen azide (HNj) is photo-
chemically decomposed*® by ultraviolet radiation from an aluminum spark.
I n this case, aso, the products o the reaction are hydrogen, nitrogen and
ammonia (ammonium azide). It is probable that the formation o am-
monium azide, noticed on longer illumination, is the result of a secondary
reaction between the ammonia produced and hydrogen azide

NH, T HN; —> NH,N;

Rate d the Decomposition.—The photochemical decomposition of
hydrazineis more rapid than that & ammonia. In Table IT are given the
datafor atypical experiment. Theratesinthelast columnaretheaverage
increases d pressure per minute taken over the intervals d time between
manometer readings. It will be noticed that a definite change in rate
occurs at a pressure approximately double that o the initial. The ap-
parent constancy over successive periodsis due to the method d averaging

10 Beckman and Dickinson, Tars JOURNAL, 50,1870 (1928).
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and to thefact that pressure could not be read to less than several tenths
d millimeter.
TABLE II

Data FOR A TYPICAL EXPERIMENT
Initial Py,n, = 8.3 mm. Barometer 760.1 mm. Arcat 110v. and 3.5 amps.

‘Time, Press, Temp, Rate, Time, Press., Temp., Rate,
min mm. °C. ave Ap/min min, min. °C. ave. Ap/min.
0 8.3 241 02 77 20.3 25.C .08
3 8.8 24 2 .2 98 21.9 25.0
10 10.1 24 7 .9 125 22.3 25.6 .03
17 11.5 25.4 .2 150 23.6J 25.2
33 15.1 24.0 .2 190 24.2 1 25.1 .01
42 16 9 24.8 .2 230 24.5J 24.3
50 18.5 25.6 .07 295 24.6 24.1
65 19.5 23 6 .07

In Fig. 1 time o illumination is plotted against pressure increase for
several representative experiments. Under the experimental conditions,
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Fig. 1.—-Rates d the photochemical decomposition. Curvesl, 2 and 3,
hydrazine at initial pressuresd 9.8 mm., 8.6 mm. and 4.3mm., respectively.
Curve 4, ammonia at an initial pressured 14 mm.

doubling d the pressure generally occurred in thirty to forty minutes,
tripling, in four tofive hours. Theinitia hydrazine pressures varied from
six to ten millimeters. The half-time values determined from the curves
o Fig. 1 indicate the reaction to be unimolecular in character. The
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apparent unimolecularity is without meaning, since the pressures obtained
aretheresultantsd thosegiven by two reactions. A unimolecular reaction
order is also to be expected if thelight absorption is not nearly complete.
The amount d light absorbed then becomes directly proportional to the
concentration d reactant. The first portions o the rate curves are pre-
dominantly hydrazine decomposition, the last portions predominantly
ammonia. |t was impossible with the present experimental arrangement
to vary theinitial hydrazine pressure sufficiently to determine its effect,
but therateis approximately directly proportional toit (seeFigs. 1and 2).
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Fig. 2.—Rates o the photochemical decomposition for the
first haf d thetotal reaction. Curves 1, 2 and 3, hydrazine at
initial pressuresd 12.6 mm., 9.9 mm. and 4.3 mm., respectively.
These curvesrepresent practically entirely hydrazine decomposi-
tion. Curve 4, ammoniaat initial pressure d 14 mm.

Temperature.—The rate o decomposition is independent o the
temperature over the range studied, 15 to 45°. Experiments were made
under practically identical conditions d illumination and hydrazine con-
centration, the only controllablevariable being temperature. Theincrease
in rated ammoniadecompositionin thistemperature rangeis negligible.

Comparison o Hydrazine and Ammonia.— The rate d photochemical
ammonia decomposition was investigated in the same system. The con-
ditions d illumination and temperature were identical with those used in
the hydrazine experiments. In Fig. 2 the rate curvesfor hydrazine, up to
a doubling d the pressure, are plotted for experiments with conditions
comparabl e to those where ammonia was studied. The ammonia curve is
shown on Figs. 1 and 2. The curvesgiven in Pig. 2 represent practically
entirely hydrazine decomposition over the initial two-thirds, since am-
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monia decomposition isslow. Both hydrazine and ammonia curves may
be taken'as straight lines without appreciable error. A comparison o
the sopes, where the pressures are comparable, shows that the hydrazine
reaction proceeds at ten times the rate d the ammonia reaction. This
result is probably correct within 1097.
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Fig. 3.— Effect o added gases ontherate d photochemical decomposi-
tion. Curvel, hydrazine alone, initial pressure8.9 mm. Curve 2, hydra-
zine with hydrogen present; pressure d hydrazine 8.6 mm., pressure of
hydrogen, 8.0 mm. Curve 3, hydrazine with ammonia present; pressure
d hydrazine 9.1 mm., pressure d ammonia 18.6 mm.

Effect of Added Gases.— Addition d nitrogen, hydrogen or ammonia
to the hydrazine does not affect its rate d decomposition. Experiments
were made in which these gases were added to hydrazine in concentrations
up to twice its concentration. Fig. 3 contains rate curvesfor experiments
with hydrazine aone and with ammonia and hydrogen present initially.
The curves coincidewithin experimental error. Small variationsfrom one
experiment to another occurred with hydrazine alone. These may be
attributed to small variations in the intensity of the arc and in initial
hydrazine pressure. Ammonia decomposition is of course occurring simul-
taneously with that o hydrazine where ammoniais present, but the in-
creasein rate due to thisis negligibleas compared with that o thelatter.
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Thermal Decomposition of Hydrazine

During the course d the photochemical experiments it was thought of
interest to investigate the thermal decomposition d gaseous hydrazine
since this could be accomplished readily in the same experimental system.
It wasfound that in a quartz bulb hydrazine beginsto decomposethermally
at about 250°. The reaction products in this case were mainly ammonia
and nitrogen in amount indicating decomposition according to the stoichio-

metric equation
3N.H, —> 4NH; + N, 3

and not
2N,H, —> 2NH; + N; + H,

as was found in the photochemical experiments. The compositionsd the
reaction products in two experiments were: (1) 719, d ammonia, 24%, d
nitrogen, 5% d hydrogen; and (2) 689, ¢ ammonia, 269, d nitrogen and
69, o hydrogen; thetheoretical onthebasisd Equation 3 should be 809
d ammonia, 209, o nitrogen and no hydrogen. Consequently, a small
amount d reaction takes place in such a manner as to yield hydrogen.
Experﬁment showed no decomposition of ammonia in the quartz bulb in
several hoursat 500°. It may be noted that the pressureincrease observed
on total decomposition d a sample d hydrazine was approximately 5 to 3,
which is that to be expected from Equation 3.

Since these results indicated a termolecular reaction order, Mr. Askey
has carried out a kinetic investigation d the reaction in this Laboratory.
His results! show that the thermal hydrazine decompositionis heterogene-
ous, taking place on the quartz surface, and is unimolecular in character.
He has also found that on the surface d a heated platinum or tungsten
wirethereaction occursaccordingto the same equation as photochemically.

Photosensitized Decomposition

When sensitized to light d 2537 A. by mercury vapor, photochemical
decomposition d hydrazine occurs. No decomposition takes place on
standing in contact with mercury. The results d the sensitized studies
are the most important obtained, since in this case the radiation is
practically monochromatic, absorption undoubtedly complete and the
concentration d the absorbing material unchanged as reaction proceeds.
They enable usto formulate a mechanismfor the reaction.

Reaction Products.—The decomposition o hydrazine by excited
mercury atoms yields ammonia, nitrogen and hydrogen as products and
takes place according to the stoichiometric equation

2NH, —+ 2NH; 4+ N: + Hs

as does the purely photochemical reaction.
Several experiments were made with the flow system previously men-
11 Unpublished.
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tioned.* Hydrazine vapor was passed through the arc, condensable pro-
ductswereremoved with liquid air and the permanent gasesanalyzed. In
one experiment these gave 479, d hydrogen and 539 d nitrogen; in a
second, 48% o hydrogen and 52% o nitrogen. The theoretical for the
above equation is50% d hydrogen and 509 of nitrogen. ‘The slight de-
ficiency in hydrogen is undoubtedly to be ascribed to clean-up of atomic
hydrogen on the walls.

When photosensitized by mercury vapor the rate o hydrazine decom-
position so greatly exceedsthat & ammoniathat a nearly complete separa-
tion o the two reactions is possible. A very rapid increase in pressure
ends when a doubling d the initial has been reached. ‘This corresponds
to complete hydrazine decomposition according to the above equation.
Table III givesthe results o analyses of the products made at this point.

TaBLE III
ComprosiTioN oF ProbucTtsProM THE SENSITIZED REACTION
Total products Non-condensable gases
Expt. NH:, % 2, % Nz, % Hy, % Nz, %
44 45 25 30 45 55
45 49 25 26 50 50
Cdod. for no NH; decomp. 50 25 25 50 50
Senstized NH, decompostion 72 28

I n another experimént where hydrogen was present initially 48% of
ammonia was obtained. The quantity & ammonia found corresponds to
90 to 95% d the theoretical. The excessd nitrogen may be attributed
to clean-up d hydrogen. Any error is magnified since nitrogen was ob-
tained by difference. Dickinson and Mitchell!? found 70% of hydrogen
in the products d the sensitized decomposition d ammonia in a static
system. Our value, 729, checksthis closdly.

Rate d the Decomposition.— The decomposition of hydrazine is the
most rapid reaction thus far obtained in this Laboratory with excited
mercury. InFig. 4isplotted increaseof pressurewith timed illumination
for several typical experiments. Thetemperature usedwas30°. Increase
of pressure proceedsrapidly to a point corresponding to a doubling of the
initial and to complete hydrazine decomposition. Ascan beseen fromthe
figure a very sharp break in the curvesisevident at this point. Beyond,
the pressure increases very dowly toward a three-fold value as decomposi-
tion o the ammonia formed proceeds. Ten millimeters d gaseous hy-
drazine are decomposed in less than three minuteswith the arc at 5-mm.
distance, in four minutes at 20 mm. and in twelve minutes at a distance o
60 mm. |nlater experiments the reaction rate was followzd more readily
by cutting down the light intensity with a blackened copper gauze screen.

Comparison o Hydrazine and Ammonia—A curve for the rate of

12 Dickinson and Mitchel, Proc. Nat. Acad. Sci., 12,692 (1926).
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ammonia decomposition under identical conditions d mercury vapor con-
centration and illumination with resonance radiation is given on the same
figure. The large difference in the rates for hydrazine and ammonia is
evident. The curves for hydrazine and for ammonia are linear within
experimental error. Comparison o their slopes, Ap/Al, shows that hy-
drazine is decomposed at a rateforty times that o ammonia.

The illumination in the purely photochemical and in the sensitized ex-
periments was only roughly the same, as no effort was made to keep it
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Fig. 4. —Rates d the photosensitized decomposition. Curves
1, 2 and 3, hydrazine; initial pressures 9.4 mm., 9.2 mm. and
10 mm., respectively; arc at distance o 0.5cm., 2cm. and 6
cm., respectively. Curve 4, ammonia, initial pressure16 mm.;
arc at distance d 0.5cm.

identical. Several experimentswith mercury sensitization were made with
the arc at adistance d 2 cm., approximately that in the photochemical.
The increased intensity d the 2537 A. line due to water cooling d thearc
would be without appreciable influence on the photochemical reaction
since hydrazine does not absorb in this spectral region. We may obtain,
therefore, a rough estimate o theratio o the rate d sensitized to photo-
chemical decomposition by comparison o the slope d the curve for these
experiments with that d the photochemical. This gives a value for the
rate d the sensitized reaction 110 to 120 times the photochemical rate.
Thisvalueisprobably somewhat highsincethearcwasburning on aslightly
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higher wattage. From the preceding value we may aso calculate that
the ratio d sensitized to photochemical ammonia decomposition rate in
these experiments is approximately 30to 1.

Chain Mechanism and Quantum Efficiency.—In order to determine
the quantum efficiency in the sensitized hydrazine decomposition, the
mercury sensitized combination d hydrogen and oxygen was measured in

TABLE IV
ComPARISON OF RATES oF Hy + O, REacTION AND N:;H; DECOMPOSITION
A. First Light Intensity

2H: + o2 N:H,
Time, Press.. ap Time, Press,, Ap
min. mm. mm. per min. min. mm. mm. per min.
Expt. 58. Satd. gases Expt. 42
0 329.4 2.8 0 9.4 4.0
10 301.6 26 22 18.1
20 275 4 32 Expt. 45
30 243 8 3.1 0 93 40
50 180.0 32 05 11 3 4.5
60 148 1 3.2 1.3 14.9 36
70 115.8 1.8 16.7
AvV. Ap/min. = 3.0. Mm. Av. Ap/min. = 4.0. Mm.
H,0* formed per min. = 2.0 N.H, decomp. per min. = 4.0
B. Second Light Intensity
Expt. 62. Dry Gases Expt. 61
0 314.2 0.10 0 9.8 0.40
10 313.2 Nl 3 11.0 .50
30 310.9 .14 6 12.5 47
50 308.1 11 13 15.8 .40
70 305.9 .13 18 17.8
20 303.3 Av. Ap/min. = 0.45. Mm.
Av. Ap/min. = 0.12. Mm. N.H, decomp. per min. = 0.45

H,0’ formed per min. = 0.24
Expt. 63. Saturated gases

0 293.3 0.32
10 290.1 .35
20 286.6 .40
30 282 6 38
40 278.8 40
50 274.8 .40
60 270 8

Av. Ap/min. = 0.37. Mm.
H,O formed per min. = 0.25
¢ With liquid water initially present in the reaction vessd the pressure decrease
isthesum d that dueto the volume changein the reaction and that due t o condensation
of water vapor formed; therated water formation is, therefore, 2/s o thetotal pressure
decrease.
® Where dry gases were used the rate d water formation is given by twice the pres-
suredecrease. The pressureincrease givesdirectly therate d N,H4 decomposition.
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the same system. Mercury vapor concentration and illumination with
resonance radiation were identical. Experiments were made with two
light intensities. Theratiod hydrogen to oxygenwas2to1l. It hasbeen
shown!® that the rate d this reaction is independent d total pressure.
Theresults obtained in these experiments are recorded in Table 1V.

From the preceding table it is evident that the sensitized decomposition
d hydrazine has arate at least twice that d the combination d hydrogen
and oxygen. The latter reaction proceeds through hydrogen peroxide
formation, it being possible to obtain practically quantitative yields o
thissubstance by used aflowing system. |n astaticsystem the hydrogen
peroxide subsequently undergoes decomposition, the final product being
water vapor. Using a flowing method Matshali'* was able to show that
sensitized hydrogen peroxide formation is a chain reaction with chains o
at least 4.6 to 6.6 molecules. Since hydrogen peroxide decomposition is
represented by the equation

2H,0, —> 2,0 T 0,

the rate d water formation in the present experiments represents the rate
o hydrogen peroxideformation. It isapparent, therefore, that hydrazine
decomposition is a chain reaction involving chains at least twice as long
as those in the former.

Quantum Efficiency.—With the entire arc cooled with water, the
condition in our experiment, avalued 3.3 memberswasfound by Marshall
for the chain length and d 6.6 moleculesfor the quantum efficiency. On
the basisd the number d molecules disappearing asindicated by pressure
change, acalculationd the quantum efficiency in hydrazine decomposition,
fromthedatad Marshall and that d TablelV, givesavaued 13molecules
per absorbed gquantum. Thisfigure may be regarded as a minimum value.
Since collisons d excited mercury atoms with hydrogen molecules are
known to be practically inelastic, the higher quantum efficiency for hydra-
zine cannot be due to differencein collision efficiency. 1t might very well
bethat collisonswith hydrazine are much less efficient than with hydrogen,
which would lead to longer reaction chains in the case d the former.

The rate d hydrazine decomposition was found to be forty times that
for ammoniawith excited mercury. A valued 13 molecules per quantum
would, therefore, correspond to a quantum efficiency d 0.3 moleculesfor
the sensitized ammonia decomposition. While not much confidence may
be placed in thisfigure, it should be noted that Warburg!® found the quan-
tum yields for the photochemical decomposition to be 0.25 mol./hv for
light of wavelength 2025-21404.

13 Taylor and Marshall, J. Phys. Chem., 29, 1140 (1925).
14 Marshall, ibid, 30, 1078 (1926); Bates and Taylor, THIS JOURNAL, 49, 2446

(1927).
15 Warburg, Sitzb. preuss. Akad. Wiss., 746 (1911); 216 (1902).
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Effect of Added Gases on the Rate.—A number of experiments were
made in which nitrogen, hydrogen or ammonia was added initially to
the hydrazine and the decomposition rate determined. The results are
best illustrated by the curves of Fig. 5 and Fig. 6. The hydrazine pressures
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Fig. 5.— Effectof added gases on therate o the photosensitized decom-
position. Curves 1 and 2, hydrazine alone, pressures, 10.5 and 8.5 mm,
respectively. Curve 3, hydrazinein presence d nitrogen, pressures, 10.0
and 200 mm., respectively. Curves 4 and 5, hydrazine with hydrogen
present; pressure d hydrazine, 10.6 and 9.8 mm., respectively, pressures
d hydrogen, 200 mm. and 25 mm., respectively. Curve 6, hydrazine with
ammonia present; pressures. 10.8 and 175 mm., respectively. Curves 7
and 8, hydrazinewith ammoniaand hydrogen present; pressures of hydra-
zine approximately 10 mm., pressures d ammonia and hydrogen approxi-
mately 100 mm. each. Arc at a distance o 0.5cm. for all these experi-
ments.

" werefrom 9 to 11 mm. and the other gases were added in amounts up to
200 mm. In the experiments shown in Fig. 6 the rates were considerably
reduced by increasing the distance of the arc and partially screening it
with a copper gauze.

Neither the presence d nitrogen, ammonianor hydrogen exerts appreci-
able influence upon the rate d the sensitized decomposition; Slight varia-
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tionsin the dopes of the curves occur at random. They are undoubtedly
to be attributed to experimental error in reading the time and pressure
over small intervals and to dlight variations in the arc intensity.

The failure d nitrogen or ammonia pressure to affect the rate is not
surprising since their efficiency in quenching excited mercury is known to
be very low.'*®!7 The faillure d hydrogen to affect the rate is, however,
interesting. This result is in direct contrast to the sensitized ammonia
decomposition which has been shown by Mitchell and Dickinson!” to be
strongly inhibited by small pressures d hydrogen. Practically every
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Pig. 6.—Effect d added gases on the rate o the photosensi-
tized decomposition. Curve 1, hydrazine alone; pressure, 10.0
mm. Curve 2, hydrazine with hydrogen present; pressures,
10.0 mm. and 200 mm., respectively. Curve 3, hydrazine with
ammonia and hydrogen present; pressures, 9.8 mm, 100 mm.
and 100 mm., respectively. Arc at a distance & 6 cm. and
screened in these experiments.

collisiond excited mercury with hydrogen moleculesresultsin its deactiva-
tion.** Hydrogen would, therefore, be expected to retard sensitized hy-
drazine decomposition. Indeed, with hydrogen pressures twenty times
that o hydrazine, the retardation would be expected to be directly pro-
portional to hydrogen pressure. The absence o any effect appears to be
explicable only on the basisthat the energy d those excited mercury atoms
colliding with hydrogen molecules is still available for the decomposition
o hydrazine.

We may justifiably assume®® that a collison d the second kind between

8 Stuart, Z. Physik, 32, 262 (1925).
17 Mitchell and Dickinson, THrs JOURNAL, 49, 1478 (1927).
18 See Taylor, bid., 48, 2840 (1926), for a partial summary o evidence.
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a mercury atom in the 23P; state and a hydrogen molecule results in the
dissociation o the latter

Hg' + H, —> Hg T 20
Hydrogen atoms must, therefore, react with hydrazine. Itisourintention
to test this conclusion by introducing hydrogen atomsinto hydrazine.

Curves 7 and 8 in Pig. 5 for experiments in which mixtures of 100 mm.
each d hydrogen and ammonia were admixed with hydrazine show a re-
tardation d therate, an effect produced by neither gas alone. It cannot,
apparently, be attributed to experimental error. We are unabie to offer
a satisfactory explanation for it.

Effect d Light Intensity.—The reaction rates were considerably
reduced by decreasing the light intensity materially and the latter varied
by means o the previously described copper gauze screens. Care was
taken to prevent variations in the intensity o the 2537 A. line caused by
variations in the running temperature and wattage o the arc. The
results are summarized in TableV. Hydrazine pressureswere constant to
afew per cent. The galvanometer deflections given represent the average
d two separate sets d determinations, the average d ten distinct deflec-
tions being taken to determine the true deflection for each different inten-
sity. The experiment with no screen intervening was repeated between
each d theothersasacheck. Theratesgiven are the averagesfor twenty-
minute periodstaken during the experiment almost to the point o pressure
doubling.

TABLEV
TEFFECT OF INCIDENT LIGHT INTENSITY ON THE REACTION RATE
Rates
I I I
No Screen Screen No 1 Screen Nos. 1 and 2
Average Ap per 20 min. 2.40 0.91 0.33
Average Ap per 20 min. 2 00 .90 .35
Average Ap per 20 min. 2.20
Average 2.20 (k1) 905 (ky) .34 (ks)
Relative Light Intensities

Average galv. deflection 73.39 (L) 30.06 (%) 12.34 (L)
Ratiosd reaction rates ki/ks = 2.43 ky/ks = 2.65
Ratios d intensities Ii/l, = 2.44 L/l = 2.44

Theresultsshow that the velocity d hydrazine decomposition sensitized
with mercury vapor is directly proportional to the incident light intensity.

The Absorption Spectrum of Gaseous Hydrazine
Theresultsd studies o molecular spectra haveled to the elucidation of
the primary photochemical process in several systemsinvolving diatomic
molecules. Franck' has pointed out that accordingto the quantumtheory
1 Franck, Trans. Faraday Soc., 21, 536 (1925).
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o light absorption the immediate result is the formation d an excited
molecule, but that the excited molecule may then undergo spontaneous
dissociation without. the agency d collisons. Thisis the type of process
occurring in the haogens, hydrogen halides and akali halides. More
complex molecules exhibit such complicated band spectra that detailed
analysis has been impossible. It now appears quite certain that an en-
tirely continuous molecular absorption spectrum correspondsto a primary
dissociation d the molecules. One consisting d bands possessing a fine
structure corresponds to a primary excitation d the molecule, which can
then undergo dissociation only on collision, provided, d course, that the
absorbed energy is comparablewith that required for dissociation.

It was first pointed out by Henri* that certain molecules give a type
of absorption spectrum consisting d diffuse or continuous bands. These
bands are not resolvableinto distinct lines even with very high dispersion
and low pressures. According to Henri, such molecules as NH;, HoS, COS
and CH;NH,; give thistype d spectrum. Hisinterpretation o this phe-
nomenonisthat the molecule upon light absorption goesinto an electroni-
cally excited state, no longer quantized astorotation, in whichthemolecule
is strongly deformed in contrast to ordinary absorption processes. To
such astate he givesthe name'' Predissociation.” Bonhoeffer and Farkas?!
have discussed the ammonia spectrum in relation to predissociation, and
have presented theoretical and experimental evidence for the assumption
that the primary processisaseparation d the ammoniamoleculeinto parts,
most probably NH; and H. They explain the diffusebands upon the basis
d such a process. Kronig? has apparently found justification for this
idea from a theoretical viewpoint. From considerations based on wave
mechanics he calculatesthat such a processis possible and also calculates
the probability that it will occur. In the conclusion to their paper Bon-
hoeffer and Farkas state that according to the above idea the following
casesd molecular decomposition processesmust be distinguished. " First,
the'direct' or 'true photolytic processes in which the molecule decomposes
without the agency d outside collisions; secondly, the 'indirect,’ in which
the moleculeis primarily excited and is then decomposed by collison with
another molecule. The direct processes can be d various kinds. Either
the molecule is primarily dissociated (1. in the continuum, HI), or the
primarily excited molecule decomposes spontaneously without radiation
(N'H;, predissociation spectrum).”

T oobtain optical evidencefor the primary processfollowinglight absorp-
tion by the hydrazinemoleculewe haveinvestigated i tsabsorption spectrum.

V. Henri, " Structure des Molécules,” Librairie Scientifiqgue J. Hermann, Paris,
1925.

21 Bonhoefferand Farkas, Z. physik. Chem , 134, 337 (1928).
22 Kronig, Z. Physik, 50, 347 (1928).
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Experimental

The continuous ultraviolet spectrum from a hydrogen discharge tube served as a
light source for the absorption study. The discharge tube was the water-cooled type
first described by Bay and Steiner.2® It was constructed beforetheir |ater modifications
were published. The tube wasrun on approximately 10,000 volts and a current of 0.35
to 04 ampere. Hydrogen pressures d 8-10 mm. were employed. A side reservoir
was attached in such a manner that the addition d hydrogen was simplified. As op-
erated the tube provided a very intense source of continuous ultraviolet light extending
to a region somewhat below 2000 A. One to two minutes were sufficient for anintense
exposure with a very narrow slit and the spectrograph at a distance of half a meter.
Exposures o five minutes were required at a meter distance. When desired the tube
could be operated continuously for several hours. |ts spectrum contained several
emission lines on the continuous background in the visible and near ultraviolet. No
attempt was made to identify or remove them as they were beyond the region in which
hydrazine absorbs.

A Type E-2 Hilger quartz spectrograph- giving an average dispersion of 6 A. per
millimeter between A = 2492 A.and X = 2293 A.and 5 A. per millimeter fromx = 2276 A
toa = 2199 A. was employed. The spectrum of the copper arc served for reference.
The vapor from asample d the hydrazine used in the photochemical experiments was
employed, the absorption tube being refilled before each exposure. Absorption tubes
20 and 80 cm. in length and pressures from several tenths up to ten mm. were used

Results

The spectrograms obtai ned show that gaseous hydrazine absorbs measur-
ably in the ultraviolet below about 2490A. Absorption becomes appreci-
able below 2440 A.  The spectrum consistsd aseriesd faint diffuse bands
which appear to become wider and more diffuse toward shorter wave
lengths. Apparently continuous absorption then sets in and becomes
stronger toward the ultraviolet. With an absorbing thickness of 80 cm.
and a pressured 0.5 mm. the band absorption commencesat about 2490A.,
continuous absorption beginning at about 2370 A. It wasnot possibleto
produce absorption d longer wave lengths by increasing the pressure to
10 mm. With the absorbing thickness reduced to 20 cm. and at about 1
mm. pressure, faint indications d the bands are visible down to 2260 A.
Below, a region d apparently continuous absorption extends. Lowering
o the pressureto afew tenthsd a millimeter did not extend the beginning
d the continuum further toward shorter wave lengths. On account o
their faintness the bands are scarcely visible on a reproduction o the
spectrograms.

There appear to be six or seven separate diffuse bands between 2490 and
2260 A., separated by equal intervalsd about 3 or 4 A. Those from 2490
to 2370 A. are more sharply defined. The bandsrangein widthfrom8A.
to approximately 25 A. toward the ultraviolet. The limits, however, can-
not beindicated with precision. They appear to be absolutely continuous
and resemble closely those obtained by Henri?® with methylamine in the

2 Bay and Steiner, Z. Physik, 45, 337 (1927); Z. Elektrochem , 34, 660 (1928).
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region from 2362 to 2288 A. and the bands d ammonia, which occur
from 2260 t0 1600 A..,2* although separated by considerably smallerintervals
than in these cases. Conclusive evidence as to whether the bands o the
hydrazine absorption spectrum may be resolved into finelineswill have to
be obtained with an instrument giving higher dispersion. This was not
available during the performanced these experiments. It appearsfor the
present, however, that in hydrazine we have also a case d ‘‘predissocia-
tion.”
Discussion

Hydrazine Decomposition.—While the results d the purely photo-
chemical study may be regarded as only qualitative, those obtained in the
sensitized decomposition provide quantitative information from which a
reaction mechanism may be obtained. The experimental observations for
which a theory d the reaction mechanism must account are, briefly: (1)
the natured the products, (2) speed d reaction and chain mechanism and
(3) the absence d retardation by hydrogen, which is most easily under-
standabl e on the basisthat atomic hydrogen reacts with hydrazine.

For the primary processfollowing reception d energy by the hydrazine
moleculeon a collison d the second kind with excited mercury or by ab-
sorption d alight quantum, we need consider only two possibilities. The
formation d an activated hydrazine molecule may take place, reaction
then occurring only on collison with a normal molecule. Alternatively,
the primarily excited molecule may split directly into parts which then
undergo reaction with normal molecules.

The mechanism based on thefirst possibility would be

N.H, T Hg' —> N,H, + H
N.H,/ 4+ N;H, —> 2NH; + N» T H,
Thisleads to a value d two molecules as the maximum possible quantum
efficiency. 1t does not agree with the observed minimum quantum effi-
ciency o 13 molecules or the chain mechanism, nor will it account satis-
factorily for thefailure d hydrogen to retard the rate.

Formulation d a mechanism based on the second possibility.leads to
more satisfactory results. Four possible ways in which the primarily
excited molecule may split must be considered. These are

NoH, T Hg’ —> N.H,' + Hg
(a) N:HS —= N.H; + H
(h) N.Hy —> 2NH,
(¢) NoHy' —> N,H, + Hz
(d) N:H—>NH3T NH
On the basisd the most recently accepted value d 9.5 volts,? or 219,000
calories, for the heat d dissociation d the nitrogen molecule, breakage o
24 | eifson, Astrophys. J.,63, 73 (1926).
2 Mulliken, Phys. Revi ew 32, 761 (1928).
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a N-H bond requires 90,000 caloriesd energy. The energy available from
an excited mercury atom is 112,000 calories, so that (a) is possible from
the standpoint d energetics. The heat d formation d anhydrous hy-
drazine has not been measured, nor are datafor the energy o an N-N bond
in such a case available. It is, therefore, impossible to calculate with
certainty whether the quantum o absorbed energy is sufficient for the
other three processes. Some idea as to the energzp reqU| red ruay be ob-
tained in the following manner. The reaction N, 2H, T aq —> N H,
{dissolved) is endothermic by 9500 calories.® In solution hydrazine ex-
ists asthe hydrate. There is justificationfor the bdief that the heats o
solution and d hydration are positive, which leads to the conclusion that
the formation d anhydrous hydrazine from the elements is endothermic
by an amount greater than, say, 10,000calories. [If wetake thisvaluefor
the heat d formation d hydrazine, 90,000 caloriesasthe heat o formation
d an N-H bond and values d 101,000 caloriesfor the heat o dissociation
d hydrogen and 219,000 calories for that d nitrogen, we may calculate
that Process (b) requires 49,000 caloriesand (d) 49,000 calories. On the
assumption that the energy required is that for breaking two N-H bonds
independently, minus the heat d combination d two hydrogen atoms, we
obtainfor Process (c) avalued 80,000caories. Allfour types would then
be possible with the quantum o 112,000 calories. It is uncertain as to
how much confidence may be placed in the results d such calculations.

The sequence d secondary reactions which must follow in case (c)

NyH, T NoH, —= 2NH; + N,
and in case (d)
NH + N,H, —= NH; + N, + H,
while accounting for the products, eliminate these as possible mechanisms.
They will not account for the observed chain mechanism or for non-re-
tardation by hydrogen. It has been found? that hydrazine is formed
when ammonia is passed through a cooled high tension arc. The authors
state that the most probable explanation lies in a decomposition d the
ammoniainto NH and H; by electron impact, and formation o hydrazine
by the reaction
NH + NH; —> N;H,

I n this case ammoniashould retard the rateif the mechanism were accord-
ingto (d). Thisiscontrary toexperimental fact.

Assumption d either (a) or (b) asthe primary processleadsto a mechan-
ism better in accord with our experimental observations. Thus

NoH, T Hg’ —> NHY + Hg —> NoH; T H + Hg (1)
N,H; + N,H; — 2NH; + N, + H 2
H N.H, —= NgHa + H; (3)

2 Berthelot and Matignon, Compt. rend., 113, 672 (1891).
7 G. Bredig and A. Koenig, Naturwissenschaften, 24,493 (1928).
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Reactions such as

H+H'——-—>Hz
NoH; T H — NoH,

woud lead to breaking o the reaction chains. With (b) the mechanism
would be

} wall reaction Eg

N,H, T Hg' —> N:H/ + Hg —> 2NH, + Hg (1)
NH, T NoHi—> NH; + . T H, T H @)
H + NH, —> NH, + NH; ®)

The reactions
H4+ H ) 4
N, F Nit, > N, | Wl reaction 55;
break the reaction chains. The reaction, NH; + Hs —> NH3 + H,
which may be suggested, isendothermic by about 11,000 cal. and probably
does not play a material role at room temperatures. Either o the above
mechanisms satisfactorily accounts for the observed facts.

Either d the above mechanisms, on the assumption that reactions such
as (4) and (5) limit the reaction chains, requires a proportionality d the
reaction rate to incident light intensity involving the square root d the
latter.2 |n the present instance the rate is directly proportional to the
incident intensity. This is reconciled with the postulated mechanisms if
we assume that Reactions 4 and 5 take place on the wallsd the contain-
ing vesseal, the rate d disappearance then being unimolecular with respect
to the concentrations. It is probablethat such reactions never take place
except on the wallsd the containing vessel. Similar disagreement exists
for other photochemical reactions and is thus explained.

The evidence at present available offers no basis upon which to decide
which o the preceding mechanismsis the more probable. 1t may be of
interest to record the thermal values for the various secondary reactions
given, calculated from the previously assumed thermal date.

H + NoH, —> N.H; + H + 11,000 cal.

H + N.H; ~—3> NH, + NH; 4+ 40,000 cal.
N;H, T NyH, —> 2NH, T N, + H + 28000 cal.
NH, + NH; —> NH; + N, T H, + H — 1000 cal.

While the mechanismsformulated are based on the results o theinvesti-
gation d the sensitized decomposition, there is no reason to believe that
the purely photochemical decomposition proceeds by another mechanism,

The spectral evidence offered by the hydrazine absorption spectrum is
not entirely conclusive. It is, however, in accord with our suggested
mechanism if we accept the Bonhoeffer and Parkas conclusion?! concerning
the process giving rise to a spectrum consisting of continuous bands.
Indeed, we may state that if it can be conclusively shown that the hydra-

# Kigtiakowsky, "Photochemical Processes,” The Chemical Catalog Company,
Inc., New York, 1928, p. 96.
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zine bands do not possess a fine structure our results provide strong evi-
dence in support d thisidea concerning the Henri "predissociation spec-
tra™ A study o the photochemical decompositiond methylamine, which
has been definitely shown by Henri to possess a spectrum o this type,
should prove d interest in this connection, Such a study isto be under-
taken.

This investigation was carried out during the tenure, by one o us
(J.C.E), d adu Pont Fellowship at Princeton University. We take this
opportunity of expressing to the E. 1. du Pont de Nemours Company o
Wilmington, Delaware, our sincere appreciation d this assistance.

Summary

Gaseous hydrazine is decomposed photochemically by the ultraviolet
radiation from a quartz mercury arc. A more rapid decomposition is
brought about by optically excited mercury atoms. The products d the
reaction in both cases are ammonia, nitrogen and hydrogen in amounts
indicating a reaction according to the stoichiometric equation 2N:Hy —>~
2NH; + N: + He.. Decomposition d the ammoniaformed follows this
reaction.

The products from the thermal decomposition in a quartz bulb indicate
reaction mainly according to the equation 3N.H; —> 4NH; + No. The
reaction is heterogeneous and unimolecular in character.

Therate d the purely photochemical decomposition is uninfluenced by
temperature or by the presence d large concentrations of ammonia or
hydrogen. The photochemical decomposition & ammonia proceeds at
arate one-tenth that d hydrazine under the same conditions.

The sensitized hydrazine decomposition is a very rapid reaction. Its
rateisforty timesthat & ammoniaunder identical conditions. Hydrazine
decomposition is a chain reaction. A minimum quantum efficiency o 13
molecules per absorbed quantum has been found for it. The rate d the
sensitized reaction is unaffected by the presence d nitrogen, ammonia or
hydrogen in large concentrations. Thelack d retardation by hydrogen is
explained on the basis that hydrogen atoms react with hydrazine. The
rate d the sensitized decompositionisdirectly proportional to the incident
light intensity.

The absorption spectrum d gaseous hydrazine has been investigated.
Hydrazine vapor absorbs appreciably in the ultraviolet below 2440 A.
The spectrum consists d a series d faint, apparently continuous bands,
followed by a region d continuous absorption. The limits o the regions
d absorption depend upon the density d the absorbing layer. With the
dispersion employed it cannot be stated conclusively that the absorption
bands do not possessafine structure. It appears for the present that hy-
drazine presents a case d "' predissociation."’
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The results obtained are satisfactorily explained by a reaction mecha
nism based upon a dissociation d the primarily excited molecule as a pri-
mary processand not one involving an activated molecule. Agreement is
obtained if the dissociationis either into N.H; and H or 2NH,. Thermal
calculations for the various primary and secondary processes discussed are
given. The nature d the absorption spectrum is in accord with such a
mechanism if the idead Bonhoeffer and Farkas be accepted.
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THE SOLUBILITY OF CALCIUM CARBONATE (CALCITE) IN
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The solubility d calcium carbonate in agueous solutions, as influenced
by the partial pressured carbon dioxidein the system and by the presence
o other sdts, is d interest because o its significance in relation to the
problem d scaleformation in steam boilers and pipes, to the study d bone
calcification and d blood equilibria in physiological systems, and to a
better understanding d the process d deposition d carbonates under
geological conditions. The work to be presented comprises precise de-
terminations d the solubility d calcite at 25° in the presence d carbon
dioxide at pressuresvarying from 0.0003 to 1.0 atmosphere, in water and
inaseriesd solutionsd sodium chloride and o calcium sulfate, including
solutions saturated also with respect to gypsum (CaSO,-2H:0).

The papers on the solubility o calcium carbonate in water, prior to
1915, have been reviewed in an earlier paper;®* since that time a number
of other contributions have been published.* A plot d al d the data,

! From the dissertation presented by G. L. Frear to the Graduate School of Yale
University, June, 1926, in candidacy for the degreed Doctor d Philosophy.

% Loomis Fellow, 1925-1926; Sterling Fellow, 1926-1927.

8 Johnston, TH1s JOURNAL, 37,2001 (1915).

* (@) Cavazzi, Gazz. chim.ital., IT 46, 122 (1916); solubility d CaCO; in water at
0-15° and 1 atm. d CO.; (b) Bickstrém, Z. physik Chem, 97, 179 (1921), solubility
o calcite and aragonite at 9, 25 and 35° and approximately 1atm. d CO.; seealsoBéck-
strom, THIS JOURNAL, 47, 2432, 2443 (1925); (c) Mitchell, J. Chem. Soc., 123, 1887
(1923), solubility o calcite, and d calcite with nesguehonite (MgCO;-3H:0), at 25°
and 4-24 atm. d CO,; (d) Haehnel, J. praks. Chem., 107, 165 (1924), solubility d CaCOs
in water at 18° and 10-56 atm. d CO,, and up to 50° at 56 atm.; (e) Hastings, Murray
and Sendroy, J. Bd. Chem., 71,723 (1927), solubility  CaCO; at 38° in some solutions
of NaCl and in serum; (f) with respect to the three crystal forms o CaCO;, see John-
ston, Merwin and Williamson, Am. 7, Sei., 41, 473 (1916); Gibson, Wyckoff and Mer-

win, Am. J. Sei., 10, 325 (1925); (g) W. D. Kline, "Dissertation,"” Yale University,
1923.
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including Kline's results (presented later, in Table 111), leads to the
following values.®

Tasig |
TrE SOLUBILITY OF CALCITEAT 25°
COg, partial pressure, atm. 0.00032 0.001 0.01 0.1 1.0 10
CaCO;, millimoles per kilo water 0.53 0.78 1.7 3.9 9.0 22.5

The temperature coefficient d the solubility is, within the accuracy of
the measurements, independent d the partial pressure d carbon dioxide,
particularly in the range 0.0003-1 atm.; consequently it suffices to give
theratio » d the solubility at :° to that at 25°.

TaBLE IT
Tur RaTiO () o THE SOLUBILI TYAT £° TO THAT AT 25°
3 0° 10° 20° 25" 30° 50°
r 1.8 1.4 1.1 1.0 0.9 0.6

These valuesd r are onthelinelogr = 830/T—2.78; thisformula, when extrapo-
lated to 100°, yieldsresultsin harmony with analysesd watersfrom boilers.

In presenting our results we shall adopt a notation made use o in a
previous paper,® dealing with equilibriumin solutions o alkali carbonates
in terms d activities. The activity d carbonic acid (H:CO3)™ may be
written

(H:CO5) = vAcP 1
where P is the partial pressure, in atmospheres, d carbon dioxidein the
gas phase in equilibrium with the solution; ¢ isthe total molal concentra-
tion d carbon dioxide in the solution when P is unity and v andx arethe
activity coefficientsd H.CO; and of water, respectively. We also write

(H+)(HCO;s™)/(H.COs) K
(H-)(CO;™)/(HCOs™) = K,

(Ca+H)(CO;™) = K¢
K being the activity product constant for calcium carbonate (calcite);
whence by combination with (1)

(Ca*+)(HCO;7)?/P = yMKcKi/Ks @

If oy and a2 denote the activity coefficientsd Ca++ and HCO;™, respec-
tively, and #; and s, the corresponding molalities, Equation 2 may be
written

[}

P/mm; = ara}(K,/(KiKcyAe)) = f'(m) (3a)

Determinations, in a series d equilibrated solutions, d the quantities
P, m; and m, enable one to calculate directly the corresponding value
of the function f/(m). Equation 3a may be more conveniently expressed

§ With respect to the solubility at smaller pressure, see Johnston and Williamson,
THISJOURNAL, 38,975 (1916).

s Walker, Bray and Johnston, i&:d., 49,1235 (1927).

7 Parenthesesdenote an activity; brackets, aconcentration.
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in terms of the mean molality » and the mean activity coefficient o d
Ca(HCOy),. By definition m = vmm2 and & = va,0. It follows that

P/sim = a VE,/(KiKcyhe) = f(m) 3

The function f(m) contains a factor K./K K¢ independent d concentra-
tion; aswm and P approach zero, oy and «, by definition approach unity;
when m; = 0, ¢; isthe solubility d carbon dioxide in water and we have
coyoho = ¢yN\. Thus by plotting f(m), evaluated directly from the experi-
mental results, against-the concentration, we are enabled to estimate
f(0), the value d f(») obtained by extrapolation to zero concentration
d salt and, since (oj)m/(aas)e = f(m)/f(0), by substitution d the
appropriate values d the other factors, to calculate, from the intercept
f(0), the actual solubility product d calcite applicable at any pressure
within the range d solutions investigated if the assumption is made that
(a)o isequal to unity, which probably is not seriously in error and is the
best approximation than can be made at the present time. In this con-
nection it isimportant to note that at very small pressures d CO,, prob-
ably o the order d 10~'* atm.,® the relative amount d Ca** associated
with OH- so far exceeds that present in solution as carbonate and bicar-
bonate that Ca(OH), becomes the stable solid phase in place d CaCOs;
thusf(0) is merely a virtual quantity, but thisfact does not diminish its
significanceor interfere with the process d extrapolation.

If, besides calcite, gypsum is in equilibrium with the solution, the
additional solid phase imposes the further condition defining the solu-
bility product d gypsum Kg, <. €.,

(Ca**)(SOs) = Kg

By combination d this condition with relations similar to those developed
above, and correcting for incomplete ionization, Stieglitz® calculated the
saturating concentration d calcium carbonate and o calcium sulfate in
sea water as functions d the partial pressure d CO, in the atmosphere.
Provided that no change in the nature d the solid phases occurs, the
equality d the ratios must be valid

(COs™)/(SOs™) = K¢/Ka 4

However, there is some mineralogical evidence d the possibility d re-
action between CaS0O, and CaCO; (possibly as aragonite) under appro-
priate conditions with the formation d a solid solution or a double salt,
in which event deviations from Equation 4 are to be expected. Thus
Doss found that certain fresh water limestones and tuffs contain appre-

8 J. Stieglitz, " The Relation of Equilibrium between the Carbon Dioxide d the
Atmosphere and the Calcium Sulfate, Calcium Carbonate, and Calcium Bicarbonate
in Water Solutions in Contact with It in " The Tidal and Other Problems” by T. C.

Cliamberlin, et a. Carnegie Inst. Publ. No. 107 (1909).
? B. Doss, ""Neues Jahrbuch fiir Mineralogie und Geologie,"" 1897, Voal. |, p. 105.
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ciable quantities o sulfate and d water in proportions approximately
equal totheir ratioin pure gypsum; theinclusionsvisibleat 2000 diameters'
magnification accounted for not more than one-twentieth o the sulfate
present. Vater!0 prepared calcite crystals in gypsum solutions and ob-
served that they possessed a high sulfate content which he thought could
not be attributed to inclusionsd the mother liquor or to ingrown crystals
d gypsum.

Little information for the solution d this problem is to be obtained
from the results d Shipley and McHaffie!! in their attempt to investigate,
by means d electrometric titration, the influenced calcium sulfate on the
hydrogen-ion concentration d carbonate solutions; failure to recognize
the interdependence o the equilibria involved in this system led these
authors to the unwarranted conclusions that the ionization constants o
carbonic acid vary and that alkaline earth bicarbonates do not exist in
agueous solutions,

In unsaturated solutions d CaSO,, the solubility & CaCO; depends
upon the common ion effect and upon the influence d the total ion con-
centration on the activities d the chemical speciesinvolved in the equi-
librium. Solubility determinations in solutions d hetero-ionic salts are
d interest for thestudy d theinfluenced ionicstrength on these activities,
At best thedatad Cameron and his co-workers!? and d Seyler and Lloyd!?
are d merely qualitative significance as experimental conditions were
insufficiently controlled.

The Solubility & Calcitein Water at 25°.1*—Mixtures d air and carbon dioxide
in fixed proportions® were passed through reaction flasks, d the type used for the
equilibration d solutions d akali carbonates,® containing calcite crystals in contact
with conductivity water. After equilibrium had been attained, the partial pressure o
carbon dioxide and the total molality d base in solution!* were determined; the mean
results are assembled in the first two columns d Table III. The third column gives
the bicarbonate molality [HCO;~]; the fourth, the ionic strength . = (2[Ca*+] +
2[CO;~] + 1[HCO;~]); and thelast, the function f() = P/*/m. The bicarbonate
mojality was arrived at by deducting from the calcium molality {Ca**] an amount
equivalent to the carbonate molality [CO;~~], that & hydroxyl [OH-] being negligible
at the partial pressure d carbon dioxide in these experiments. The correction, which

in no case exceeds 2%, may be estimated with sufficientaccuracy by introducing into
Equation 3 the extrapolated value d vAcKi/K. (whichis 310)¢ and the activity coeffi-

0 \ater, Z. Krist., 21, 460 (1893).

11 Shipley and McHaffie, J. Soc. Chem. Ind., 42, 310T, 321 (1923).

12 Cameron, Bell and Robinson, J. Phys. Chem., 11, 414 (1907); Cameron and
Robinson,ibid., 11,577 (1907).

13 Seyler and Lloyd, J. Chem. Soc., 95, 1347 (1909).

14 Experimental work by Dr. W. D. Kline.

15 For the method d preparation and analysisd such mixtures, see Johnston and
Walker, THISJOURNAL, 47,1807 (1925).

16 See Johnston, ibid, 38, 947 (1916); Walker, Bray and Johnston, ihbid., 49,
1235 (1927).
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cient of MgS0. and d Ba(I0s),!" as approximations to that d CaCO; and Ca(HCO;),
at corresponding ionic strengths; when P exceeds0.01, the correctionis less than the
experimental uncertainty in the determination d total base, and so may be neglected.
The results so calculated are, we venture to believe, more reliable than any hitherto
available.

T'aBLE ITI

EXPERIMENTAL REDETERMINATIONS (BY W. D. KLINE) OF THE SoLuBlLITY oF CALCITE
IN WATER AT 25°

Calcium Bicarh.
Partial mot , mol , .
o Bm.  Kiloho, Kilo o, stf onigh Log f(m) =
P 1000 [Ca**] 1000 [HCOs~] I log PY3/m
0.00031 0.52 1.02 0.00157 1.9194
.00038 0.56 1.10 .00169 1.9162
.00093 0.76 1.50 .00229 1.9119
.00334 1.17 2.32 .00352 1.9082
.00690 1.51 - 3.01 .00454 1.9009
.0160 2.01 4.01 .00603 1.8983
.0432 2.87 5.74 .00861 1.8866
.1116 4.03 8.06 .01209 1.8766
.9684 8.91 17.82 .02673 1.8448

The Solubility d Calcitein Aqueous Solutionsd Calcium Sulfate and d Sodium
Chloride.—Calcite for the following experiments was prepared by adding dropwise
with constant stirring a solution o ammonium bicarbonate to a purified solution o
calcium chloride; after the precipitation had been completed, ammonium chloride
was added and the mixture was stirred continuously for several hours at 80°. The
product after thorough washing was heated in a Rose crucible in a stream of carbon
dioxide to remove any remaining traces d ammonium salts. Examination with a
petrographic microscopeshowed crystals d calcite ranging in average dimensionsfrom
0.01t00.1 mm

Natural gypsum, the analysisd which indicated a high purity, wassplit into small
blocks, the fine particles being removed by screening.  Sodium chloride was recrystal-
lized from commercia " c. ».” stock.

In al d the experiments conducted at roughly one atmosphere d carbon dioxide
the procedure employed was very similar to that outlined in the preceding section.
I n the earlier experiments with lower partial pressures d carbon dioxide, equilibrium
was established by causing a motor-driven circulating pump, consisting d mercury
valves with a mercury column as piston, to pass a mixture d air and carbon dioxide
continuously around a closed glass system consistingd a one-liter pyrex glass reaction
flask in series with a group d gas-sampling pipets in parallel with one another. In
order to avoid rubber connections, the various parts d the system were joined to one
another through mercury seals. The reaction flask was clamped in an air thermostat
maintained at a temperatured 25 = 0.05". Theapproachto equilibriumwas observed
by analyzing the gas phase at intervals; ordinarily a week wasdlowed for the systemto
attain equilibrium.

Asthe circulating system just described did not establish equilibrium so rapidly as
had been anticipated, and as the arrangement for sampling was not quite satisfactory,
a different form o apparatus (Fig. 1) was devised and used in the later work. The

7 As given by Lewisand Randall, ** Thermodynamicsand the Free Energy d Chemi-
cad Substances," McGraw-Hill Book Co., New Y ork, 1923, pp. 344,375.
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purposed thisdeviceisto cause the solution to passrepeatedly back and forth through
afilter containing the solid phase so that the movement d theliquid providesthe pump
action for circulatingthe gas. Thetwo 200-cc. bulbs (A, A") are joined to a short neck
B into each end of which is sealed a perforated glass plate to serve as a partition pre-
venting any o the solid phase from passing into either bulb. Midway between the
plates the neck is provided with a wide glass-stoppered side-tube for introducing the
crystalsd the saturating solute and, if necessary, the wads of cotton to act asfilters.8
Sealed through the ends d the bulbs, Tubes D and D’ are connected by ground-glass
jointswith the opposite ends d Pipet C, which is provided with suitable stopcocks for
'isolating a sample d the gas phase. A cam, driven by an electric motor through a
train d speed reducers and connected to the equilibrium apparatus through suitable
gearing, causes the apparatus to turn from an initially vertical posicion through a half
revolution, to remain upright long enough to dlow most
d the solution to filter from one bulb to the other and
then to return to its origina position, where there is
another pause beforethe cycleisrepeated. Intermittent
oscillation is employed in preference to interrupted rota-
tion asit permitsthe apparatusto be mountedso that the
cylindrical axis d the pipet never occupiesa lower level
than the solution in the bulbs; thus the danger d block-
ing the passage d the gas to and through the pipet with >
solution is avoided. The gas displaced from the lower
bulb by the inflowing solution forces an equal volume
to bubble from the pipet into the solution in the upper
bulb through the upturned tips d Tubes D, D’. This
combinationd filtration and bubbling affords ample con-
tact of theliquid with thesolid and the gas phaseswithout
danger of pulverizing the crystals. Trial experiments
with calciteat various partial pressuresd carbon dioxide
indicated that equilibrium conditions are attained in two
to three days when the volume d the solution is100 cc.,

the weight d calciteis 2 g. and filtration isin progress
four minutes d the five in each cycle. The apparatus may be conveniently mounted
in a water thermostat. At the end d a run the motion is stopped so as to allow the
solution to run completelyinto the bulb A', the stopcockson the pipet are closed and the
apparatus is removed bodily from the thermostat. The pipet isthen disconnected at
the ground joints and samples d the equilibrium solution are alowed to run through
Stopcock E into tared glass-stoppered flasks containing known weights o standard
hydrochloricacid. Thestopcock, E, permitsregulation d thesamplesizeso asto bring
the contents d the titration flasks nearly to the end-point. Owing to the strong ten-
dency o calcium bicarbonate solutions to remain supersaturated when not in contact
with solid CaCO;, there islittle opportunity for the solution to change in concentration
while the sasmplesare being withdrawn.

The data in Table 1V were obtained from runs d three or four days
duration. The partial pressure d carbon dioxide in the gas phase was
determined by measuring the volume d gas before and after absorption
in potassium hydroxide solution; from the known capacity o the pipet

¥ When the crystals d the saturating solute are sufficiently large, the cotton may

be dispensed with so as to avoid delay in the attainment to equilibrium from absorption
effects.

H
H
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TRy
{

Fig. 1.—Equilibration
apparatus.
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the partial pressured carbon dioxide could then be computed. The total
base content d the solution was then determined in duplicate samples by
the customary method except that care was taken to saturate the titrated
solution with carbon dioxide gas immediately prior to the addition o the
final few drops d standard reagent, the purpose  this precaution being
to avoid difficulty in case the carbon dioxide liberated in the titration
should be insufficient completely to saturate the mixture. For the de-
termination d sulfate concentrations, precipitation as barium sulfate
according to the directions d Johnston and Adams® was employed.
Sodium chloride concentrations were determined by analysis for chloride
either gravimetrically or volumetrically with ammonium thiocyanate and
silver nitrate.

The results d the experiments on the solubility o calcite in saturated
and in unsaturated calcium sulfate solutions are givenin Table |V, which
does not include the less precise results secured by means d the mercury
circulating pump method except at partial pressures d carbon dioxide
under which no corresponding measurements by the improved method
were made. Thefirst three columnslist the mean experimental determina-
tions o the partial pressure d carbon dioxide in atmospheres and the
coexisting molalities d calcium bicarbonate and d calcium sulfate, re-

TABLE IV
ANALYSES OF SOLUTIONS SATURATED WITH BoTH CALCITE AND GYPSUM AT 25°
Partial Bicarb. mol. Sulfate mol.
ress., of mml). /kilo H:O mml. /kilo H20
COz, atm., P 1000[Ca(HCOs):] 1000{CaSO04] u Log f(m)
0.121° 3.11 14.43 0.0671 1.750
.167° 3.56 14.24 .0676 1.756
.270 4.34 13.99 .0690 1.764
.431 5.31 13.48 .0698 1.770
. 508 6.22 13.25 .0717 1.766
.652 6.42 13.27 .0723 1.768
.728* 6.71 13.41 .0738 1.767
.770° 6.95 13.46 .0747 1.764
.897° 7.40 13.60 .0766 1.763
.916° 7.53 13.41 .0762 1.762
.957 7.51 13.20 .0753 1.770
.963 7.55 13.20 .0754 1.769
. 960 7.55 12.98 .0748 1.771
.953 7.58 13.17 .0754 1.767
.966 7.85 8.51° .0576 1.793
.962 8.30 4.13° .0414 1.816

“ By mercury circulating pump method. The uncertainty in these measurements
proves to be in the sulfate rather than in the carbonate concentration; the reason for
thisis not clear.

® Not saturated with respect to gypsum.

13 Johnston and Adams, THISJOURNAL, 33, 829(191 1).
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spectively; the fourth celumn gives the ionic strength; and the last
column contains the values d log f(#) where, as before, f(m) = P /m,
both experimentally determined.

In ‘Iable V are brought together, likewise, the best results o the solu-
bility determinations on calcite in soditim chloride solutions. In most
d these experiments the method used was to bubble a stream o carbon
dioxide through the salt solution in contact with calcite crystals; the
oscillating equilibration apparatus, which was developed later, was em-
pioyed in the single experiment indicated by the asterisk. A number
d results for more concentrated salt solutionsthan are shown in Table V
have not been included because, apparently, complete equilibrium was not
attained in spite d the fact that a period d a wesk was allowed before the
final sample was taken. ‘This downess was especialy noticeable in the
more concentrated salt solutions, and consequently these results are less
concordant. The experimental procedure offers less likelihood d  super-
saturation than o incomplete saturation, so that the points indicating
higher solubility are apparently the more reliable; the single result ob-
tained with the improved form o apparatus is in conformity with this
view. The work d Cameron Bel and Robinson!? indicates a higher
solubility than we have observed; their method, however, offerssome
possibility d supersaturation and their solid phase may not have been
pure calcite which, being the most stable, is the least soluble d the three
forms d calcium carbonate.

TABLE V
SoLUBILITY OF CALCITE IN Sopium CHLORIDE SOLUTIONS AT 25°
Bicarb. Chloride
Partial mol. mol
press. mml / mml /
of COz, atm , kilo H,O kilo H20
P 1000[Ca (HCOs)2] 1000[NaCl] B Log f (m)
0.965 8 9% 3.79 0.0307 1 842
.965 9.37 14.8 .0429 1 822
.965 9.67 348 .0638 1 809
.962 10.70 8 8 .115 1.764
.958 12.41 236 .273 1 699
.963 12.34 297 .334 1 703
.953 14.73 599 .643 1624
.968 14.67 816 . 860 1.628
.955% 15.55 878 .925 1.601
.953 14.55 1089 1.133 1 630
.968 16.18 1154 1.203 1.585

Discussion d Results

The last column d Table III shows again that the concentration o
calcium bicarbonate in solution varies roughly as the cube root d the
partial pressured carbon dioxide through the rangeinvestigated. Indeed
a plot & [Ca(HCO;),] against P”* is the most convenient method o
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interpolating to ascertain thesolubility o calcite at any pressure of carbon
dioxide, the graph being nearly linear. When this is done for the data
in Table III and IV, we obtain the resultslisted in Table VI; it aso gives,
in thefifth column, thesaturation concentration [CaSO4] which diminishes
as P, and hence [Ca(HCO;),] increases.

TaBLE VI
CoMPARISON OF SoLuBILITY oF CALCITE IN WATER AND IN SOLUTIONS SATURATED

aLso WiITH GypsuM, AT A SERIES oF VALUES OF P
Solubility (millimoles per kilo)

Calcitein aS0sin
P p | }?O H:0 —; ,\.,aSOA ] mo —S"CaCOa o'/
0.5 0.125 4.21 3.16 14.35 10.8
.6 .216 5.13 3.97 14.10 10.9
7 - .343 6.08 4.80 13.83 10.9
.8 .528 7.06 5.76 . 13.53 11.0
.9 .729 8.04 6.72 13.22 11.1
1.0 1.000 9.02 7.70 12.91 11.0

I n order to compare the influence d a change in P upon the solubility
d calcitein water and in a calcium sulfate solution d constant concentra-
tion, we must make some alowance for the change in the latter which
actually occurs when the solution isin contact with solid gypsum. This
we have done by computing the quotient in the last column o Table VI;
itsdegreed constancy provesthat, for any value d P within this range,
the ratio d solubility of calcitein a (dilute) salt solution d constant con-
centration to that in water isindependent d the partial pressured carbon
dioxide. That thisis valid follows from Equation 2, for by setting up
the corresponding expression for a definite salt solution, and dividing one
by the other, we find the ratio d solubilitiesto be equal to a quotient o
corresponding activity coefficients, and this quotient we would expect
to be, in genera, independent & P. In other words, the solubility d
calcite in a given salt solution, if measured at a single partial pressure d
carbon dioxide, may readily be calculated for any other pressure through
the corresponding dope d the curve in water alone. For this reason we
did not trouble to make measurementsin sodium chloride solutions except
at a single pressure; Table V shows that the influence d salt concentra-
tion is very marked, the solubility in 1 mola sodium chloride being prac-
tically double that in absence d the salt.

The experimental data are also conveniently treated on the basisd the
functionf (m). Equation 3 may be written

logf (m) = log « + /s log (Kz/ Ky e)—1/3log Ko

where it is evident that f(m) varies directly as a, since the other terms
are constant. As the activity coefficient « is dependent upon the ionic
strength, itisd interest to plot the several experimental valuesd logf (m)
against the square root d theionic strength; when thisis done, thelines
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for the calcium sulfate and sodium chloride sol utionsconverge to, and then
coincidewith, the line representing the solubility in absence d other salts.

The value d f(0), derived by extrapolation d this curve to zero ionic
strength, i 87.5 = 0.5. From Equation 3, snce « isnow virtually unity,
f0) = (Ko/Kivhe)”* (1/K)”* = (¢0)”*(1/Ko)”*; the value o the first
factor ¢, is, from the work d Walker, Bray and Johnston: 310, and
therefore K, the solubility product constant d calcitein termsd activi-
tiesis 482 X 10~ at 25°. The difference between this value and that
caleulated by McCoy and Smith? (9.3 X 10-9), by Osaka?' (7.24 X 10~9)
and by Mitchell* (5.88 X 10-9) is attributable to the different values
assumed for the constants and coefficients in the first factor in the equa-
tion above.

By applying the expression

log f(0) 4 log & = log f(m)

which is derived from Equation 3, to interpolated values d log f(s#) at
even values d the total ionic strength, we obtain the activity coefficients
d calcium bicarbonate presented in Table VII; these it may be noted,
are higher than usual for saltsd the unibivalent type.

TaBLE VII
AcTIVITY CoEFFICIENTS OF CALcTUM BICARBONATE FROM SOLUBILITY MEASUREMENTS
AT 25°
o= 0.001 0.002 0.005 0.01 0.02
a= .96 .94 .91 .88 .83
»o= .05 .08 .1 .2 0.5
INNaCt oS « = .84 .70 .68 .51 .45
In CaSO, NS a = .73 .66 .

In the experimentsin which calcium sulfate was one d the solid phases
in equilibrium with the solution, the data may be tested as to their agree-
ment with the solubility product d cacium sulfate. Lewisand RandallZ
have compared the results obtained by Harkins and Paine?* on the solu-
bility d gypsumin the presenced CuSO,, MgSO, and d KNO; by plotting
against the ionic strength the ratio 1/m. (the reciprocal d the mean
molality  calcium sulfate) to « (the activity coefficient d MgSO, at the
same ionic strength). In our experimentsthe ionic strength varied only
dightly from the average, ¢ = 0.072 molal; at thisstrength we find the
mean value d the ratio to be 183, as compared with 182 found by Lewis
and Randall. This agreement is perhaps as dose as can be expected in
view d the fact that in one case the common ion is the cation, while in
the other it is chiefly the anion.

2 McCoy and Smith, Tais Journar, 33,468 (1911).
2t Oslg, Mem. Coll. Sei. Kyoto, 5, 131 (1922).

22 Ref. 17, p 376.
23 Harkins ad Pane Tars JOURNAL, 41,1160 (1919).
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The regularity d thelogf(s:) curvefor calcite, and the agreement of the
reciprocal molality—activity coefficient ratio d gypsum with the vaue
obtained by others, may be taken as evidence that the properties of the
solid phases are unaltered under the conditions investigated. As a con-
firmatory test d the view that solid solution and compound formation do
not occur under our conditions, it is o interest to consider the effect d
the partial pressure d carbon dioxide on the ratio d carbonate ion to
sulfate ionin the solution as suggested by Equation 4. A more con-
venient expression is obtained by dividing 3 by 4, asfollows

1(Ca*H)(HCOs)? _ (KivM) Ko _ Ko
P (Ca*")(S0r) &) Ko °Ka
or
1a?{Ca**][HCO;~]2 _ I&;
P BCa™TI[SO] ~ " Ke

where by canceling [Ca’ - |** and rearranging, we have
[HCO,"]* _ 5 8 Ko '
1SO+~) o T Kg

Owing to the dlight effect & P upon the ionic strength d the solutions
saturated with both calcite and gypsum, « and 3 are practically constant;
a plot d the quotient [HCO;~[2/[SOs~] against P should therefore be
a smooth, amost linear curve, asit provesto be in spite d the fact that
irregularities in the experimental data are accentuated by the presence
d a squared term in the quotient. Any marked change in curvature
would indicate some change in the solid phases; from its absence we feel
justified in concluding that the stable crystalline phases, under the con-
ditions d our measurements, are calcite and gypsum, and that no solid
solution or double salt appears. |t may be mentioned that there is some
evidence® that, under similar conditions, aragonite and calcium sulfate
do to some extent (apparently up to about 0.7%, CaSO,4) form solid solu-
tions, an observationwhich may be d considerable geologica significance.

Summary

1 The solubility d calcite at 25° in water saturated with carbon
dioxide at partial pressures ranging from 0.0003 to 1.0 atm. has been
determined. The solubility product constant d calcite at 25°, in terms
d activities, provedto be 4.8 X 107°.

2. Anapparatusis described which facilitates solubility determinations
in systems in which the composition both d the liquid and the gas phase
must be ascertained.

3. Measurements are presented of the solubility d calcite at 25° in

** As o and $ are the mean activity coefficients d bicarbonate and sulfate, respec-
tively, the individual ion activities being unknown, it is therefore preferableto cancel
the calciumterm asa concentration rather than asan activity.

% Adverted to earlier, and alsoin a previous paper, ref. 2f, pp. 508-509.
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solutions d calcium sulfate and o sodium chloride under partial pressures
d carbon dioxide ranging from 0.1 to 1.0 atm.; from these results the
activity coefficients d calcium bicarbonate have been derived. The
concentrations d calcium sulfate and carbonate in the solutions saturated
with both gypsum and calcite afford no indication d any alteration in the
nature of either o these solid phases under these conditions.

NEW HAVEN, CONNECTICUT

[CoNTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, YALE: UNIVERSITY]

THE SOLUBILITY OF MAGNESIUM CARBONATE
(NESQUEHONITE) IN WATER AT 25° AND PRESSURES OF
CARBON DIOXIDE UPTO ONE ATMOSPHERE*

By WarrEr D. KLINE?
RECEIVED MaRrcH 20, 1929 PUBLISHED JuLy 5, 1929

The measurements presented in this paper were made with a view to
securing more reliable data than were then available® on the solubility
d magnesium carbonate (nesquehonite, MgCO;-3H,0) in water at 25°,
for a range d partial pressures d carbon dioxide extending downward
from one atmosphere, and on the limiting pressure at which magnesium
hydroxide becomes the stable solid phasein equilibrium with the solution.
Such data ared interest in connection with the control d the conditioning
d many natural waters and the preparation d pure magnesia, and are a
necessary preliminary step toward the solution d the puzzling problem
d the mode d formation o dolomite.

! From the dissertation presented by W. D. Kline to the Graduate School d Yale
University, June, 1923, in candidacy for the degree d Doctor d Philosophy.

2 Loomis Fellow, 1921-1922; du Pont Fellow, 1922-1923.

3 (a) Engel, Ann. chim. phys., 13, 344 (1888), determined the equilibrium between
MgCO0;-3H,0, water and (1) CO; at pressuresd 0 5-6 atm. at 12°; (2) CO; at 1 atm.
and several temperatures up to 50°. (b) Leather and Sen, Memoirs Dept. Agric. | ndi a
Chem. Series 3, No. 8 (1914); sundry measurements, not very reliable.  (c) Mitchell,
J. Chem. Sec., 123, 1887 (1923), measured the solubility at 25° at pressures f 6-21
atm. o CO,. (d) Haehnel, J. prakt. Chem., 108, 61 (1924), made measurements at 18°
and pressures 2-56 atm. d CO,; and at 34 atm. over the temperature range 0-60°.
Since, however, the solubility at 18° becomes constant at pressures exceeding 18 atm.,
thisis evidence d a new solid phase, bicarbonate presumably; hence the temperature
coefficient o solubility at 34 atrn. does not apply to our solid phase. (e) Cf. also John-
ston, THISJOURNAL, 37,2001 (1915).

I n order to compare these several results with ours, they wererecalculated in terms
of moles per kilo d water by assuming that (a) the solution may be regarded as all bi-
carbonate; (b) the temperature coefficient of specific gravity d a solution o Na(HCOQOs3)
(givenfor 18° in " International Critical Tables") is the sameasthat d water; (c) the
ratio of specificgravity d equimolal solutionsd Mg(HCO;), and NaHCO:; is the same
as that d equimolal solutions d MgCl, and NaCl. The solubility at 25° was inter-
polated by meansd a plot o log# against 1/7,
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The equations developed in the preceding paper for solutions saturated
with calcium carbonate apply equally to magnesium carbonate if for
K, wesubstitute K, = (Mg*+)(CO3~7); sothat in thiscasef(#), which
isevaluated as P"*/m, is equal to eV K;/K1K aryXc-

The form o magnesium carbonate stable in contact with its agueous
solution at 25° isthe trihydrate, nesquehonite, MgCO;-3H:O. Numerous
basic carbonates have been reported in the literature, but it is doubtful
whether any d these correspond to a definite crystalline compound.
That some d them at least are indefinite mixtures has been shown by
microscopic* and by x-ray® methods; the probability that all are like-
wise indefinite may be inferred from a consideration d the factors which
determine the stability d hydroxide and d carbonate in aqueous solution.
For with decreasing partial pressure d carbon dioxide there corresponds
an increase in the ratio (OH™)/(C0O;~) and, owing to the fact that
magnesium hydroxide is much less soluble than the carbonate, there is a
pressure bdow which the hydroxide becomes the stable solid phase;
thislimiting pressurewasin a previous paper®" estimated at about 0.00037
atm. o carbon dioxide, slightly greater than the proportion ordinarily
presentinair. lItisthereforelikely that in the precipitation d magnesium
carbonate some proportion d hydroxide will aso appear unless care
is taken to keep the effective concentration d CO;~— high and & OH~
correspondingly low. Inany case, if there beany ranged carbon dioxide
pressure within which a basic carbonate is stable at 25°, this range must
lie between the zones d stability d the normal carbonate and the hy-
droxide; no definiteindication d thiswas observed in the present work.

Experimental

Kahlbaum's magnesium carbonate trihydrate was used as the solid
phasein thiswork, sinceitsanalysisand itssolubility proved to beidentical
with those d material prepared with special precautions to obviate con-
tamination by magnesium hydroxide and by double carbonates d mag-
nesium with the alkali metals. Equilibrium was established in three
to five days by bubbling mixtures d carbon dioxide and air in constant
proportions through conductivity water in contact with thefinely divided
solid in the manner used for studying the solutions d alkali carbonates;®
the methods there described were employed in analyzing gas phase and
solution. In the determination d total base no attempt was made to
correct for incomplete saturation of the titration mixture with carbon
dioxide, as the correction was apparently less than the general experi-
mental error. In the determination o bicarbonate, made on 15-20 g.

¢ B. S. Larsen, Am. Mineralogist, 2,3 (1917).

5 G. R. Levi, Ann.chi m appl., 14,265 (1924).
¢ Walker, Bray and Johnston, Tris JOURNAL, 49,1235 (1927).
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d the equilibrated solution, the excess d baryta added was limited to
20 milli-equivalents; otherwise the end-point, on titration with acid,
was uncertain owing to the gradual re-solution d the magnesium hy-
droxide precipitated by theexcessd baryta.

Table | lists the mean analytical results in the first three columns,
respectively, the partial pressure d carbon dioxide, P, and the milli-
molality (millimoles per kilo water) d magnesium, m,, and d bicarbonate,
me. The figures in the fourth column are derived from the relation
[COs~] = mz = my — /2 mq; theionicstrength (u) in thefifth columnis
from the data in Cols. 2, 3 and 4; and the vauesd [OH-], in the last
column, as will be described |ater.

TasLE |

OBSERVED MEAN MOLALITIES oF SOLUTIONS IN EQuiLisriuM WITH A SERIES OF
PRESSURES OF CARBON DIOXIDE AT 25°

[M§+ *1 [HCOs~] [COs~~] [OH"] )
X103, X 103, X 103, X 108, Solid
P m ms ma “ my phase

0.000107 4.33 4.88 1.89 0.0149 3.84

.000113 4.45 5.01 1.95 .0153 3.73

.000170 5.77 7.45 2.05 .0194 3.69

.000179 5.93 7.63 2.12 .0199 3.59

.000197 6.58 7.95 2.61 .0224 3.40 Mg(OH),

.000210 7.08 8.06 3.05 .0243 3.23

.000233 7.80 8.37 3.61 .0270 3.03

.000251 8.07 8.55 3.80 .0280 2.87

.000310 10.13 11.84 4.21 .0346 3.22

.000376 12.96 14.04 5.94 .0448 3.14

.000380 13.55 14.32 6.39 .0470

.000510 14.37 17.10 5.82 .0489

.000680 15.12 18.72 5.76 .0511

.000845 15.66 19.90 5.71 .0527

.000887 15.93 20.46 5.70 .0535

.000930 16.24 21.19 5.65 .0544

.00160 18.59 26.98 5.10 .0609 MgCO0;-3H:0

.00334 22.10 35.48 4.36 .0707

.00690 25.07 44.68 2.73 L0779

.0150 31.27 60.22 1.16 .0950

.0432 46.01 89.98 1.02 .1390

L1116 62.66 123.6 0.85 .1889 :

.9684 213.5 426.9 .. .6405

From these data it is obvious that with increase d partial pressure
the molality d carbonate increases to a wdl-defined maximum, when P
isabout 0.00038 atm., and then decreasesmore gradually.  Corresponding
to this it was observed that the appearance d the crystals & MgCO;--
3H,0 remained unchanged throughout the course d the experiment
at all of the pressures greater than 0.00038; but that at lower pressures
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the solid phase appeared to become very fine-grained—indicating there-
fore a change from carbonate to hydroxide, the duration d the experi-
ments being insufficient to ensure complete conversion d the solid phase
from carbonate to hydroxide. Accordingly we shall take the transition
pressure (P,,) as 0.0004 atm. at 25°, and consider separately the two
regions in which carbonate or hydroxide, respectively, is the stable solid
phase.

Evaluation d K}, the Activity-Product Constant & MgCO;:3H,0.—
By definition K, = (Mgt+)(COs—7) = mymsazes, Where my; and i
represent gross moldlities, and a1 and a3 the activity coefficients. When
the experimental valuesof log mums for pressures above 0.0004 are plotted
against ;" they lie—particularly at the more dilute end—on a smooth
curve with diminishing curvature, becoming a straight line with the slope
4 (in accordance with the Debye—Hiickel theory); the point at which
this line cuts the axis u”* = 0 (where accordingly a; and a; are each
unity) correspondsto K = 1.1 X 1075

It may aso be evaluated fromaplot o logmm,?/P against u”*, extrapo-
lated finally as a straight line d slope 3; the intersection with the axis
corresponds to log Ky + log @0, @0 being 310.7 This leads to K =
0.8 X 107%; but we would assign a greater weight to the other value,
because this second function is very sensitive. Accordingly we shall
adopt for K at 25° thevalue1 X 1075,

Evauation d Kpg, the Activity-Product constant & Mg(OH)..—
With a knowledged K, and d thetransition pressure 7,, we may evaluate
Ky fromtherelation
_ _Ky? Ky
T NKK, TP
which is readily derived by combining® the equations d the preceding
paper with the definitions Ky = (Mg-*)(OH™)?% Ky = (Hf)(OH-).
Substituting the values of the several coefficients, we obtain
1 X 108

0.0004

This dso may be evaluated in another way. The molality d hydroxyl
ion (m,) is calculated in each case from m,, P and the appropriate con-
stant~;theresulting values are listed in the last column d Table I.
When log mums? is plotted against u”* and extrapolated, as before, on an
initial doped 3, wefind an intercept correspondingto Ky = 2.7 X 10712,

These two values agree as well as could be expected under the circum-
stances; we consider the higher to be the more reliable. This constant
has been given as 12 X 102 at 18°, derived from conductivity measure-

7 Cf. preceding paper and ref. 6.

¥ Thisequation was developed, inslightly different notation, inref. 3 e.
v As discussed in ref 6; [OH-] = 842 X 1077[HCO;~]/P.

Kp

Ky =220 X 10710 X = 5.6 X 10712
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ments d saturated solutions & magnesium hydroxide!® and from hydrogen
electrode determinations;"* that it is higher than ours is to be ascribed
in part to the difference of temperature (the solubility d magnesium
hydroxideis thought to decrease with increased temperature) and to the
method of calculation, but may be largely due to the fact that such direct
determinations tend to be high unlesscarbon dioxideisrigorously excluded
from the solution. It may be added that Greenfield and Buswell,'?
from observations of the PH at which magnesium hydroxideis precipitated
by akali, concludethat Ky should bedightly lessthan 12 X 102

The general agreement d these values corroborates the view that there
is at 25° no definite stable basic carbonate with a field between that o
hydroxide and that o normal carbonate, for by substituting the values
d Ky and Ky in the expression given above, we derive a value d P,, o
the same order as that observed; whereasthe assumption d any basic car-
bonate (for instance, MgCO;-Mg(OH); or 3MgCO;-Mg(OH),-3H,0), leads
to a calculated transition pressure so much larger as to be irreconcilable
with that observed.

Summary

The equilibrium in solutions & magnesium carbonate at 25° has been
investigated over a range d pressures of carbon dioxide from 1 to 0.0001
atmosphere. The carbonate is stable down to 0.004 atm., below which
the hydroxide is stable; no indication d definite basic carbonates was
observed. The activity product constant & magnesium carbonate at
25°%istaken as1 X 10~%; that & magnesium hydroxidesimilarly as5 X
1012, Interpolated values d the molality d magnesium in the solution
saturated with the carbonate at 25° for a series d values d the partial
pressure (in atrn.) o carbon dioxide are appended.

P [Mg] P - [Mg] P [Mg]
0.001 0.0178 0.3 0.117 2 0.287
.01 .0270 .5 .152 5 .384
.05 .0489 7 .181 10 .471
.1 . 0660 1.0 217 15 . 526

NEw HavEN, CONNECTICUT

Y Dupré and Bialas, Z. angew. Chem., 16, 55 (1903).
11 Gjaldbaek, Z. anorg. allgem. Chem., 144, 145, 269 (1924).
12 Greenfield and Buswell, T'rrs JOURNAL, 44, 1435 (1922).
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OP THE ROYAL VETERINARY AND
AGRICULTURAL COLLEGE oF COPENHAGEN]

THE KETONIC DECOMPOSITION OF BETA-KETO CARBOXYLIC

ACIDS
. By Kar JurLius PEDERSEN
RECEIVED MARCH 21, 1929 PUBLISHED JULY 5, 1929

It iswel known that 8-keto carboxylic acids, e.g., acetoacetic acid, split
of carbon dioxideaccordingto the scheme
CH,COCH,COOH — CH,COCH; T CO,

and that the cleavage is catalyzed by certain amines. This so-called
ketonic decomposition is characteristic d 8-keto acids, neither a nor -
acids showing any appreciable decomposition. Thus pyruvic and levu-
linicacids are stable. Unless both the a-hydrogen atoms are substituted,
the B-keto acidsconsist  a mixture d two tautomers, a ketoform and an
enol form; for instance, in the cased acetoacetic acid

CH;COCH,COOH = CH;COH:CHCOOH

Opinionsdiffer asto whether the keto or the enol form isthe unstable form.
The present work is an attempt to solve this problem. On the suggestion
d Professor N. Bjerrum the a,a-dimethylacetoacetic acid, which existsonly
in the keto form, was investigated. If only the enol form d g-keto acids
is unstable, the a,a-disubstituted acid must be stable in agueous solution.
Thekineticsd the ketonic decompositiond B-keto acidsand the cataly-
sis by amines have been investigated several times. G. Bredig and his
schoolt#? studied camphorcarboxylic acid and a-bromocamphorcarboxylic
acid
co /€O
CsHi | and CsHil |
CHCOOH “\CBrCOOH
While the former has a keto and an enol form, thelatter is purely ketonic.
It wasfirst shown by Fajans® that the latter splits off carbon dioxide and
that its decomposition is catalyzed by amines. For camphorcarboxylic
acid it has thus been established that the keto form can decompose.
The decomposition d acetoacetic acid has been studied by I,. Pollak,*

N. O. Engfeldt,’ E. M. P. Widmark,® H. v. Euler’ and G. Ljunggren.?

1 G. Bredig, Z. Elektrochem., 24, 285 (1918).

2 Pastanogoff, Z. physik. Chem., 112,448 (1924).

3 K. Fajans, ibid., 73, 25 (1910).

¢ Pollak, Hofmeisters Beitrage, 10, 234 (1907).

5 Engfeldt, “Beitriige zur Kenntnisder Biochemie der Acetonkérper,” Dissertation,
Lund, 1920.

s Widrnark, 4cta Med. Seand., 53, 393 (1920); Skand. Arch. Physiol., 42, 43 (1922).

7 H. v. Euler, Z. anorg. Chem,, 147, 295 (1925).

8 Ljunggren, " Katalytisk Kolsyreavspjilkning ur Ketokarbonsyror," Dissertation.
Lund, 1925.



July, 1929 KETONIC DECOMPOSITION OF $-KETO ACIDS 2099

It has been shown that the rate of decompositionfollowsthelaw

—g§=k;c(1—a)+k;ca o)

where ¢ isthe concentrationd acetoacetic acid, « itsdegree d dissociation
and _k,, and , are velocity constants for the decomposition of the undis-
sociated acid and the ion. From experiments in buffer solutions it is
possible to calculate the dissociation constant d acetoacetic acid (Wid-
mark). Ljunggren’s resultsaregivenin TableVI at theend o this paper.
Widmark and Ljunggren have found that aminesonly catalyze when the
PH of the solution is kept within a limited interval, while the amines are
inactivein strong acid and akalinesolutions. Thisthey explain by assum-
ing that either the neutral amine reactswith the undissociated acetoacetic
acid or the positive ammonium ion with the acetoacetateion. It isim-
possible to distinguish between these possibilitieson the basis d kinetic
experiments. Ljunggren has found that only primary amines are good
catalysts. Secondary and tertiary amines give only small effects.

A similar reaction, the decomposition d acetone-dicarboxylic acid

CO(CH.COOH), —> CO(CHjs): + 2 CO:

has recently been studied by E. O. Wiig.® He determined the velocity o
the decompositionin water, anilineand various dcoholsand also the effect
d catalysts. Wiig does not take into account the dissociation equilibrium
of acetone-dicarboxylic acid. This acid is fairly strong. According to
Angeli'? itsdissociationconstant in agueoussolutionis0.79 X 103, Con-
sequently its agueous solution contains both undissociated acid and uni-
valent ion, and these will probably decompose with different velocities.
It seems to the author that thisis the smplest explanation d Wiig's ex-
perimentsin agueous hydrochloric acid, where he finds that the velocity
constant at first decreases and then remains constant with increasing con-
centration d hydrochloricacid. He explainsthe retardation by assuming
that hydrogen chlorideadds to the keto group, forming a stable compound,
but it is smpler to assume that the undissociated acetone-dicarboxylic
acid decomposes somewhat more dowly than its univalention.  Addition
d hydrochloric acid to the solution causes a depression d the dissociation
until the acid is completely undissociated. On p. 970 Wiig takes into
account the hydrogen-ion concentration due to the dissociation o the car-
bonic acid formed by the reaction in an agueous solution d acetone-
dicarboxylicacid, while he disregards the much greater hydrogen-ion con-
centration from the acetone-dicarboxylicacid itself.

Experimental Part
The velocity d the ketonic decompodtion d «,a-dimethylacetoacetic
acid was determined at the temperature 18.00° by meansd an apparatus

® Wiig, J. Phys. Chem., 32, 961 (1928).
10 Angeli, Gazz. chim. ital., I1, 22, 31 (1892).
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described by J. N. Bronsted.!*'? The pressure d carbon dioxide above
the solution in the closed apparatus is measured during the reaction.
Experiments were made in solutions d hydrochloric acid sufficiently con-
centrated to make the dimethylacetoacetic acid practically completely
undissociated, and in glycolate and acetate buffer solutions, where the
dimethylacetoacetic acid is partially dissociated.

Impurities d acetoacetate and monomethylacetoacetate were removed
fromthe ethyl ester of «,a-dimethylacetoacetic acid (Kahlbaum) by shak-
ing for an hour with an equal volume d 259, potassium hydroxide solu-
tion.'® After separation from the aqueous layer and two distillations it
boiled at 184-185° (boiling point found by Perkin'* 184.8-185.0°).

Theamount d the ethyl ester used for an experiment (0.001-0.002mole)
was weighed out, an excess d sodium hydroxide added and the mixture
was left at room temperature until the next day. Rough determinations
d therate d hydrolysisof the ester had shown that this was sufficient for
practically complete hydrolysis. Acid was added, the solution diluted to
100 cc. and poured into the reaction flask in the apparatus.

Experimentsin Solutions d Hydrochloric Acid.—The reaction follows
the unimolecular law

~knt = logc T constant 2)
where k., isthe vel ocity constant expressed by meansd decadic logarithms,
t is the time in minutes and c the concentration d dimethylacetoacetic
acid at thetimet. P denotesthe difference, p.. —p, between the pressure
p. above the solution after the reaction is complete and the pressure p at
thetimet. AsP and c are proportional during the reaction, ¢ = fP and
Equation 2 may bewritten

—k.t = log P + constant

k,, was computed according to this equation by plotting log P against t;
f does not enter into the calculations when the reaction follows the uni-
molecular law. Only when this law does not hold, as in experiments in
buffer solutions, is a knowledge d the value o f necessary. f can be
calculated from the known concentration d the reacting substance before
the experiment (¢,) and the total increasein pressure during the experiment
(Po); f = /P
The resultsd the experimentsin hydrochloric acid are givenin Table |.

Owing to the method d preparation d the solutions they all contain a
little ethyl dcohol (<0.02 M) originating from theester. By comparison
d Expts. 1 and 2 with 4, where extra alcohol has been added, it is seen
that 0.02 M acohol can have no detectable effect. Hydrochloric acid,

11 Brénsted and King, THIS JOURNAL, 47,2523 (1925).

12 Bronsted and Duus, Z. physik. Chem., 117,299 (1925).

13 A. Michael, Ber , 38, 2096 (1905).

14 Perkin, J. Chem. Soc., 83, 1231 (1903).
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sodium chloride and glycolic acid all have a small accelerating effect. If
we assume that the effects vary linearly with the concentrations o the
substances, and that they are independent d one another, we get the
following values for the increase in %,, per mole/liter f added substance:
hydrochloric acid, 50 X 10-%; sodium chloride, 37 X 10~¢; undissociated
glycalicacid, 25 x 10-%. By meansd these datawefind by extrapolation
the velocity constant for the decomposition d undissociated dimethyl-
acetoacetic acid in pure water, k,,p = 723 X 10-S.

TaBLE I
Tue VELOCITY OF DECOMPOSITION OF DIMETHYLACETOACETIC AcID IN HYDROCHLORIC
Acip
_ Concn. of
dimethylaceto- Concn. of Concn. o Other

No. acetic'acid, co HC1 NaCl substances km X 1076
1 0.01801 0.175 0.040 ... 729
2 .01562 .108 040 L, 730
3 .01604 .551 040 L 752
4 .01747 175 .040 0.20 M C,H;OH 724
5 .01465 .108 640 L 752
6 .01576 .108 .040 1.18 M CH,OHCOOH 759

Experimentsin Buffer Solutions.— These measurements were made in
order (1) to determine the dissociation constant d dimethylacetoacetic
acid, (2) toobtainanidead thevelocity d decompositiond the dimethyl-
acetoacetate ion and (3) to examine whether the reaction like the de-
compositiond the acetoacetic acid itself is catalyzed by amines.

The velocity d decomposition in a buffer solution depends on the degree
d dissociation (a)d the dimethylacetoacetic acid at the PH of the solution.
Equation 1 holds as for acetoacetic acid.

Glycolate buffer solutions were chosen for the determination o the
dissociation constant d dimethylacetoacetic acid because this constant
and that d glycolic acid are d the same order d magnitude. The ratio
L = Kp/Kg where Kp and K are the concentration dissociation con-
stant d dimethylacetoacetic acid and glycolic acid, is presumably almost
independent d the salt concentration evenin fairly concentrated solutions,
athough the dissociation constants themselves are very sensitive to salt.
In order to minimize the change in hydrogen-ion concentration due to
the disappearance d the dimethylacetoacetic acid, rather concentrated
buffer solutions were used. A correction formula was also applied.

It will be shown later that for experiments in glycolate buffer solutions
the decomposition d the dimethylacetoacetate ion is negligible compared
with that d the undissociated acid, at least when no catalyst is present.
Equation 1 reduces to

dP

S = k(=@ ®3)
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a increasesduring the decomposition. «, denotesits valueat thetime «
when the concentration of dimethylacetoacetic acid is 0. We want to
calculate the velocity constant

B =k (1= ao) 3]

corresponding to this concentration.
From the mass action law we get
a+ac a = L
b—- acl- a
wherea and b are the stoichiometric or final concentrationsof glycolic acid
and sodium glycolate, respectively. Hence
L(b — ac) Lb
“aAT - - Da MM * =771
ay — a _ La + bac
@+ 1Lb — (L — Dac) (a+ LD)
We now use as an approximation in the numerator & = «¢ and in the de-
nominator c = 0. Usinge = f X Pand (5), we get
_ . - L%+ bfP
T ET @I
From (3), (4) and (5) we get
~ k= k(- a) =
_ L%(a -+ b)f Xk
- (a+ Ld)a

®)

[+

Leb(a T b)f X %,
@ T Lo)®

P= g XpyXP

X P

where A denotes
La + b)b X f
(@ + Lb)2 X a

Hence by integration
log, (11,—, + A) = k't -+ constant, or

logio (1{; 4+ A) =kt + constant (6)

In order to use thisformulawe require an approximatevalued L. We
find this by plotting log P against t. We get in this way a curve which
deviatesonly slightly from astraight line. Theslopegivesan approximate
valueof k = &,(1 — ag). Wenow calculateL from Equation5.  Knowing
L wecan calculate A. Wefinaly plot log (1/P 4 A)against ¢ and find k.
Thecalculation d an experiment has been given in Table I1.

I n Table III are given the valuesd k computed in this way for glycolate
buffer solutions.

It has been found in the experiments in hydrochloric acid that sodium
chloride and undissoeiated glycolic acid have a small accelerating effect
on the decomposition d the undissociated dimethylacetoacetic acid and
the magnitude d these effects has been found. From a comparison o
Expts. 7to 10 or 11 and 12 (Table I1I) we see that sodium glycolate has a
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TaBLE I

ExeermENT NO. 11

000455 = 001361, a= 0.2924; b = 0.2009; f = 0.01361/9.11 = 0.00149; L =2; A =

I, min. P (cm. Hg) %% (;—v + A) 2, min. P (cm. Hg) log (lf + A)
0 9.11" - 350 7.01 0.167
23 9.02 0.061 380 6.87 .176
120 8.33 .094 395 6.78 .181
153 8.12 .105 453 6.50 .199
178 7.98 .112 1505 3.00 . 528
212 7.78 .123 1562 2.88 .546
240 7.60 .133 1606 2.77 . 562
276 7.40 .144 1750 2.50 .607
315 7.20 .156 1795 2.40 .624

k = 31510-¢

® Extrapolated

TasLg III

THE VELOCITY OF DECOMPOSITION OF DIMETHYLACETOACETIC AcID IN GLYCOLATE
BUFFER SOLUTIONS

(c:foncn. Concn.
L8 iyeo- kX 108, k X 109,
No. acid, a ate, b exp. L* Em X 108 1 — @& L calcd.
7 0.1937 0.2009 243 1.925 759 0.320 2.05 244
8 .1937 .2009° 250 1.900 774 .323 2.02 248
9 .3858 .4034 253 1.815 795 .318 2.05 254
10 .581 .603 265 1.720 831 .319 2.06 267
11 .2924 .2009 315 1.920 761 .414 2.06 317
12 . 5847 .4018 331 1.790 800 .414 2.06 333
13 .7804 .4034 396 1.695 805 .492 2.00 392
14 .782 .402 396 1.705 805 .492 2.00 392
15 .572 .020 680 P 740 .920 .. 692
16 1.164 .020 725 755 .960 .. 730

* Added 040 M NaCl. Mean valueL = 204.

similar effect. Although1— «, isamost constant within theseexperiments,

k varies much more than can be accounted for by the small effect o the

undissociated glycolic acid and the sodium chloride.  Wefirst calculate L

without taking into account the effect d thesodiumglycolate. Wedenote

by * the data in the calculation & which this effect has been neglected.
*

* k

l—-ay =

L2 =8y %
/e,: L—bxl—oz;l @

whereE: = (723 + 37 cxact T 25a) X 10-5.
We assume that the effect d the sodium glycolate on £,, is proportional
to its concentration, k,, = &, T Bb. By introductionin (7)
e bkn—B—k akn—Fk__a
Lr=3x 2 =y % Pz
L*=L-8X} ®)
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From this equation we see that we can find 8 by plotting L* against a/%.
See the diagram. ‘The value of the slopeis —8 = —155 X 10—%. We
can now calculatek, 1 — agandL. Thevaluesare givenin Table III.
Themeanvaued L is2.04. Usingthisvaluefor L and

108 X kp =723 + 37 oy T 252+ 155 b
we calculate the k valuesgiven in the last column d TableIII. They are
in good agreement with the experimental values.

2.2
2.0 \\
%' (]
-
1.8 O
) Q\O\
1.6 L
500 1000 1500 2000 2500
a/K.

Fig. 1.—Graphica determination d the effect d sodium
glycolate on the rate d decomposition d undissociated dimethyl-
acetoaceticacid, Equation 8. Thedopeis —g = —155 X 1075,

We have now determined the ratio between the dissociation constants
of dimethylacetoacetic acid and glycolic acid, L = 2.04 at 18°. The dis-
sociation constant d glycolic acid has been determined by J. Boeseken and
H. Kalshoven.'® They found at 25° the value 1.54 X 10— for dilutions
from 4 to 512 liter/mole. It is permissibleto use the same value at 18°,
because the dissociation constants of weak acids in general do not vary
much with the temperature. We thus find for dimethylacetoacetic acid
the dissociation constant 3.14 X 10~

In order to get an idea d k;, the velocity of the decomposition d the
dimethylacetoacetate ion, some measurements were made in acetate buffer
solutions, where the dimethylacetoacetic acid is almost completely dissoci-
ated (Table 1V). In the calculation of the velocity constant k Equation
6 has been applied. By means d the dissociation constant ratio for di-
methylacetoacetic and acetic acid, L = Kp/K, = (3.14 X 1074 /(1.80 X
10-%) = 175, 1—ap iscalculated. If we neglect the effect d the medium
(acetic acid and sodium acetate) on the decomposition d the undissociated
dimethylacetoacetic acid, we can calculate k,,0 (1 — «o), the part o k which
is due to the decomposition of undissociated dinlethylacetoacetic acid.
The part d k which is due to the decomposition d the ion is probably
smaller than the difference given in the last column of Table IV, because

15 Boessken and Kalshoven, Rec. trav. chi m,37, 130 (1918).
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we have used &, instead o %,,, Thus the velocity constant for the de-
composition d the dimethylacetoacetate ion k; issmaler than 4 X 10—,
whilethat for the undissociated acid is k,,, = 723 X 1075 I n the experi-
ments in glycolate buffers, k; has been neglected. The results will only
bedightly different if weusek; =4 X 10-°.

TaBLE |V
THE VELoCITY or DECOMPOSITION OF DIMETHYLACETOACETIC ACID IN ACETATE BUPPER
SOLUTIONS
Conicn of Concn. of
acetic sodium 1— an,

No. acid acetate k X 108 calcd. Emo (1 — ag) 108 Diff,

17 0.300 0.300 44 0.059 42 2

18 .300 .600 25 .029 21 4

19 .500 . 500 46 .059 42 4

The Catalysis by Amines.—In Table V are given two experiments
in which the catalysis & an amine, aniline, was examined. The results
are only approximate because no correction has been made for the change
in a during the reaction. Nevertheless, it is clear from a comparison o
the last two columnsd Table V that aniline has a very great accelerating
effect. In the calculation d a the value found by Bronsted and Duus!?
for the acid strength®® o the aniliniumion

Keomsnmst = (——‘*—“——‘—CGHsNHz) (HY)
0 (C¢H:NH; ™)
has beenused. TheratioL = Kp/Kcaunm,+ Unlike L for glycolic acid,
is highly salt sensitive. The avalues calculated in this way are there-
fore only rough approximations.

= 2.06 X 10~°

TABLE V

THE CaTaLYTic EFFECT op ANILINE ON THE DECOMPOSITION OF DIMETHYLACETO-
ACETIC AciD

Concn of k X 108
Coucn, of Concn. of aniline caled
acetic sodium hydro- Concn o without
No. acid acetate chloride aniline k X 10 catalysis
20 0.500 0.500 0 0986 0 122 1310 40
21 .000 .000 .0585 .0426 680 61
Discussion

In Table VI the velocity constants found by Ljunggren for acetoacetic
acid are given together with the constants found in the present work for
dimethylacetoacetic acid. Ljunggren worked at 37 and 25°. Hisvalues
have been extrapolated to 18° by meansd theformulad log &/d(1/7) =
constant, where T is the absolute temperature. As seen from the table,
the undissociated dimethylacetoacetic acid, that is, a pure ketone, at 18°
decomposed 4.5 times as quickly as the undissociated acetoacetic acid.
At 18° dimethylacetoacetic acid decomposes with the same velocity as

16 J. N. Bronsted, Rec. trav. chim.; 42, 718 (1923); J. Phys. Chem., 30, 777 (1926)
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acetoacetic acid at about 29°. 1t has thus been shown that the keto form
is unstable. Probably only the keto form decomposes.

‘TABLE VI

ACETOACETIC AND DIMETHYLACETOACETIC AciD. VELociTY CONSTANTS FOR THE
Keronic DEcomposi Tion (Decap. Loc., MIN.~1) AnD DiSsociATION CONSTANTS
Acetoacetic az‘i!i,g (Ljunggren) 18 Dimethylaceto-

37° ° acetic acid,
(extrap.) (K. J P.)18°
Undissociated acid k,,108 2080 430 161 723
lon & X 108 38.5 8.95 3.6 <4
Dissociation constant 2.04x 107* 221X 10~% 229X 107¢ 3.14X 10*

Engfeldt’ has by meansd the bromination méthod d K. H. Meyer!”
determined the amount d ketone and enol in acetoacetic acid dissolved in
water. Brominereacts instantaneously with the enol form whileit has no
effect on the keto form. ‘The accuracy d the analysis is not great owing
to the formation o enol from the ketone during the analysis. Engfeldt
therefore considers his results as being only rough approximations. He
finds that undissociated acetoacetic acid (free acid *+ an excessd hydro-
chloric acid) consists d 187, keto form and 82% enol form. This result
is not confirmed by a work which the author is doing on the applicability
o the bromination method for the enol determination in agueous solutions
o acetoacetic acid and ester and similar substances. ‘This together with
astudy d thevelocity d the reaction ketone —> enol will be the subject
o a later publication. 1t was found that an aqueous solution o aceto-
acetic acid containsonly very little enol, lessthan 17.

Asaresult d the present work the following hypothesis is suggested.

Only the keto form o B-keto carboxylic acids undergoes the ketonic
decomposition. ‘The amines which catalyze the reaction form an irrer=
mediate compound d unknown constitution with the keto form (enol =
ketone T ketone-catalyst), thus reducing the concentration d both
enol and ketone. The intermediate compound splits of carbon dioxide
much more quickly than the free keto form.

The a,a-disubstituted acetoacetic acid is especialy suited for the study
o the catalysis, the non-occurrence d enol making this case simpler than
that d the ordinary acetoacetic acid. A theory o the decompositionand
catalysis must take into account that only g-keto acids show the ketonic
decompositionwith appreciablevelocity, and that only the primary amines
are good catalysts, while the secondary and tertiary amines have a moder-
ate or almost no effect.

The work is being continued and it is hoped to give afurther test d the
above hypothesisin a later publication.

I'n conclusion | wish to thank the Carlsberg Poundation for a grant which

has defrayed the expenses of the apparatus. | alsowish to expressmy in-
v Meyer, Ber., 44,2718 (1911): ibid., 45, 2843 (1912).
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debtednessto Professor N. Bjerrum, whosemany val uablesuggestionshave
been d great importanceto my work, and to Mr. E. A. Guggenheim for
helpful criticism.

Summary

1. The kinetics of the ketonic decompostion d «,a-dimethylaceto-
acetic acid, CH;COC(CHj3);COOH — CH;COCH(CHjs): + CO,, have
been studied. Experiments were made in hydrochloric acid, glycolate
and acetate buffers.

2. The dissociation constant d «,a-dimethylacetoacetic acid has been
calculated from the experimental results.

3. It has been shown that the decomposition is catalyzed by amines.

4. From the fact that «,a-dimethylacetoacetic acid is unstable it
followsthat the keto form o 8-keto carboxylicacidsis unstable.

COPENHAGEN, DENMARK

[CONTRIBUTION FROM THE CHEMICAL L ABORATORIES OF THE UNIVERSITY OF BRITISH
CorumMmB1A]
EXTRACTION OF COMMERCIAL RARE-EARTH RESI DUESWITH
A VIEW TO THE CONCENTRATION OF ILLINIUM

BY ROBERT W. BarLt W THJ. ALLEN Harris?
Rxucervep MARCH 26, 1929 PuBLISHED JuLYy 5, 1929

Historical

In 19268 oned the writers, in conjunction with Professor B. S. Hopkins
d the University d lllinois, was able to isolate, although in an impure
state, sufficient & Element 61 to be able to identify it by means d x-ray
analyses. Since, however, some 700 pounds d origina material yielded
a concentrate d but a few grams, it would seem to indicate that (a) the
element is extremely rare and hence, in order to obtain quantities suffi-
ciently great for purification, enormous amounts d the original material
must be worked on, or (b) that while not rare, our method d concentration
was inefficient and considerabled the dement waslost at different stages
d the treatment involved.

Assuming the latter possibility, one d the most likely sources o loss
would be inefficiency in extraction d origina residues; this possibility
isdiscussedin thispaper.

The element has not yet been obtained in astated purity great enough
to permit the mapping d itsarc and absorption spectra, so it isimpossible

1 Part d this paper was presented as a thesis for the M.A. degree at the Uni-
versity of British Columbia.
2 National Research Fellow. Paper completed at the Sorbonne, Paris, as part of

work under National Resear ch Council Award.
# Harriswith Hopkins, Tais JOURNAL, 48, 1585 (1926).
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tomake used thesein followingthe progressd concentration. Similarly,
X-ray analyses are not sensitive when amounts d less than one part per
thousand are present. Hence it was decided that the best method for
attacking this problem would be from the standpoint d the quantitative
determination d total rare-earth content o the origina material, by
analytical methods.

Introduction

The materials used in the investigation were (1) commercia double
sulfates, having the same source as those used in the original concentration
o illinium, and (2) commercial hydrated oxides, prepared by the Welsbach
Company for the University d Illinois, and kindly loaned to us by Pro-
fessor Hopkins.

However, although much work has been carried out regarding the
extraction d the rare-earth minerals, and several methods have been
devised for decomposing the double sulfates, it is probable that all d these
methods are selectivein their action and it does not appear that a single
oned the methods has been studied from a quantitative view-point.

Analysis

Extremely careful analyses were made d the origina materias, first
by the method outlined by Hillebrand* and, second, by a modification
o the above method which appeared to give results consistently con-
cordant with the Hillebrand procedure.

The average d these anadlysesis: (1) double sulfates?39.40 g. d rare
earth as oxide per 100 g. d material; (2) hydrated oxides, 73.05g. d rare
earth as oxide per 100 g. d material.

Part |. Extraction of Double Sulfates

(a) Wet Extraction d Small Amounts.— Two-gram samples d the carefully dried
material were moistened with water and then digested with 25 cc. o coned. nitric,
hydrochloric and sulfuric acids, respectively, until the volume was reduced to about
5 cc. These were then taken up in 250 cc. d water and, after filtering, the residue
was again treated with hot water, filtered and the filtrates combined. After correcting
acidity to reduce solubility  the oxalates to a minimum,’ the rare earths were pre-
cipitated asthe oxalates, washed, dried and ignited to the oxides. The maximum and
minimum of theresults, which were never concordant, are asfollows

Acid Nitric Hydrochloric Sulfuric
Maximum yield as oxide, % 15.73 29.07 39.87
Minimum yield as oxide, % 11.26 25.35 34.35

These compared to actual content o 39.40% as oxide indicated that concentrated sul-
furic acid isthe most efficientd theacids. Although the maximum value is more than
thetheoretical, the majority o extractionswerein thevicinity of 39.0%.

¢ Hillebrand, U. S. Geological Survey Bulletin 700.
5 Sarver and Brinton, Trrs JOURNAL, 49,943 (1927); Neckers with Kremers, ibid.,
50, 950 (1928).
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Turning now to alkali extraction, the one recommended, as mentioned previously,
istheused a 50% solution d sodium hydroxide.

Accordingly, two-gram samples were digested for several hours with such a solution.
The resulting mixture was taken up in 250 cc. d water and washed by decantation until
alkali free; the residue was then digested with nitric acid to dissolve the hydroxides,
diluted, filtered and the residue leached with hot water. The combined filtrates were
subsequently treated with oxalic acid and the resulting oxalates ignited and weighed as
the oxide. In all cases where there was evidence of a basic salt forming, the sample
was rejected; maximum yield as oxide, 38.89%; minimum yield as oxide, 37.98%.
Thusit may beseen that thealkali extraction givesmore consistent results than doesthe
extraction with acids.

(b) Fusion d Small Amounts.—The fluxes chosen were sodium hydroxide and
sodium carbonate and the acids used as extractants o the melt were dilute and con-
centrated hydrochloric, nitric and sulfuric acids.

Asinthe previous cases, samples of two grams each were used and fused with excess
o theflux. After lixiviating with water, the mass was extracted with acid o varying
concentration. In the case o the dilute acids the results were never concordant; this
no doubt wasdueto the tendency o the ceriumto becomebasic. The best results were
obtained by fuming the melt with concentrated sulfuricacid, and then extracting several
times with hot water.

Flux Sodium hydroxide Sodium carbonate
Extractant Coned. sulfuric acid Coned. sulfuric acid
Rare earth as oxide, % Av. 39.06 Av. 39.32

Total rare-earth content, 39.40

In the foregoing determinations, then, it would appear as though
extraction by means d sulfuric acid, sodium hydroxide or fusion with
sodium hydroxide or sodium carbonate would eliminate possibility o
lossd illinium during theinitial extractions. .,

Since, however, the rare-earth worker is usually interested in larger
amounts, it was deemed advisable to investigate the efficiency d these
reagentson larger amountsd original material, up to 3000 g.

(8) Wet Extractions o Larger Amounts. (1) With Acids —These gaveresults too
low and so inconsistent asto render their use valueless.

(2) With 50% Sodium Hydroxide Solution.— This method, while giving excellent
results on small samples, for larger amounts d material gave a maximum yield o but
18.34% as oxide against the actual content d 39.4%.

(3) Concentrated Sodium Hydroxide Solution.—The method suggested by Pro-
fessor Urbain and the one used in his laboratory for decomposition o sulfates is a di-
gestion with a saturated solution o sodium hydroxide. Two digestions with this
solution gave the following results for amounts in the vicinity o 300 grams: A. 9 as
oxide, 38.88—98.68% efficient; B. 97, as oxide, 39.20—99.49% efficient.

(4) Digestion with saturated Na,CO; solution.—A. 9, as oxide, 34.82—88.37%
efficient; B. 9% as oxide, 35.30—89.59% efficient. Hence for wet extractions a con-
centrated solution o sodium hydroxide is extremely efficient.

(b) Fusion with Sodium Carbonate.— These fusions were carried out in fire-clay
crucibles in a gas-fired muffle furnace. Amounts d the commercial double sulfatesin
thevicinity of one kilogram were mixed with excess d dry sodium carbonate and fused
until the mass was thoroughly molten. The temperature was then maintained for
about an hour, the furnace allowed to cool and the crucible removed. Great difficulty
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was experienced in removing the melt from the container —the crucible usually had to
bebroken. Themasswasthen extracted and treated asin the casedf thesmall samples.
The maximum yield obtained by this method was 37.26 g. of oxide per one hundred

gramsdf original material.

Believing the discrepancy to be due to incomplete removal d the melt
from the crucible, a method was devised which is outlined below and
which we cannot recommend too highly for large-scale laboratory opera-
tions. In addition to being highly efficient, it has the advantage o being
a practically continuous process.

TABLE |
RESULTS OBTAINED By TH S PROCESS
Original residue, g. 872.00 1000.00 1500.00 2000.00 3000.00
Oxides, g. 324.8 392.73 587.40 774.00 1169.99
Oxide per 100 g., g. 37.75 39.27 39.16 38.70 39.00
Efficiency,% 95.81 99.66 99.39 98.22 99.00

In the first and fourth cases the results are lown—no doubt due to the
fact that in both instances new crucibles were used and hence some d
the melt was retained as a glaze during pouring. The last two fusions
were carried out as a continuous processto test its possibilities.

Conclusions

The following methods are recommended as being efficient in extracting
therareearths from doublesulfate residues.

(1) For Large Amounts——The dried double sulfates are thoroughly
mixed with a large excess o dry commercial sodium carbonate. The
mixture is then fired in a muffle until molten and the temperature main-
tained until reaction is complete. The crucibles are then removed and
the molten contents poured into a vessal containing hot water; the still
red-hot crucible is quickly recharged and returned to the muffle. The
sudden cooling d the melt causes thorough disintegration. When the
last pouring has been made the crucibles are cooled somewhat and the
addition d dilute sulfuric acid to the container effectively loosens all
adhering melt, which may then be added to the solution.

The mixture is alowed to settle and the residue washed thoroughly
by decantation until alkai-free. Itisthen transferred toalargeevaporat-
ing dish and evaporated to dryness.

The dry residue is now made up to a thin paste with concentrated
sulfuric acid and evaporated until there is copious evolution d fumes,
in order to convert the rare earths into the soluble acid sulfates. The
resulting mass is extracted with water until the last extraction gives no
test for the rare earths.

These extracts are combined, diluted and the rare-earth hydroxides
precipitated with ammonia, washed thoroughly to remove any sulfate,
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taken up in as little nitric acid as possible, diluted and precipitated as
the oxalates with subsequent ignition to the oxide.

(2) For Smaller Amounts.—For amounts below one kilogram the
following method i s perhaps more adaptable. Moisten the dried residues
with as little water as possble and cover with a saturated solution o
sodium hydroxide to a depth d at least one inch. Digest on a steam-
bath, following by digestion on a hot-plate until the mass is thoroughly
disintegrated and the rare earths converted.to the bulky hydroxides.
The massis dlowed to cool and any liquor is decanted. The hydroxides
are then boiled with water until all alkali has been removed and extracted
with dilute nitric acid, heating only sufficiently to aid the solution o the
soluble portion. The undissolved residue is filtered df and extracted
a second time. The filtrates containing the rare earths as nitrates are
combined, precipitated by means d ammonia and after thorough washing
treated asformerly.

Either d these methods will reduce to a minimum the possibility d loss
d any rare earths and consequently illinium during the extraction d com-
mercial double sulfates and will also yield a productd considerablepurity.

Part II. Extraction o Commercial Hydrated Oxides

(a) Add Extraction.—It is natural to assume that acid extractions o
such residueswould be the more efficient; consequently alkalineextractions
were not used.

In the case d larger amounts, varying between 200 and 312 g., the
maximum yields obtained from a great many extractions, covering both
digestions with acid and addition d the material to the hot acid with
constant stirring, were as follows

Extractant Hydrochloricacid Sulfuricacid Nitric acid
Oxideper 100 g, g. 60.19 70.36 68.40

In all cases the tendency to become basic was very pronounced and
had to be carefully guarded against. The best results are obtained by
carefully moistening the original material with water, care being necessary
as a great deal d heat is liberated. The material is then slaked with
water and when concentrated nitric acid is dowly added complete solu-
tiontakesplace. Theyield, however,isadwayslow, but if alittle hydrogen
peroxide is added at this point the results are aways concordant and
much higher.

TaBLE II
REsuLTS BY THISMETHOD
Original material, g. 200 200
Oxides, g. 145.82 144.70
Wit. per 100 g, g. 72.91 72.36

Efficiency, % 99.80 99.04
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Deep appreciation is hereby expressed to Professor Hopkins for the loan
of material for the investigation; to the National Research Council
and International Education Board for furnishing funds to allow a con-
tinuation d this work in Europe, and also to Professor Georges Urbain
o the Sorbonne whose kindly advice and interest was a source d in-
spiration at all times.

Summary

1. As mentioned in the historical part d this paper, it was feared
that there was a possibility d loss  illinium during original extraction
of double sulfate residues. Asthe material used had been extracted with
a 509, solution d sodium hydroxide, the foregoing experiments show
that thereisa possibility d lossd rareearthsat this point.

2. A method has been outlined whereby using a sodium hydroxide
solution, practically theoretical results—as compared with an accurate
quantitative determination— havebeen obtained for amounts up to 300 g.

3. An equally efficient method for larger amounts, involving fusion
with sodium carbonate, has been described.

4. The use d nitric acid and hydrogen peroxide is recommended
for the extraction d commercia hydrated oxides. Hence, if the origina
material is extracted by any d the above methods, all o the rare earths,
including illinium, should be found in the extract. All undissolved resi-
dues are, however, being investigated.

VANCOUVER, B. C.

[ConTRIBUTION FROM THE Brocuemic DivisioN, BUREAU OF ANIMAL INDUSTRY, U. S.
DEPARTMENT OF AGRICULTURE]

Dl CHLORO AM NE

By ROBERT M. CuariN
RECEIVED MARCH 26, 1929 PuBLISHED JuLy 5, 1929

Available evidencefor the existenced dichloro-amine, NHCl,, including
the most recent,! rests upon incidental observations made in the course
d work on nitrogen trichloride. The conditions necessary for the forma-
tion d the substance remain undefined, while methods for its separation
from the two other reaction products are lacking.

" The nature d the product obtained through chlorination o an excess
d ammonium ionsis known to depend upon the reaction d the solution,
acidity leading toward nitrogen trichloride and alkalinity toward mono-
chloro-amine. It will be shown here that when the reaction is effected
through rapid mixing of sufficiently cool and dilute buffered solutions,
with ammoniumionsawaysin excess, the nature d the product isgoverned
solely by the concentration o hydrogen ions. |n solutions more alkaline

1 W. A.Noyes, THISJOURNAL, 42,2173 (1920).
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than dlightly above PH 85 nothing but monochloro-amine was found;
below P 4.4 nitrogen trichloride is produced with only a trace o chloro-
amine; between PH 4.4 and 85 graduated mixturesd the two chloro-
amines result. That is, whilethe shift between nitrogentrichlorideand di-
chloro-amine IS sharp near PH 4.4, thereisa considerablerange over which
the two chloro-amines coexist in a ratio ultimately fixed by the hydrogen-
ion concentration. Accordingly an acidified solutiond monochloro-amine
becomes proportionately converted to dichloro-amineon storage.

I nthe physical propertiesd odor, volatility from aqueous solution and
relative solubility in various immiscible solvents, dichloro-amine is inter-
mediate between nitrogen trichloride and monochloro-amine. Like these
two it liberates iodine from an acidified solution d potassium iodide,
and may be thus determined when freefrom both d the others. Removal
d contaminating nitrogen trichloride is easily effected with little loss o
chloro-amine by shaking out the agueous solution with successive small
proportions d carbon tetrachloride, but no way for removing contami-
nating monochloro-amine was found other than conversion to dichloro-
amine by subjection to a sufficiently low hydrogen-ion concentration.

Mixturesd thetwo chloro-aminesthat are freefrom nitrogen trichloride
may be assayed by determining the apparent partition ratio in an appro-
priate immiscible solvent, either chloroform, carbon tetrachloride or pure
ether, and comparing the result with the partition ratios o the two pure
substancesin that solvent.

Experimental

The solutionsd chlorineand d ammonium ions were mixed expeditiously and the
products were stored in the dark at room temperature. The buffers employed in the
preparations were acetate, phosphate or borate mixtures, which are resistant to chlorine.
Hydrogen-ion concentrations were determined colorimetrically by standard methods
(Clark) with the indicators methyl red, brom thymol blue, cresol red and thymol blue
(akalinerange). Errors from bleaching could be sufficiently avoided by rapid work
except that nitrogen trichloride required previous removal by carbon tetrachloride.
Any solution to be analyzed for ""availablechlorine" was pipetted (tip beneath surface)
into aflask already charged with a dilute iodine-freemixtured potassium iodideand the
necessary excessd hydrochloric acid, with constant swirling. All extractions and sub-
sequent analyses, oncestarted, were put through as expeditiously as possible.

Experiment |.—The ammonium solution, 250 cc., was 0.1 M ammonium acetate
brought to the desired Pr by acid or alkali and in many casescarrying additional buffer.
The chlorinesolution, 250 cc., had been brought to the same Pu by calculated addition
o buffer to100 cc. d chlorinewater carrying0.4to0 0.6 9, chlorine.

After admixture, storage and determination d the Pn, the whole solution was
thoroughly shaken with 10 cc. d carbon tetrachloridein a separatory funnel. A little
o the carbon tetrachloride was discarded to rinse the stem d the funnel, then 5 cc. o
the remainder was added to acidified potassiumiodide’and titrated with 0.01 N sodium
thiosulfate. After expulson d dudge, extraction and titration were repeated until
theslightnessd the difference between successiveresults proved the absence d nitrogen
trichloride.
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Following extraction with carbon tetrachloride, the apparent partition ratio d the
chloro-amine in chloroformwas determined, 25to0 30 cc. d each liquid being thoroughly
shaken together, and 20 cc. d each phase being titrated in acidified potassium iodide
solution with 0.01 N thiosulfate. Many d these determinationswere madein duplicate.

The results d Expt. 1 are contained in Table I. Owing to the forma-
tion o acid in the reaction, the final Px usually fell below the calculated
initial PH to a degree dependent upon the nature and proportion of buffer
present. There appears a marked difference in the solubility and
hence in the nature, d the substances extracted by carbon tetrachloride
from Preparations A and B, respectively. The partition ratio in chloro-
form o Preparation A was not determined because the total available
chlorine remaining after the fourth carbon tetrachloride extraction re-
quired only 3.8 cc. & 0.01 N thiosulfate per 50 cc.

TaBLE 1
I NFLUENCE or HYDROGEN-IoN CONCENTRATION UPON PrRobucTS mv EXPERIMENTS 1
AND 2
Part.
Final ratio,
Init. Pu, PH, Time, Nszan titr. of CCl4 extracts CHCly M, %
Expt. Prep. calcd. detd. hours 3 aq. Total ca.-Cl1
1 A 4.3 4.4 0.75 136.5 26.3 4.8"
B 4.6 4.4 .75 8.0 7.8 7.7 1.87 99.8
C 7.0 55 1.25 5.9 5.7 1.63 92.9
D 8.0 6.5 1.25 4.6 4.3 0.99
6.4 215 .98 65.5
E 8.0 7.0 3 1.85 1.75 .68 45.2
F 8.0 7.3 1.5 .66 43.7
G 8.0 8.0 1.25 1.35 .28 35
H 8.4 8.5 0.75 0.9 .2562 0.4
| 9.2 8.9 .75 .9 0.9 . 249 .0
(detd.)
2 A 4.2 20 12.4 2.15 0.7
B 4.6 44 21 6.6 6.4 1.90 100.0
C 4.8 4.7 22 7.05 6.9 1.87 99.8
D 4.9 4.8 185 6.25 6.05 5.95 1.86 99.5
E 5.3 52 43 4.25 4.2 1.86 99.5
F 55 53 4 3.8 3.75 1.84 -99.0
G >9 >9 2 0.25 0.0

¢ Titration d fourth CCl; extract = 1.2 cc.

Experiment 2 —This experiment shows the effect d acidification upon
monochloro-amine. The ammonium solution contained 30 cc. d 109,
ammonium sulfate and 5 cc. & N sodium hydroxide in 200 cc. The
chlorine solution contained 100 cc. d chlorine water and 20 cc. & N
sodium hydroxidein 200 cc, After admixture and standing for one hour,
a predetermined quantity d 05 N acetic acid was added and the PH
was immediately determined. Other determinations were made after a
further interval, as shown in Table I. As in Expt. 1, Preparations A
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and B on either side d PH 4.4 yielded different substances to extraction
by carbon tetrachloride. It is aso evident that monochloro-amine held
at PH 4.4 to 5.3 undergoes extensive conversion to dichloro-amine.

Experiment 3.—The rate o the formation d dichloro-amine from
chlorine and ammonium ions at a favorable Pr was next investigated.
Mixtures were made asin Expt. 1 at a calculated initial P d 49. The
results are contained in Table II. Residual Preparation B after standing
for a total d three hours was extracted twice with carbon tetrachloride.
The obtained titrations of 9.50 and 9.25 cc d 0 01 N thiosulfate showed
freedom from nitrogen trichloride. Accordingly, the reactions leading
to dichloro-amine under the most favorable conditions require at least
one to two hours for completion.

TABLEII
I NFLUENCE o¥ TIME UPON FORMATION OF DICHLORO-AMINE 1¥ EXPERIMENT 3
Partition in CCl4 Partition in CHC13
Time, PH p_has}:a; pt?a?s.e; CCl Sg{ags phAa§e; CHCls
Prepn. min. detd. titrn. titn. aq. titrn. titrn. aq.
A 2 29.0 42.4 0.68
17 26.7 36.3 .74
60 4.7 26.0 32.8 .79
120 24.3 30.1 .81
B 15 47.2 26.3 1.79
60 24.2 28.1 .86 44.6 23.7 1.88
120 4.6 22.6 26.6 .85 44.0 23.7 1.86

Experiment 4.—Marckwald and Wille? found the partition ratio o
monochloro-amine between ether and water to be near unity. T o deter-
mine that o dichloro-amine, portions d Preparation B d Expt. 3 after
the two extractions by carbon tetrachloride were shaken with ether, free
from peroxideand alcohol, and the partition ratio was determined as before
described, except that only 10 cc. d the ether layer was pipetted out, and
this was discharged into 10 cc. d carbon tetrachloride underlying the
acidified potassium iodide in the flask in order to sink the non-aqueous
solvent. Two trials gave partition ratiosd 47.5 and 47.0.

On the assumption that dichloro-aminewas the sole product present at

a PH slightly above 4.4, the previous experimentsindicate the following
partition ratios

M onochlor o-aminein chloroform 0.25
Dichloro-aminein chloroform 1.88
Dichloro-aminein carbon tetrachloride 0.85
Dichloro-aminein ether 47.3

From the partition ratios d the two pure chloro-aminesin chloroform,
the percentage d dichloro-amine chlorine in total chloro-amine chlorine
? Marckwald and Wille, Ber., 56, 1319 (1923).
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may accordingly be calculated from the apparent partition ratio, R, d a
mixture by the formula

4R - 1
R+1
Application d thisformula gave the resultsin thelast columnd Table I.

Experiment 5.—With respect to the determination d the chlorine—
nitrogen ratio in the supposed dichloro-amine, the work d Noyes! on
nitrogen trichloride indicated that transfer d the substance to an im-
miscible solvent would be the best means for purification from ammonium
salts and chloride. For the actual analysis the methods & Marckwald
and Witte? for monochloro-amine were followed as closely as possible.

Preparations were made as in Expt. 1 but with the chlorine water
increased to 1500r 200 cc.  After one hour the P+ wasfound tolie between
4.5 and 4.7 and freedom from nitrogen trichloride was proved by two
extractions with carbon tetrachloride. Dichloro-amine was then extracted
with 125 cc. of peroxide-freeether. Theether extract was transferred to a
small separatory funnel and washed four timeswith 10 to 15 cc. d acetate
buffer & PH 4.5, though the last wash was not removed. Thesecondand
third washings afforded only opal escenceswith silver nitrate solution.

From the clear ether layer 50 cc. was pipetted into a 200-cc. volumetric
flask containing 35 to 50 cc. o strong aqueous sulfur dioxide, while 10 cc.
was pipetted into a glass-stoppered flask charged with acidified potassium
iodide and 10 cc. of carbon tetrachloride. The liberated iodine in the
latter flask was at once titrated with 0.1 N sodium thiosulfate.

Theflask containing sulfur dioxide and ethereal solution was stoppered
and frequently shaken for one-half hour; then theether and evident excess
o sulfur dioxide were gently boiled off. Half d the cooled solution was
taken for cold precipitation d silver chloride and haf for distillation o
ammonia into 0.1 N acid. The results in Table IIT appear adequate to
identify the substance as well as to prove the applicability d the assay
method for "available chlorine."

TaABLE III
Anaryrica, RESULTS ON DICHLORO-AMINE SOLUTIONS IN Expr. 5

44.2 =

p————Results in g. per 100 cc. ——
NasS:04, AgCl, N1, " Avail. Total At. ratio,
Prepn. titrn. £ titm. Cr’/2 Cl N total Ci/N

A 16.19 0.2945 10.10 0.2870 0.2914 0.0566 2.034
B 12.09 .2147 7.50 2144 .2125 .0420 1.998

Experiments on the germicidal powers of dichloro-amine have been
begun in these Laboratories.
Summary

Dichloro-amine is produced by chlorination of excess ammonium ions
at PH 4.4 t0 85, being practically the sole ultimate product at PH 4.5 to
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5.0, and, likewise, by corresponding acidification d monochloro-amine
solutions. It wasidentified through its behavior with immiscible solvents
and by its chlorine—nitrogenratio.

WASHINGTON, D. C.

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

THE DETERMINATION OF FERROUSIRON IN SILICATEROCKS.
II. ELECTROMETRIC

By BYRON A. SOULE
RECEIVED MarcH 30, 1929 PuBLISHED JuLy 5, 1929

In a previous article* it was shown that the ferrous iron content o
silicate rocks can be determined by decomposing the sample with hydro-
fluoric acid in a pyrex glass flask, diluting with a solution o boric acid
and titrating with standardized potassium permanganate. The method
has two advantages over that commonly used: (a) the course of de-
composition can be watched, and (b) solution and titration are conducted
in thesamevessal. The most significant disadvantageisthat a correction
must be applied for the permanganate reduced by dissolved glass con-
stituents.

A consideration d the composition d pyrex glass® suggested that
arsenic might be the only disturbing element. It was therefore decided
to try ceric sulfate as the oxidizing agent, Willard and Y oung® having
reported that the titration is not affected by a moderate amount of ar-
senious acid. The results obtained were satisfactory and led to the de-
velopment d the method herein advocated.

Materials

Apparatus.— The decompositionflaskswered two sorts: (1)ordinary 250-cc. pyrex
glass suction flasks, each having an especially made, well fitting, glass stopper provided
with an outlet tube 1 cm. in diameter and bent sharply at the lower end to almost touch
the side d the flask; (2) 250-cc. transparent, fused quartz, Erlenmeyer flasks with
similar stoppers.

Titrations were conducted with the aid d a bimetallic electrode system similar to
that suggested by Furman and Wilson.* The resistanceused was 240,000 ohms. ‘The
electrodes were prepared from pieces d No. 27 B. and S gage platinum wire and
silver wire® annealed at 100-105°, then sedled into the ends o glass tubes as usual.
About 3 em. d the platinum and 6 em. d the silver wire projected. When not in use
the anode was kept in a solution d ceric sulfate and the cathode in dilute ammonia
water.

! Soule, THIS JOURNAL, 50, 1691 (1928).

? U. S. Bureaud Standards Tech. Paper 107, p. 8.

¥ Willard and Young, THIS Journar, 50,1335 (1928).

* Furman and Wilson, ibid., 50, 277 (1928).

5 This work was nearing completion when the article by Brann and Clapp, #b:d.,
51, 39 (1929), appeared.
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Reagents

The ceric sulfate solution was prepared from U. S. P. quality cerium oxalate by a
method similar tothat d Willard and Young.®

The electrolytic iron, especially prepared and carefully preserved under hydrogen
in the form d cubes weighing approximately 0.1 g., had been analyzed by several
workers and found to contain impuritiestotaling not over 0.03%.

Carbon dioxide was obtained from a commercial cylinder and passed through
chromous chloride to remove any oxygen.! The purified gas was tested and found
satisfactory.

Water for standard solutions was redistilled first from alkaline permanganate then
from sulfuricacid. Just before useall water was boiled and cooled.

All other reagentswere carefully tested in order to provethat they would introduce
no error.

Weighings.—Standard solutions were weighed directly. All other weighings were
by substitution.

Experimental

Standardization of Ceric Sulfate.—A single cube d €lectrolytic iron
was placed in a glass flask filled with carbon dioxide; 10 cc. o sulfuric
acid (I :6) was added and the flask gently warmed. After fifteen to
twenty minutes, when the iron had dissolved, the rate d flow d carbon
dioxide was increased. Then 100 cc. d water containing 5 g. d boric
acid and 5 cc. d hydrofluoric acid (489,) was added, with care that no
air should be drawn in during the operation. After the addition d a
few drops d concentrated hydrochloric acid the mixture was titrated
electrometrically with ceric sulfate.

Four consecutive determinations gave an average iron equivalence d
0.0034685g. d iron per gram d solution, that is, a normality d 0.04828.

Determination d Ferrous Iron in Magnetite.®*—A 0.3-0.4 g. sample
d magnetite'® was placed in a glassflask filled with carbon dioxide. 'Next

8 Willard and Y oung, THISJOURNAL, 50, 1322 (1928); 51, 149 (1929).

” Moser, Z. anorg. Chem., 110, 126 (1920).

5 U. S. Bureau d Standards, Sample No. 29, even though it contains but 12.02%
of Si0,, was selected to illustrate the method proposed because o its status. The
FeO content is 24.78% according to the certificate, dated Dec. 1, 1910. This value,
apparently contrary to the present practiced the Bureau, isthework of but oneanalyst,
which point together with the early date should be taken into consideration when com-
paringthefigurewith averagesherereported.

® Compare Adam, J. S. African Chem. Inst., 8, 7 (1925). A copy d this article
was obtained after the work herereported had been finished. | n agreement with Adam
it should beemphasized that HCl1 + urp -+ water asa solvent wasfound far more satis-
factory than H.SO; + HF + water, especialy, for magnetites. Ores that were dis-
solved only after long and repeated boiling in the latter mixture were completely de-
composed by the former in less than five minutes at a temperature approximating 50°.
Combinations d sulfuric acid and hydrochloric acid in various ratios were distinctly
less efficient than hydrochloric acid alone.

10 See U. S. Bureau d Standards Circular No. 26, p. 4, for procedure when drying
sample.
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10 cc. d hydrochloric acid (359%,) and 3 cc. d hydrofluoric acid (48%)
were added and the flask gently warmed (40-50°) until no black residue
was discernible. This required three to five minutes. Then the rate
d flow d carbon dioxide was increased and 100 cc. & water containing
59 d boricacid and 5 cc. o sulfuric acid (1:6) wasadded. The mixture
was titrated immediately. Results obtained on three consecutive days
aregivenin Table I.

TaBLE |

DETERMINATIONOF FEO IN BUREAU o STANDARDSM AGNETITE (I RON ORE No. 29)
1g.d Ce(S04): s0In. = 0.0034685 g. FeO. Certificatevalued FeO in Fe;0s = 24.78%

Fes04, g. Ce(SO4)2 soln., g. FeO, %
1 0.2776 19.635 24.53
.2806 19.900 24.58 Average, 24.57
.3012 21.355 24.59
2 .3793 26.832 24.54
.4019 28.445 24.55
.3192 22.649 24.60 Average, 24.56
.3852 27.229 " 24.52
.4206 29.824 24,60
3 .4609 32.613 24.54 ]
.4077 28.859 24.55 j Average, 24.54
.3683 26.038 24.52

Restandardization o Ceric Sulfate. —On the same day that the third
set d magnetite samples was analyzed the ceric sulfate was again stand-
ardized against electrolytic iron using essentially the method originally
employed. The average d results obtained was 0.04827 N by weight.
The solution was then compared with a different primary standard,
retaining, in so far as possible, a final reaction essentialy similar to that
originallyused. Thethreestepsfollowing were completedin one day.

First, 0.1 N potassium permanganate was standardized against Bureau
d Standards sodium oxalate.!* Next, portions d a sample d ferrous
sulfate, selected and tested for uniformity d composition, were trans-
ferred to 500-cc. Erlenmeyer flasks filled with carbon dioxide; 200 cc.
d water and 10 cc. d sulfuric acid (1:1) were added and the solution
was titrated at once with the permanganate just standardized. Deter-
mining the equivalence point visually the average d three consecutive
results, expressed in ferrous iron content, was 26.63% d FeO. Finally,
the ferrous sulfate was titrated with ceric sulfate, using the samereagents
as for analysis d magnetite but modifying the procedure to the extent
that the reagents were all added at once and the titration was carried
out immediately. The average d three consecutive determinations
showed an iron content o 26.60% d FeO. Later, theferroussulfate was

1 For details of procedure see the certificateor McBride; THIS JOURNAL, 34, 393
(1912).
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again analyzed using exactly the same procedure as for magnetite. The
results averaged 26.66% o FeO.

In order to detect any effect due to the decomposition flask, samples
o magnetite were analyzed by the usual procedure in flasks d trans-
parent fused quartz. Theaverage of three consecutive results was 24.58%
of FeO.

As afinal variation a silver chloride electrode!? was substituted for the
silver wire.  Three moreanalyses d magnetite gave an average d 24.559,
o FeO.

Discussion

Among the sourcesd error encountered in the determination d ferrous
iron those leading to low results are considered to be the more common.
I n the work under consideration thorough preliminary testsand the experi-
ments with ferrous sulfate would indicate that the reagents were satis-
factory and the measures for protecting against atmospheric oxidation
adequate. The question d low results due to the current generated
during titration by the method d Furman and Wilson can be dismissed
after a brief calculation. Assuming a titration period double that re-
quired and the maximum instead d the average galvanometer deflection
only 1.5 X 10—% g. d FeO would be oxidized.

Another source d error mentioned especially by Adam’ is "whether
the HCl1 decomposition takes place without oxidation d a part o the
ferrous iron.” In the preiminary work experiments were conducted
involving variations in amount o hydrochloric acid up to 25 cc. and time
of digestion up to 160 minutes. No effect attributable to such variations
was found.

Summary

Ferrous iron can be determined quickly and accurately in magnetites
and materiadls d higher silicate content by electrometric titration with
ceric sulfate after decomposition in a pyrex glass flask by a mixture d
hydrochloric and hydrofluoric acids. Reducing agents derived from the
glass have no effect.

ANN ARBOR, MICHIGAN

12 Willard and Fenwick, THISIOURNAL, 44,2508 (1922).
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[ConTriBUTION FROM THE RESEARCH LABORATORY OF PHysicaL CHEMISTRY,
MassacaHuseTTs INSTITUTE OF TRehNoL06Y, No. 223]

CHEMICAL REACTIONS OF DRIED SUBSTANCES. |I.
AMMONIA AND PHOSPHORUSPENTOXIDE

By LouisHARRIS AND CHARLES BUSHNELL WOOSTER!?
RECEIVED APRIL 1, 1929 PuUBLISHED JuLy 5, 1929

It was reported by H. B. Baker? that phosphorus pentoxide did not
absorb thoroughly dried ammonia. Gutmann® was unable to duplicate
these results but he failed to describe the purity d the phosphorus pent-
oxide and the method d introducing it into his apparatus. Baker* re-
peated his own experiments and reaffirmed his claim, suggesting that the
presence d metaphosphoric acid would explain the absorption & ammonia
observed by Gutmann. Recently, Robertson, Fox and Hiscocks® passed
dried and purified ammonia through a tube d phosphorus pentoxide and
confined it over mercury in contact with the pentoxide. They observed
a dlight reaction at first, after which no decrease in volume occurred
during forty-eight hours.

In several d these investigations the experimental conditions were
such that the ammonia might have partly saturated the phosphorus
pentoxide before the observations were made. Furthermore, the possible
formation d a protective film upon the pentoxide was not excluded. It
appeared worth while, therefore, to repeat the experiments, avoiding
these sources d uncertainty and taking the additional precautions made
possible by modern, high-vacuum technique. The hazard d preliminary
saturation d the phosphorus pentoxide may be eliminated by observing
the pressure of ammonia before as wel as after exposure to it and the
possibility of film formation may be tested by exposing the gas to a fresh
surface d the pentoxide after reaction with the first sample has ceased.

Baker dried his apparatus by heating the glass nearly to the softening
point and simultaneously drawing through it a stream o air dried with
sulfuric acid. Ammonia was prepared from ammonium chloride and
dried over lime for several days. A thin glass tube containing sublimed
phosphorus pentoxide was broken in a reaction chamber containing the
dried ammonia and pressure changes were observed on a mercury mano-
meter.

In the present investigation it was considered desirable to dry the
apparatus by evacuation at elevated temperatures, to employ phosphorus

1 Nationa Research Fellow.

2 Beker, J. Chem. Soc., 65, 611 (1894).
3 Gutmann, Ann., 299, 273(189).

+ Baker,J. Chem. Soc., 73, 422(1899).

s Robertson, Fax and Hisoocks "' Sudiesin the Infra Red Region of the Spectrum,
11, Proc. Roy. Sec. London, 120, 157(1928).
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pentoxide free from lower oxides® and observable quantities d meta-
phosphoric acid and to use ammonia which, after drying with dissolved
sodium, had been triply distilled without further contact with any but
dried and outgassed surfacesd pyrex glass and fused quartz.

Experimental Part

Apparatus. —The apparatus consisted essentially o purification trains for the
reagents, astoragebulbfor theammoniaand storagetubesfor the phosphorus pentoxide,
a quartz spiral manometer (connected by means o a graded seal) and suitable attach-
ments for evacuating the system. A diagram appears in Fig. 1. The points at which
various sections were sealed df during the manipulation are indicated by constrictions.
Temporary separation d various parts was accomplished by the use d plunger stop-
cocks o the Richardstype through which were made the connections described later.

W \rr To Pumps
A
“ N S
£
N a ﬂ
0 M-ILOEOD
GAUGE
L L
¥
MANDMEJRIVI{ZE\.:APAND M /D
g
C o
Fig. 1. —Apparatus for studying the reaction between dried ammonia and phosphorus
pentoxide.

The iron cores were enclosed in glass sheaths to prevent contact between ammonia and
the metal surfaces. A small mirror mounted on the indicator d the quartz manometer
reflected theimage d a straight filament upon a ground-glassscale placed at a distance
oi three meters.  The manometer was used as a null instrument, balancingthe pressures
within it by external pressures which were read on a mercury manometer. Readings
were accurate and reproducible to one millimeter. This auxiliary equipment is not
shown in the diagram.

Method of Drying.—The glass and quartz surfaces were outgassed by evacuating
through aliquid-air trap S with a mercury diffuson pump and a high-vacuumtype o
oil pump fifteen hoursa day for five days. During this pumping the apparatus was in-
termittently heated with a blow torch until a yellow color was imparted to the flame
and a high-tension dischargefrom a high frequency coil (which givesa one-inch spark in
air) played upon the hot surfaces. After the third day no dischargefrom the heated

8 Biltz, Ber., 27, 1257 (1894), observed that the presence d lower oxides caused
absorption of the ammnionia.
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surfaces was observable. At the end d the five-day period the pumos could be dis-
connected for nine hours without arise in pressured more than 3 X 107% mm. of mer-
cury. Thedirect leadsto the pumps were then sealed off.

Materials.—Several brands d c¢. p. phosphorus pentoxide were tested for lower
oxides and organic matter. The tests used for lower oxides were the mercuric chloride
test advocated by Whittaker? and the silver nitrate test suggested by Finch and Peto®
which is claimed to be the more sensitive by Finch and Fraser.® Our observations
confirmthisclaim. One brand which was nearly free from these impurities was selected
and further purified by sublimation at 800° in a stream d oxygen according to the d -
rectionsof Finch and Fraser® and obtained in the highly pure and voluminous form
which they described. Samplesd this purified material were placed in the sublimation
tubes E, F which were sealed of and evacuated. Thesurfacesd thestorage tubes G, H
were then outgassed and dried as described. The fine capillary C which terminated
theinlet was brokenand a stream d dry air entered through the phosphorus pentoxide
protection tube D. Thetip A d the second protection tube B was broken to provide
an outlet and a dow stresm d oxygen, dried by passage through an additional phos-
phorus pentoxidetube 80 cm. in length, was led through the sublimation train.  Upon
moderate heating, the pentoxidein the sublimation tubes readily sublimed and collected
in the storage tubes as a voluminous deposit d feathery crystals and white powder.
This material was apparently free from metaphosphoricacid, since it could be sublimed
from one part d the tube to another without leaving any visibleresidue. Thesublima-
tion tubes together with the attached guard tube D were seded off, the tip A d the sec-
ond guard tube sedled and the storage tubes evacuated. Thus the storage tubes were
protected by a guard tube d phosphorus pentoxide and a liquid-air trap. They were
heated as hot as possible without driving out the pentoxide and treated with the dis-
charge until a satisfactory vacuum and outgassing had been achieved, when ttey were
sealed df from the vacuum line. Samples d the material which had collected in the
connectingtubes weretested and found to befreefrom lower oxides.

Commercia anhydrous liquid ammonia was used as a starting material. This had
been in contact with sodium in a specia stedl cylinder for four months. The outlet R
d this cylinder was attached to the purification train with de Khotinsky cement.
The connecting tubes between the tank and the first stopcock Q were pumged out but
could not be heated, so the entering ammonia was redried by condensation at ~—-78°
into the first distillation tube, P, which contained metallicsodium. As soon as a suffi-
cient quantity had collected, the lead from the tank was sedled df and the solution of
sodium in the liquid ammoniaallowed to stand for five hours.

One-thirdd the ammoniawasdistilledinto a receiver O and discarded after sealing
off this receiver. Baths d solid carbon dioxide in alcohol were used as refrigerants in
al of thedistillations. Hydrogen present in the vaporswas now removed by connecting
the first distillation tube through a stopcock N to the vacuum pumps. The ammonia
was kept at —78° during this processand after the pumping was completed the vacuum
connection was sealed off. Connection was then made to the second distillation tube
M, one-hdf d theremainingammoniadistilledinto it and thissampletwicefractionated,
retaining only the middle third at each step. Economy d apparatus and manipulation
was achieved by returning the first third d each distillate to the residue and discarding
them together.

Beforeallowing a sample to evaporate from the third distillation tube L into the
storage bulb K, connection was made to the vacuum pumps for a short time to ensure

7 Whittaker, J. Chem. Soc., 127, 2221 (1925).
8 Finch and Peto, #44d., 121,692 (1922).
® Finch and Frager; ¢bid.; 129; 117 (1926).
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complete remova d any residual traces d hydrogen. When the vacuum connection
had been seded df and the stopcock leading to the storage bulb opened, a deflection o
the quartz manometer J was observed which was found to indicate a pressure o 46.0
mm. (of mercury) within the system. As the ammonia in the third tube was partly
frozen to a white solid at this time, this value should correspond to the vapor pressure
at the melting point. This pressureis given by Landolt-Bérnstein® as 44.9 mm., thus
providing a check upon the reliability d the manometer. The purified ammonia was
dlowed to evaporate until the storage bulb was filled to a pressure slightly below at-
mosphericwhen the third distillation tube and the stopcock wereseal ed off.

The Actiond Dried Ammoniaon Phosphorus Pentoxide. — The volume
d the storage bulb, manometer and connecting tubes had been found to
be 1124 cc. by dlowing dried air to expand into this system from a bulb
o known volume. Accordingly, by reading the pressure and noting the
temperature d a water-bath surrounding the storage bulb, the amount o
ammoniatherein (0.742g.) could be determined. The volumesd thetwo
phosphorus pentoxide storage tubes (neglecting the volume d the pentox-
ide, itself) wasalso known and thus the drop in pressure, due to expansion
alone, upon connecting these tubes with the bulb could be calculated.

When the stopcock leading to the first pentoxide tube was opened a
very rapid drop in pressure occurred which only continued for less than
one minute. Thereafter the pressure fell very dowly. During the
reaction some d the pentoxide near the ammonia entrance shrank con-
siderably in volume and took on a glassy appearance. |n other parts
of the tube its appearance was not so markedly changed. Since the
tube became heated during the reaction, one hour and fifteen minutes
was dlowed for cooling and the pressure then determined. Upon
standing thirteen hours the pressures dropped 7.4 mm. (of mercury) more.
The second pentoxide tube was then connected and a similar effect was
observed. The datafor these pressure changes appear in Table |. The
third column lists the pressures in mm. d mercury before opening the
pentoxide tubes, the fourth the new pressures calculated for expansion
only, the fifth the new pressures observed, the sixth the drop in pressure
due to absorption.

TABLEI
PRESSURE CHANGES DURING RAPID REACTION
Tubeno. Volume, cc. P P: (caled.) P; (obs.) P (abs ) Temp., °C.
| 52 713 682 532.5 149.5 21.3
Ix 47 525.1 505 122.9 382.1 20.3

The system was allowed to stand for two days after these observations
were made and the pressure read from timeto time. These values, cor-
rected for temperature variations, together with the time intervals are
givenin Table I1.

10 Landolt-Bérnstein, ““Physikalisch-Chemische Tabellen,” Berlin, 1923, Vol. II,
p. 1345.
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TABLE II
PRESSURE CHANGESSUBSEQUENT T0 RAPID REACTION
Pressure, mm. 122.8 119.8 113.9 102.8 92.0
Time, min. 0 85 320 1370 2810

The second pentoxide tube was then heated to 74° in a water-bath but
no effect upon the pressure was observed beyond that calculated for
expansion. This indicates the occurrence d a true reaction as opposed
to mere adsorption.

Finaly, dry air was admitted to the system and the two pentoxide
tubes were sedled off. These were weighed, broken open, cleaned out
with water and reweighed. By subtracting from the total weight o the
contents d each tube the weight & ammonia absorbed in that tube as
calculated from the pressure drop, the amount d pentoxide originally
present was determined. These data appear in Table III, where Col. 2
givesthe amountsd phosphorus pentoxidein each tube, Col. 3 the amount
d ammonia actually absorbed and Cols. 4 and 5 give the amount calcu-
lated upon the assumption that one and two moles d ammonia, respec-
tively, react per moled pentoxide.

TABLE II1

ABSORPTION OF AMMONIA BY PHOSPHORUS PENTOXIDE
NH; (caled , NHa(cal cd. .

Tube no. P:0s, g. NHs(obs.), g. 1 mole), g. 2 moles), g.
| 3.060 0.162 0.366 0.732
I1 5.635 .435 .673 1.346

It was noticed that, whereas part d the contents of the pentoxide tubes
was glassy in appearance and dissolved but dowly in water, other portions
reacted vigoroudy, indicating the presence d unused pentoxide. The
aqueous solutions were tested and the absence d lower oxides in the
reaction product was demonstrated.

Conclusions

There is, d course, no known method d establishingthe precise degree
d dryness actually attained in an investigation o the kind here described.
It is the opinion d the authors, however, that the procedure employed
was at least equal, and in some respects superior, to that described by the
previousinvestigators.

It is a noteworthy fact that the amount d ammonia absorbed in the
period d rapid reaction was insufficient to saturate the available phos-
phorus pentoxide. This is evident from Table III upon comparing the
observed absorption with that calculated even upon the assumption that
only one mole d ammonia reacts with one mole d the pentoxide. The
actual difference is probably much greater, for the nature d the reaction
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products obtained by various investigatorst! indicates that at least fwo
molecules d the gas are involved in the reaction. This marked retarda-
tion d the absorption cannot be ascribed to the removal o residual traces
of moisture from the ammonia since a rapid absorption again took place
when a fresh surface d the pentoxide was exposed. The effect may be
explained by assuming the formation d a protective film d the reaction
product upon the phosphorus pentoxide. This assumption is compatible
with the appearance and character o the reaction product obtained.
Noindicationsd such filmformation have been reported by the previous
workers and the information which they giveis not sufficient to determine
to what extent their observations may have been influenced by thiseffect.!?

Summary

1. Pure phosphorus pentoxide has been found to absorb appreciable
quantitiesd carefully dried ammonia rapidly.

2. Evidence has been obtained indicating that the reaction product
forms a protective film upon the pentoxide which retards further absorp-
tion.

CAMBRIDGE, MASSACHUSETTS

11 J. W. Médlor, "A Comprehensive Treatise on Inorganic and Theoretical Chem-
istry,” London, 1928, Vol. VIII, pp. 708-711.

12 After this paper was submitted for publication our attention was called to an
article by H. Tramm [Z. phystk. Chem,, 105, 356 (1923)]. He found that phosphorus
pentoxide reacted with ammonia dried by Baker's procedure or by dissolving sodium
in the liquid ammonia. However, he reported that ammonia dried by passage over
sodium wire and then through liquid sodium-potassium alloy did not react with the
pentoxide. He did not consider the possibleinfluenced the formation d a protective
film upon the pentoxide and it appears from the description that the ammoniawas first
admitted at low pressureinto the pentoxidetube. Under such conditionsfilm forma-
tion might occur without a very noticeable heat effect and thus the disappearance d a
small amount & ammonia at the beginning o the experiment might have been un-
noticed. Since he did not state his criterion for reaction, it seems advisable to reserve
judgment upon his experiment until it has been repeated.
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CINCINNATI]

A STUDY OF THE PRODUCTS OBTAINED BY THE REDUCING
ACTION OF METALSUPON SALTSIN LIQUID AMMONIA
SOLUTION. |. INTRODUCTION. II. THE ACTION
OF SODIUM UPON ZINC CYANIDE

BY Wayvranp M. BURGESSAND ARTHUR ROSE*
RECEIVED ApriL 15, 1929 PUBLISHED JULY 5, 1929
I. Introduction

When an alkali metal isdissolved in liquid ammonia, it ionizes, forming
cations identical with the positiveion d a salt d this metal, and anions
consisting d solvated electrons.? This solution containing free electrons
is a most powerful reducing agent. Many reactions between solutions
d this kind and both organic and inorganic compounds have been carried
out.? A quantitative method for analysis & chlorine in organic com-
pounds has been developedin thisway.* Many d the reactions, however,
have been studied chiefly from a qualitative point d view. A quantitative
investigation d reactions d thistype and d the products formed is being
carried out in this Laboratory. The present series d papers deals with
the results obtai ned with inorganic salts.

The type reactions that may take place between ammonia solutions
d the metals and salts have been presented by Kraus and Kurtz.* With
the alkali or alkaline earth metals and salts d less positive metals, re-
action may occur in which the cation is reduced and precipitated as free
metal, or is reduced further and forms a compound, usually insoluble,
with the reducing metal. These possibilities were illustrated by Kraus
and Kurtz¥ with numerous reactions. In some cases compounds o
unusual composition were postulated as, for example, NaZn,, Ca;Zn.
These formulas were established only from the ratio d reacting materials,
and not by analysis. It is the purpose d this investigation to isolate
the products formed in reaction between salts and metal solutions, de-
termine their composition by analysisand makea study d their properties.

II. TheAction d Sodium upon Zinc Cyanide
Introduction.— Kraus and Kurtz¥ found that sodium reacts very

readily with zinc cyanide in liquid ammonia solution, forming a finely-

" This article is based upon the thesis presented to the Faculty o the Graduate
Schooal, University d Cincinnati, by Arthur Rose in partial fulfilment d the require-
mentsfor the degreed Doctor d Philosophy.

2 Kraus, Tris JournAL, 30, 1323 (1908).

% (a) Joannis, Compt. rend., 113, 795 (1891); (h) Moissan, ibid., 136, 1217 (1903);
(0) Lebeay, ibid., 140, 1042, 1264 (1905); (d) Chablay, ibid.,, 140, 1262 (1905); (g)
154, 364 (1912); (f) Peck, Trrs JoURNAL, 40, 335 (1918); (g) Kraus and White, ibid.,
45, 768 (1923); (h) White, ibid., 45, 779, 1780 (1923); (i) Bergstrom, ¢bid., 45, 2788
(1923); (i) Krausand Kurtz, ibid., 47, 43 (1925); and others.

¢ Chablay, Ann. china., [9] 1,469 (1914); Clifford,Trs JournaL, 41, 1051 (1919).
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divided metdllic precipitate, extremely reactive with respect to water
and air. From the reaction ratio they proposed the formula NaZn..
M athewsonSobtai ned only the compound NaZn,. by the method o thermal
analysis. In the present paper the precipitate formed as mentioned
above is analyzed and shown to have the composition NaZns,. The
results d a study d the reactions between this compound and oxygen,
air and water area so presented.

Preparation d the Sodium Zinc Compound. —The apparatus used for the reaction
d sodium upon zinccyanideisshownin Fig. 1. Anhydrousammoniagas, obtained from

asmall supply tank d liquidammonia, towhich
|  pieces d sodium had been added, entered the

reaction tube, R, through a tube, 1, and con-
densed under a pressure d 10 cm. d mercury
asshown by thegageP. Cooling was provided
by a bath d liquid ammoniain the Dewar flask
D, through which a current d air was bubbled
to secure a still lower temperature.  After 100
cc. & ammoniahad condensed, about 0.5 g. o
sodium, freshly cut under petroleum ether, im-
p Mmediately transferred to a weighingbottle filled
with dry nitrogen and weighed, was added
through the side tube O. Then the calculated
amount d Kahlbaum's zinc cyanide was added
dowly. Reaction occurred very rapidly and a
dense black precipitate quickly settled out.
That a gaseous product insolublein water was
not formed wasshowninseveral casesby closing
the clamp, G, and opening the clamp, H, for the
duration o the reaction.
When the reaction was completed, the
Fig. 1. —Apparatus used for the prepa- clear solution was removed and the precipitate
ration d NaZn,. washed as follows. With a small pressure on
the system, a clamp on tube F was opened and
the liquid above the precipitate forced out through tube F. By careful manipulation
909, or mored theliquid could be drawn df without lossd thesolid. Fresh ammonia
was now condensed and the processrepeated. | n this way the precipitate was washed
seven or eight times. The last trace d ammonia in the reaction tube was allowed to
evaporate against a slight pressure.

The product d the reaction was left in the form d a black powdered material.
Samplesfor analysiswere obtained by tipping the reaction tube until a suitable quantity
had entered the collection tube A.  The collection tube wasthen sealed df at B, evacu-
ated to about 0.01 mm. d mercury and weighed. The sample was then dissolved in
6 N hydrochloric acid, usng a technique similar to that described by Franklin.' The
solution wasanalyzedfor zincand ammonia.

Composition d the Sodium-Zinc Compound.—An aliquot part d the acid solution
was analyzed for zinc by precipitating and weighing as ZnNH,PO,. Anocther portion
was analyzed for ammonia by distillation, after the addition o concentrated sodium

8 Mathewson, Z. anorg. Chem., 48, 196 (1906).
¢ Franklin, A Phys. Chem,, 15, 509 (1911).
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hydroxideand collectiond thedistillatein 0.1 N HCl. No morethan a traced ammo-
niawasfound in any sample. Theresultsd thezincanalysesaregivenin Table|.

TaABLEI

CompostrioNn CF THE Sobium—-ZINC COMPOUND
Calculated for NaZn,: Zn = 91.9%

No. Sample, g ZnNHPOy, g. Zinc, g zinc, %
30 0.2074 0.5155 0.1889 91.1
31 L1295 .3243 .1188 91.8
32a L0778 .1960 .0718 92.3
32b .0851 .2144 .0786 92.3
32¢ .1479 .3700 .1356 91.7
20 .1058 .2636 .0966 91.3
23 . 1046 .2635 .0965 92.3

The first three samples were prepared soldly for the zinc analysis,
the others were first treated in various ways. All samples, except 32,
were prepared by adding zinc cyanide to a sodium solution in the ratio
d 1 Zn(CN), to 225 Na. This ratio, first determined by Kraus and
Kurtz,* was checked and found to be correct. In preparing Sample
32 the addition d zinc cyanide was stopped while the solution was still
blue, so that a slight excessd sodium was present.

The results establish the formula NaZn, for the sodium zinc compound.
Theequation for thereaction is

4 Zn(CN); 4+ 9 Na = NaZn, -+ 8 NaCN

A slight excessd sodium does not affect the compositiond the precipitate.
An excess d zinc cyanide, however, does change its composition. Thus
by having a 209, excess d zinc cyanide present, the product analyzed
once 98.19, d zincand again, 99.3% d zinc.

Oxidation o the Sodium-Zinc Compound.—Kraus and Kurtz¥ re-
ported that this compound was very active toward air and water. At-
tempts were made to establish quantitatively the reactions taking place
between NaZn, and dry oxygen, dry air, moist oxygen and moist air.

In most o the experiments the NaZn, wasfirst prepared in a small reaction tube,
the top d which was sealed before the final evaporation d theammonia. Thesidearm
d the reaction tube was then sealed to another tube which we shall call the oxidizing
system. This system was aso joined through stopcocks and glass tubing with an
evacuating pump, a closed mercury gage and a buret. The top d the buret was also
connected with a source of dry oxygen or air and the bottom was joined by rubber
tubing to aleveling pear containing mercury. After the entire system had been evac-
uated to approximately 0.01 mm. of mercury, a measured volumed gaswasallowed to
enter from the buret. The process d the oxidation was followed by the decrease in
pressure as shown on the mercury gage. The entire system waslater calibrated so that
the volume d gasin the system corresponding to any gage reading could be cal cul ated.
By subtracting theamount d gasin the system from the total amount let in, the volume
used up at any stage d the reaction could be obtained. |n afew casesthe sample was
weighed before and after oxidation, to get the weight & oxygen involved.
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The oxidation reaction is divided into two distinct stages. At first
oxygen is taken up rapidly, with considerable evolution d heat, but no
noticeable change in the appearance d the sodium zinc takes place.
This primary oxidation isfollowed by a secondary reaction which proceeds
at a very dow rate for a long period o time, accompanied by a change
in the color d the substance from black through gray to white.

Dry air actsin the sameway asdry oxygen. Moist air or moist oxygen
accelerates the oxidation so much that the two stages are not apparent.
A higher temperature also speeds up the secondary reaction. The data
for these statements are givenin Table II.

TABLE I1
OXIDATION OF NAZNs BY DRY OXYGEN AT RooM TEMPERATURE FOR ONE-HALF Hour

Ratio atoms
% 0%c

Na NaZng, g. ?é(ygi'enPc)c Oxygen, g. ox)allfqgrr:{srrg mlﬁazn?éies miul.\IzranZ(;!:ﬁ o
3 0.4452 10.60 0.0152 0.950 1.565 0.61
5 .6460 12.76 .0182 1.138 2.270 .50
6 .3506 7.02 .0100 0.625 1.232 .51
7 .4101 8.37 .0120 .750 1.441 .52
8 .6084 10.66 .0152 .950 2.138 .45
10 .4701 14.12 .0202 1.263 1.652 .76
12 .4155 9.72 .0139 0.869 1.460 .59
Dry Air at Room Temperature
30 0.1244 cee 0.0031 0.194 0.437 .45
31 .1295 vee .0036 .225 .455 .49
Dry Oxygen at Room Temperature for 4 Weeks
7 0.4101 12.18 0.0174 1.088 1.441 0.76
8 .6084 18.38 .0263 1.644 2.138 77
Dry Oxygen at 150-200° for 25 Hours
5 0.6460 93.95 0.1342 0.839 2.270 3.70
Moist Oxygen at Room Temperature
4 0.4418 21.51 0.0307 1.919 1.553 1.2
14 .1185 7.13 .0102 0.638 0.417 1.5
Moist Air at Room Temperature
16 0.5274 . 0.0912 5.700 1.854 3.1

The most remarkable feature o the oxidation experiments is that
the NaZn; rapidly takes up enough oxygen to form sodium monoxide.
Then apparently the zinc is dowly oxidized. With moisture both the
sodium and part d the zinc react rapidly with oxygen, the heat liberated
increasing the speed d the reaction. Tests for peroxides were made on
several samples, oxidized in different ways, without obtaining any evi-
dence d their formation. That the amount o oxygen taken up by
the sample varied considerably was due to variation in conditions. For
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instance, if the oxygen were let in rapidly, considerably more heat was
developed and more oxygen absorbed in a given time than when the gas
wasletindowly. A further study and standardization o the conditions
of oxidation are necessary for more definite conclusions.

The Action of Water and Dilute Acid upon NaZn,—The reaction
between NaZn, and water, and also dilute acid, was investigated by
alowingasmall amount d water, or acid, to enter the evacuated collection
tube containing a known weight & sample. The hydrogen liberated by
the reaction was removed by means d a Toepler pump and analyzed
by explosion with air. With water the reaction, even at first, was a dow
one, continuing with decreasing rate for some time. Thus during the
first week approximately 20 cc. d hydrogen per gram d sample was
liberated each day. At the end d a month about 1 cc. d hydrogen per
day wasformed. With dilute acid the reaction was over in a short time.
Thetotal amount d hydrogen liberated isgivenin Table I11.

TABLE III
HvYDROGEN LrBERATED BY THE REACTION DURING A PERIOD OF Two MONTHS
With water With 6 ¥ HCI
Expt. no. 18 19 32a 32b
NaZny, g 1.1316 1.9280 0.0778 0.1479
Hydrogen, cc. (S. T. P.) 189.0 334.6 27.4 53.1
Hydrogen, g. 0.0170 0.0301 0.0025 0.0048
Equiv. H; per mole NaZn, 4.2 4.4 9.0 9.1

The reaction d the sodium in NaZn, upon water and o the sodium
hydroxide formed in this way upon zinc would account for less than half
d the hydrogen obtained. Evidently the zinc reacted directly with
water to furnish thisextra hydrogen.

The hydrogen liberated when the samplewastreated with acid isequiva-
lent to the total sodium and zinc present. This result may be taken as
additional evidence d the compositiond the compound.

Summary

The product formed when zinc cyanideis added to a solution of sodium
in liqguid ammonia has been shown by analysis to have the composition
NaZns. This compound reacts with oxygen or air in two stages, the
speed d the secondary reaction beingincreased by the presence d moisture
or by heating. Reaction d the compound with dilute acid liberates
nine equivalents & hydrogen per mole & NaZns; with water, approxi-
mately 4.5 equivalentsd hydrogen areliberated in two months.

CINcINNATI, OHIO
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[ConTRIBUTION FROM ‘HE CHEMICAL LABORATORY 06 STANPORD UNIVERSITY]

A STOPCOCK IN WHICH CONTAMINATION BY GREASE IS
PREVENTED AND ITS APPLICATION TO A PROBLEM IN
GAS TECHNIQUE

By Herman C. RAMSPERGER!
RECEI VED APriL 18, 1929 PusLisHED JuLY 5, 199

Vapors from stopcock grease are always more or less objectionable in
high vacuum work, but greased stopcocks have frequently been tolerated
when gasesunder moderate pressurewere to be transferred through such a
system in roughly controlled amounts. The objection to stopcock grease
is more serious when organic vapors are to be handled, for in many cases
these vapors are taken up in appreciable amounts by the stopcock grease.
Thisisthe case in a problem in reaction velocity which the author wished
to undertake, and the apparatus here described was successfully used in
that work.

The principleisillustrated by Fig. 1A.

This stopcock is d the hollow plug type. The ground portion is about 4-cm.
long. A small groove is ground on the outside d the plug, completely encircling it
at about two-thirds d the way down the ground
portion as shownata. Two vertical groovesare
etched on theinside d the bore d the stopcock
from the top d the ground portion down suffi-
ciently far to reach the circular groove when the
plug is in place. They are shown in the cross-
sectional diagram, Fig. 1B, atb. They areabout
1 mm. wide and probably about 0.1-mm. deep.
They are produced by etching with concentrated
hydrofluoricacid for about twenty minutes.

The stopcock is assembled as follows. A
very small amount d stopcock grease is applied
to the lowest edge d the ground portion d the
bore and the plug inserted with the hole d the
plug in line with the side opening on the bore.
If now the system is evacuated, mercury from
above the plug at ¢ will flow down the two ver-
tical groovesand into thecircular groove. Gas
flowing through the stopcock cannot come in
contact with the stopcock grease on the lower
ground portion, for it is protected between the

Fig. L ground surfaces by thering of mercury, and from

the inside by the mercury at d. To close the

stopcock the plug is turned through 180° as shown in Figure 1B. In this processa

very small droplet of mercury fallsthrough the holeas the hole passesoned the grooves.

It is apparent that the stopcock will not allow gasto passif the pressureon either side

of the stopcock is a few cm. less than the external pressure forcing the mercury into
the grooves.

! National Research Fdlow in Chemistry.
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The success of such a stopcock depends on the fact that surface tension prevents
the mercury from going beyond the edges d the grooves, which it will not do if the
surfaces are sufficiently close fitting.  If, however, they fit very tightly, the stopcock
cannot be turned. The purpose d the grease in the lower portion isto give aslight
separation so that the stopcock may be turned easily. It wasfound that from 40 to
50 em. differencein pressure was the upper limit for which the mercury would not
leak through and the stopcock could yet be turned. It was therefore, necessary to
control the external pressure by placing a rubber stopper over the top o the stopcock,
thereby making it possible to control the pressure on the mercury at c. The hole in
the stopper through which the handle d the plug passesisgreased and remainsairtight.

It was convenient in the study o the thermal decomposition o the gas
methyl isopropyl di-imide to be able to introduce a measured amount o
gasfrom a supply bulb into the reaction cell, and to measure the pressure
in the call immediately and at intervals during the reaction. 1 n another
research it was necessary to introduce into the reaction cell a definite
pressured azomethane gas mixed with varying amounts of someinert gas,
and then to follow the decomposition d the azomethane by pressure meas-
urements. If this were attempted using ordinary greased stopcocks the
partial pressured azomethane would change during handling o the gases,
due to absorption by the grease.

An application d the above described stopcock was devised for these
experiments. Itisillustrated in Figs. 1C and iD.

Thebody d thestopcock ismadeasin Fig. 1A except that there are two side tubes
and three vertical groovesasindicated in Fig. 1ID. When thisstopcock isin the closed
position (Fig. 1D) it may be used as a McLeod gage, mercury being forced up from the
bulb, e Accuracy over a widerange d pressuresis secured by placing bulbs d varying
size in the handle d the stopcock. The gageis calibrated by determining the volumes
to fixed points on the capillaries between the bulbs, and to a fixed point in the tube
beow the hallow plug. The one used in the experimentsreferredto has a total volume
d 15.2 cc. and can measure pressures from 0.06 to 30 mm. with an accuracy varying
between 0.2 and 29,. Thetube, f, leads to a high vacuum. This tube islarger than
the capillariesin the handle, so that with the gage evacuated the mercury in the tube,
f, risesto a higher level than in the capillary. When the mercury isat one d the fixed

points on the capillariesthe mercury levelson the tube, f, are taken as the positions o
ZEro pressure.

To dlow the stopcock to turn and yet keep the mercury bulb, e, stationary, a
rubber tubing connection ismadeat g The space surrounding it is evacuated through
the tube, h.  When the mercury has once been run up through this rubber connection
and has filled the rubber tube and the inner glass tube, no gas in the gage comes in
contact with rubber tubing.

I n using the devicefor the azomethane research, azomethane was intro-
duced through the left tube. The flow could be controlled readily, since
the gas could be made to pass between the ground surfaces to reach the
hole. The stopcock was closed and the pressure measured. Azomethane
was pumped out of the left tube and an inert gas under pressure was
then similarly admitted. The total pressure was then determined. The
gases were thoroughly mixed by the compressionand expansion during the
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pressure measurement. The mixed gaseswereadmitted to the reaction cell,
which was attached close to the right-side tube. ‘The stopcock was then
closed and the pressure read at liberty. At any predetermined time the
stopcock was opened for a few seconds and another pressure measurement
made. The rate d this reaction could thus be followed, since an increase
in pressure at constant volume occurs in the reaction.

It is evident that at no time after the gases were once admitted to the
gage did they come in contact with grease. ‘The deviceis very compact
when one considersthe number d operations to be performed.

CALIFORNIA INSTITUTE OF TECHNOLOGY
Pasabena, CaLirorNia

[ContrIBUTION FROM THE CHEMICAL, LLABORATORY OF STANFORD UNIVERSITY]

THE THERMAL DECOMPOSTION OF METHYL |ISOPROPYL
DI-IMIDE: A HOMOGENEOUS UNIMOLECULAR REACTION.
THE THERMAL DECOMPOS TION OF HYDRAZOIC ACID
AND METHYL AZIDE

By HErRMAN C. RAMSPERGER!
RECEIVED APrIL 18, 1929 PuBLisHED JuLy 5, 1929

It isimportant that present theories o unimolecular reaction velocity
should be thoroughly tested with a wide variety d reactions. All homo-
geneous unimolecular gas reactions so far discovered involve rather large
molecules. Their reaction rate istoo fast to be accounted for without as-
cribing tosomed them aslarge a number d internal degreesd freedom as
can be justified, while others require but few degrees d freedom. The
decompositiond nitrogen pentoxide cannot at present be accounted for in
this way, but the low-pressure data may still be questionable.

The author had previously found that the two azo compounds, azo-
methane? and azo-isopropane® decompose in a homogeneous unimolecul ar
manner. A new azo compound, methyl Zsopropyl di-imide was recently
prepared* by the author to provide an additional test d unimolecular
reactionratetheories. Itsdecompositionwill beshownto befirst order at
high pressures. However, the rate constant becomes lower at low pres-
sures, as was also the case with azomethane.®

A unimolecular reaction involving a smaller molecule with a more
limited number d degrees d freedom would provide another valuable
test o reaction rate theories. For this reason the decomposition d hy-
drazoic acid and methyl azide was studied.

! National Research Fellow in Chemistry.

2 Ramsperger, THIS JOURNAL, 49, 912 (1927).
3 Ramsperger, ibid., 50, 714 (1928).

4 Ramsperger, ibid., 51, 918 (1929).

5 Ramsperger, ibid., 49, 1495 (1927).
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The Thermal Decomposition o Methyl Isopropyl Di-imide

Methyl zsopropyl di-imide was prepared as described in a previous
publication.* The thermal decomposition was carried out at pressures
ranging from 5.8 X 10—% cm. to 13.12 cm. and at temperatures ranging
from 250 to 332°.

Nature of the Reaction Products.—A rough anaysis d the products
d decomposition in Expt. 34 (Table 1) was made. Thefinal pressure in
thisexperiment (and all other experimentswith this sample) was 2.18 times
theinitial pressure at constant volume. We may write equationsfor the
likely reactions analogous to those d the other two azo compounds pre-
viously studied. The main reaction products in these cases were nitrogen
and a hydrocarbon as shown, for example,in the equation CH;N=NCH; =
Ny + CeH;s. In this new mixed azo compound, however, an analogous
reaction may yield either a singlehydrocarbon or amixtured hydrocarbons
according to whether the two radicals combine at the instant of disruption
d the molecule or the separate radicals combine at random later.

The former case gives only butane and nitrogen. In the latter case
we may expect combinations between two methyl radicals, between two
isopropyl radicals and between methyl and isopropyl radicals. The equa-
tions for the two mechanisms are then as follows

CH3N=NC;H; = N; + CiHio (a)

CH:N=NG;H; = N» T xCH, + yCiHyo T 2CeH (b)
Since the final pressure is greater than twice theinitial pressure as would
be required by both d these equations, there isa side reaction, aswas a so

the case with the other azo compounds. Analogousside reactions are

2CH:N=NGC:H; = 2N; t C,H, + 2C:H, ©

CH:N=NGH; = Ny T CH4 + C:H, @
The gas to be analyzed was collected in a 250-cc. flask which had a mano-
meter attached and had a tube sealed to the bottom. Liquid air, carbon
dioxide snow and freezing mixtures were placed around this tube. After
surrounding the tube with a constant temperature bath, the manometer
pressures were read repeatedly until no further change was noted. This
usually required only ten or fifteen minutes but a much longer time was
usually taken to be sure of a constant reading. . Theinitial pressured the
gaswas 10.98 em. At —78°, 17.6% of the gaswas condensed by means o
ether—carbon dioxide mixture. Most d this condensed out between —20
and —50". Liquid air condensed43.4%. Thevapor pressuresd all o the
possible reaction products are known at least approximately. Hexaneis
the only hydrocarbon that should condense out at temperatures above
—78". Methane and nitrogen are the only gases that should remain
uncondensed with liquid air. Since Reaction b is the only one produc-
ing hexane, the main reaction is to be represented by Equation b. If
the side reaction & is td account for the final pressurd, then 54:11% of
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the gas should be condensablewith liquid air, while if Reaction d occurs
only 45.99, d the gas should condense. Since the experimental result is
even dightly lower than the latter value, it seems that Reaction d is
the probable side reaction. An anaysis made by the freezing out of
vapors is not expected to be very accurate, but if a choiceisto be made
among these four reactions, the differencesin the pressures expected are
sufficiently great for this method to give the correct result. The 17.6%
condensedat —78° issomewhat higher than onemight expect.  Collisions
between the larger isopropyl radicals will occur more often than collisions
between methyl radicals. If thediameter o anisopropyl radical be taken
as 2.5 timesthat d a methyl radical and all combinations d the radicals
are taken to be equally probable, then kinetic theory equations for the
number d collisons’ show that 37.1% o the mixed gases should be hexane
and 149, d al d the gas should be condensable. 1t seemslikely that the
difference between the latter value and 17.6% may be due to butane and
propylene dissolving in the condensed hexane, especially since the partial
pressured the butaneisabout two-thirdsd itssaturation pressurefor this
temperature.

Preparation and Purification.— Methyl isopropyl di-imide was pre-
pared and purified in the manner described in a previous paper by the
author.* Two different sampleswere used in thisresearch. Experiments
1 to 30 (Table 1) were made with the first sample and Expts. 31 to 47
were made with the second sample. An examination d the rate constants
shows that the second sample gave the same rate constants as the first
sample. However, the final pressures were about 2.12 times the initial
pressure for Sample 1, and 2.18 times the initial pressure for Sample 2
The rate constants were calculated on the basis d the final pressures ob-
tained. It islikely that the first sample contained a small amount o
impurity, probably a hydrocarbon d similar boiling point.

Reaction Rate Measurements.— The same pyrex reaction cell, surrounded by
mercury vapor boiling under a constant pressure, that was used with the previousy
studied azo compounds was used here. | n addition, a similar apparatus made entirely
d quartz was used in Expts. 1, 2, 31, 32 and 33. Experiments at pressures above 3
cm. were made exactly as with azomethane.2 Experiments at low pressures were
made with a combination of stopcock and McI eod gage described in the preceding
article’ The first reading could be made within several seconds after the Mecl.eod
gage was open to thecell, and in only afew d the most rapid experimentswas a correc-
tion necessary for the decomposition before this reading was made. The Mcleod gage
was kept cdosed between readings, and opened for only five to ten seconds before each
pressure reading was made. The calculation d the partial pressure d the methyl
#sopropyl di-imidein the reaction cdl was somewhat simpler than wasthe case with the
apparatus used in the previous researches.

6 ‘Tolman, " Statistical Mechanics," The Chemical Catalog Co., New York, 1927,
p. 71
7 Ramsperger, THIs JOURNAL, 51, 2132 (1929).
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Let P be the pressure read on the McLeod gage and AP the pressure increase
during the preceding time interval. ILet V; and 77 be the volume and temperature o
the MclLeod gageand V: and T: the volume and temperatureof thereactioncell. Then
P/, thetotal pressurein thereaction cell just before the reading, isgiven by P/ = P +-
APV T,/ V:T:. Now the increase in pressure from the previous reading at time ¢’
to thereadingat timet divided by 1.18 (or 1.12for thefirst sample) givesthe reduction
in pressured the methyl isopropyl di-imidein the cell. If P%, represents the partial
pressure d methyl isopropyl di-irnide before the reading at ¢’ and P 4, represents its
partial pressureat theend d the previous reading, we have

Py = P4 — (Py = P))/118 and P,, = P, P,/P]
‘The rate constant is then given by

Par , 2.303
K ]031013—,M X—7p

where t and ¢’ are given in seconds.

Experimental Results. —A summary d al d the experiments is given
inTableI.

TABLE I
SumMARY OF ALL EXPERIMENTS
Temp., Init. Av. Temp., Init. Av.
Expt °C. press., cm K X 10¢ Expt. °C’? press,cm K X 102

37 250.0 4.53 0.0409 47 300.0 0.709 1.69
36 259.1 6.54 .088 1 300.0 0.444 1.33
24 260.0 0.690 .0544 2 300.0 0.0378 0.97
22 260.0 0.142 .050 18 300.0 0.0058 .445
35 270.0 9.32 .220 32 310.0 4.04 3.94
38 270.0 3.24 .210 43 310.0 0.604 3.22
39 270.0 0.673 171 30 310.0 .195 2.47
40 270.0 .637 .157 4 310.0 .0938 1.98
9 270.0 .128 117 5 310.0 .0215 1.39

10 270.0 .0583 .107
41 270.0 .0430 .106 45 322.0 .690 6.90
25 270.0 .0123 .077 8 322.0 .390 5.54
6 322.0 .124 4.56
34 285.0 13.12 714 15 322.0 .091 5.01
31 285.0 3.29 .686 7 322.0 .040 3.84
33 285.0 2.53 .600 46 322.0 .0233 3.50
42 285.0 0.781 .533 16 322.0 .0133 3.25

29 285.0 .194 .379
28 285.0 .152 .426 19 332.0 .134 9.80
12 285.0 .136 .346 20 332.0 .0175 5.53
13 285.0 .0606 .325 21 332.0 .0080 4.20

26 285.0 .0168 .297

The complete data d two typical experimentsare givenin Table I1.
Discussion

Experiments 28, 29 and 30 were made with sufficient pyrex tubing in
the cell to increase the surface five-fold. Since the ratesfall inline with
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TaABLE II
CoMPLETE DATA OF Two EXPERIMENTS
Expt. 30. WiTy/VeT1 = (15.2 X 543)/(210 X 298) = 0.130

t, min. P, cm. P Py Py K X 108
0 0.673 0.673 0.673 0.673 v
11 743 752 .606 .599 0.163
21 .809 .817 .536 .531 .185
32 .863 .870 479 .475 .160
50 950 .961 .392 .388 178
75 1.043 1.055 .299 .206 174
120 1.162 1.177 182 .180 .180
159 1.221 1 228 124 123 159
Expt. 46. ViTe/V2Ty = 15.2 X 595/210 X 298 = 0.142
Decomposition in filling cell = 0.0004 cm.

t, min. P, cm. P’ Py Pa K X 108
0 0.02378 0.02378 0.0229 0.0229 .
1.33 .02968 .03052 L0172 .0168 3.58
2.75 ,03401 .03463 .0126 L0124 3.38
4.25 ,03779 .03833 .0087 .0086 3.94
6 .04028 .04C64 .0062 .0062 3.12

45 .04599 .04680 .0007 .0007 ..

the experiments made with the empty cdl and with those made in the
quartz cdl, the reaction is homogeneous and not influenced by the walls.
It is apparent that within ex-

perimental error and reproduci-
bility the decomposition is first
41 order in any given experiment.
i It is also apparent that the rate

v constant varies with the initial
w37 pressure, being lower for lower
n initial pressures. 1t does, how-
ever, approach a constant value

3.3 : » at the higher pressures and lower
/ temperatures as, for example, at

4.5

270and 285°. Experimentswere
29 made at 250,259.1, 270 and 285"
181 185 189 193 at sufficiently high pressures to

1/T X 105 ;
Fig. 1 approac_h the value whl_ch would
be obtained for very high pres
sures. Thelogd therateconstantsfor these experimentsis plotted against
1/TinPig.1 These pointsshould fall on a straight line accordingto the
Arrhenius equation for the temperature coefficient d reaction velocity,
namely, d In K/d(1/T) = Q/R. The line drawn through the points in
Pig. lisastraight line. Qisfound tobe47,480cd. per mole. Theequa-
tion for the rate constant is 272 X 105 X ¢~ **¥ET However, the
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asymptotic valuesd the rate constants have not quite been reached at the
highest pressuresstudied. We may take roughly 2.80 X 1015 X ¢~ *7480/RT
as the best value d the rate constant for very high pressures.

This reaction is evidently very similar to that & azomethane, which
was shown to befirst order at high pressuresand tofal off in rateat lower
pressures. With methyl isopropyl di-imidethe high pressurerateis main-
tained to somewhat lower pressures than with azomethane. The more
complex azo-isopropaneshowed no droppingin rate at the lowest pressures
studied. A collison theory o activation developed by Rice and the
author® (Theory IT) was shown to be in agreement with the experimental
data on azomethane.? Kassel!® has also developed a theory (Theory III)
which is very similar to Theory I1I of Rice and the author. Another
theory (Theory 1) d Rice and the author, which is an extension o the
theory d Hinshelwood and ILindemann!! to low pressures, does not fit
the azomethane data. It has also been shown by Kassel'® and by Rice
and the author that several reactions studied by Hinshelwood and his
co-workers cannot be accounted for as well on Theory | as on Theory 11
or III. Morerecently Rice'? and Kassel'? have given quantum treatments
based on Theories IT and III. The quantum treatments are more diffi-
cult to apply and for large moleculesare not sufficientlydifferent from the
earlier classical theories for experimental data d the usual accuracy to
decide between them. There is also no appreciable difference between
Theories IT and III for a molecule having a large number of degrees d
freedom involved in the reaction, asis the case with the azo compounds.
I will therefore use Theory II to interpret the decomposition o methyl
isopropyl di-imide.

Equation 19 of reference 8 (¢f. p. 1624) has been integrated graphically,
usngavalued 33for n, and valuesd 543, 573 and 603for T, correspond-
ing to 270, 300 and 330°. E is 46,900 cal. per mole (from Equation 20
d reference 8). Log K/K ., is then calculated for a series of values o
B:/p. The experimental data are plotted as in Fig. 2. The theoretical
curves are then found to fit the data if the molecular diameter be taken
as6 X 10~8cm. Theupper theoretical curveisfor 270°, the middle curve
for 300° and the lower curve for 330°. Most d the experimental points
from 270 to 332° fall within the region bounded by the theoretical curves.
It may also be observed that low temperature pointsfall above high tem-
perature points. The small differencesbetween the theoretical curve and
experimental points should be ascribed to experimenta errors o the indi-

8 Rice and Ramsperger, THIS JOURNAL, 49, 1617 (1927).
® Rice and Ramsperger, ibid;, 50, 617 (1928).

1 Kassel, J. Phys. Chem., 32, 225 (1928).

# Hinshelwood, Proc. Roy Soc. London, 1134, 230 (1928).
2 Rice, Proc. Nat. Acad. Sci., 14, 114 (1928).

18 Kagsel, J. Phys. Cliém.; 32; 1065 (1928).
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vidual pointsand to asmall possibleerror in K ., as calculated from Equa-
tion 1. The agreement is therefore as good as the experimental accuracy
would justify.

The author would like to call attention to the significance o this agree-
ment. If, for example, Theory | be applied with the same value for #
and for the molecular diameter as used for Theory 11, the dotted curve
o Fig. 2 isobtained. This curve has the wrong shape and so cannot be
made tofit all of the experimental points by changing either the diameter
or the number of degreesd freedom. The curvesfor Theory II have now
been shown to fit the low pressure data for the two azo compounds, azo-
methane and methyl Zsopropyl di-imide. They have aso been shown

O L pg——
/ =
—02 4/’%/‘/
8 //x
g 0.4 § );'/Af/
% Py
ay;
—06 -
A1
-23 ~15 —0.7 0.1 09
Log P (cm.).

O, Experimentsat 270"; X, experiments at 285-310°; A, experiments
at 322 and 332°,

Fig. 2.

to fit the data for diethyl ether and dimethyl ether.® The only other
reaction that has been carried to low enough pressures to test theories
of reaction velocity is the decomposition d nitrogen pentoxide. Here,
however, the data d the various investigators do not agree among them-
selves, and Loomis and Smith!¢ have recently shown that the methods
used in these experiments produce very large errors due to absorption and
occlusion. Very recently it has been reported that the rate constant o
this reaction falls df even at several mm. pressure,*® so conclusionsregard-
ing thisreaction must bewithheld until thelow pressure data are confirmed.
It isalso significant that all d the various theoretical treatments that are
based on the assumption that reaction occurs whenever a definite amount
of energy becomeslocalized in one or at most several degrees d freedom,
give the correct shape d curve. Normal molecular diameters are used

14 Loomis and Smith, TH S JOURNAL, 50, 1864 (1928).
¥ Rice, Urey and Washburn, ibid., 50, 2402 (1928).
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and the number d degrees d freedom required is not greater than is
alowablein applying these theoretical treatments.

If, however, reliable data on the decompositiond nitrogen pentoxide
do not agree with these theories, we may expect to find other unimolecular
reactions, especially d inorganic molecules, which will disagree. It is
possible that the assumptions made in the derivation o the theories re-
garding energy transfer both between molecules at collison and between
internal degreesof freedom are approximately obeyed in the organic mole-
cules and not in the others.

Data on the three azo compounds studied by the author are collected
in Table ITI. P(cm.) is the pressure range studied, T the temperature
range, A and Q are the quantities in the expressionfor the rate constant
at high pressures, K., = Ae~%®T and » is the number o degrees o
freedom required by Theory I1.

TasrLE IIT
COLLECTED DATA XoR THREE Azo COMPOUNDS
Compound P,cm T, °C. A Q, cal. n

C,HgN, 0.0259 to 70.79 278 to 327 1.07 X 101 51,200 25
CsHy N, 0.0058 to 13.12 250 to 332 2.80 X 10 47,480 33
CsH1N; 0.025 to 4.60 250 to 290 5.6 X 103 40,900 >40

Theheat d activationd the new compoundisintermediate between that
for dimethyl di-imide and di-isopropyl di-imide. If now the decomposition
d these azo compounds occurs by the breaking d a single bond, then we
may expect the heat d activation d methyl isopropyl di-imide to be very
nearly that o di-zsopropy! di-imide, namely, 40,900 cal. per mole, for the
reaction will occur at the weaker isopropyl bond and the interchange of
methyl for zsepropyl should not greatly alter the binding energy o the
isopropyl bond. If, however, the reaction occursby the simultaneous rup-
tured both bonds, then we may expect an intermediate heat o activation,
and thisisthe experimental result. From thefact that the main reaction
gives a mixture d hydrocarbons, we conclude that the two radicals are
not combined at the instant d reaction but are separately dislodged and
combine at random later.

The Thermal Decomposition d Hydrazoic Acid

Anhydrous hydrazoic acid vapor was found to decompose at 290° with
measurable velocity. A white solid, probably ammonium azide, was
formed and a gas, probably nitrogen, which was not condensable in liquid
air was also produced. Only a small increase in pressure accompanied
the reaction, 0 that the rate was followed by determining the percentage
d gas not frozen out by liquid air. Three experiments, all at 290" and
about 4-cm. pressure, showed that 9to 119, d the hydrazoic acid was de-
composed in twenty-five minutes, When pyrex tubing was placed in
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the reaction cdl in sufficientamount to increase the surface to four times
the original surface, three similar experiments showed that 129, was de-
composed in eight minutes, 229 in twenty-five minutesand 31% in thirty-
four minutes. While no great accuracy can be claimed for these experi-
ments, they show conclusively that the reaction is catalyzed by the walls
d thevessd. Sincethe reaction is not homogeneousit cannot be used to
test gas phase reaction theoriesand so the reaction was not studied further.

The Thermal Decomposition o Methyl Azide

Methyl azide (CH;N3) was prepared from sodium azide and methyl
sulfate. Five experiments were carried out at 245°. The complete
decomposition gave a final pressure d 1.55 times the initial pressure.
No analysisd the products d reaction was made but a white solid formed
similar to that from hydrazoic acid. The reaction may very likely be
the following, 2CH;N;==C,H, + 9HN,. The reaction rate so measured
by the pressure increase was not influenced by increasing the wall surface
and is therefore homogeneous. The reaction rate was first order during
a given experiment but the rate constant became much lower at low
pressures. A summary d thefive experimentsisgivenin TablelV.

TABLE IV
SUMMARY OF EXPERIMENTS
Expt. 5 4 1 8 2
Init. press., cm. 5.75 4.06 3.37 0.226 0.0484
Av. K X 103 1.98 1.64 1.50 0.52 0.31

The reaction is somewhat uncertain because d the fact that it may be
followed by the decomposition d hydrazoic acid, and the formation o
the white solid would lead to inaccuracies at higher pressures. |t seems
likely, however, that this is really another homogeneous unimolecular
reaction therate d whichfallsdf at low pressures.

The author wishes to take this opportunity to express an appreciation
of the interest and encouragement Professor Gilbert N. Lewis has gener-
ously given throughout the author's researches on azo compounds made
at the University d Californiaand elsewhere.

Summary

The thermal decomposition o methy! Zsopropyl di-imide was studied
over a temperature ranged 250 to 332° and a pressure range d 0.0058to
13.12 cm. The reaction has been found to be homogeneous and first
order at high pressures, but the rate constant falls of at pressures below
several cm.  The high-pressurerate constant is given by the expression
Ko = 2.80 X 105 X ¢~ 4*80/RT  Theory II d Rice and the author has
been found to fit the data if the molecule be assumed to have 33 degrees
of freedom. Thesignificanced this agreement iSdiscussed. All unimolecu-
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lar reactions (with the possible exception d nitrogen pentoxide) agree
with theories based on the assumption that reaction occurs whenever a
definite amount d energy becomes localized in one or, at most, several
degrees d freedom.

The thermal decomposition d hydrazoic acid wasfound to be catalyzed
by the pyrex wallsd the reaction vessd.

The thermal decomposition d methyl azidewasfound to be homogeneous
and first order during a given experiment but the rate constant becomes
iower at lower initial pressures.

CaLiForniA INSITTUTE oF TrcaNoLocy
Pasapena, CALIFORNIA

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OF THE UNIVERSITYOF MICHIGAN]

SOME THIOPHENE ANALOGS OF DI-, TRI- AND
TETRAPHENYLMETHANE COMPOUNDS

By WESLEY MINNIS
Receivep OcrToBER 15, 1928 Punusri&n JuLy 5, 1929

I n the coursed an attempt to extend theresultsd a previous investiga-
tion? d free radicals containing the thiophene ring, studies were made o
various analogs d di-, tri- and tetraphenylmethane compounds in which
one phenyl group was replaced by the thienyl group.

In general, methods d synthesis used in the benzene series were suc-
cessfully applied. Usually the thiophene analogs were isolated with more
difficulty, probably because o the greater reactivity d the thiophene
nucleus, which tends toward the formation d by-products. After iso-
lation, decomposition often occurred under conditions which do not
similarly affect the phenyl compounds. For example, phenylthienyl
ketone dichloride could not be distilled under reduced pressure without
decomposition, whereas benzophenone dichloride is readily purified in
such manner. ‘The diphenylcarbinol halides have been made and are
moderately stable, but attempts to prepare phenylthienylcarbinol halides
resulted in deep-seated decomposition. The reduction of diphenyl-
thienylcarbinol gave only a 509, yield d methane as contrasted with
the practically quantitative yield d triphenylmethane from its carbinol.
Diphenylthienylcarbinol halides were much less stable than the triphenyl-
carbinol halides, and the same was true d the corresponding free radicals.

The instability d the free radical, diphenylthienylmethyl, was reminis-
cent d the behavior o phenylthioxanthyl,® and it is tentatively suggested

! Thisarticleisan abstract of Part IT of the dissertation submitted to the faculty
of the University of Michigan, in partial fulfilment of therequirementsfor the degree of
Doctor of Philosophy. 1922.

2 Gomberg and Jickling, Ta1s JournaL, 35446 (1913).

3 Gomberg and Minnis, ib:d., 43,1940 (1921).
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that the presence d a bivalent-ring sulfur atom in its structure confers
instability upon afreeradical.

Of novel interest may be noted the preparation o a di-triphenylmethyl-
dithienyl by a peculiar side reaction during a Grignard reaction; and of
a-naphthylphenylthienylcarbinol, one o the few asymmetric triarylcar-
binols so far described.

Phenylthienyl Ketone Dichloride, CiH;CCl,CH;S.—Phenylthienyl ketone was
prepared by the method described in the literaturet but with higher yield than hereto-
fore claimed, namely,87%. A mixtured 19 g. d ketoneand 22 g. (5% excess) of phos-
phorus pentachloride washeated at 60t080° for onehour. Thephosphorusoxychloride
formed in the reaction was distilled under reduced pressure and the partial vacuum
maintained for one hour in order to remove excess pentachloride. The residual liquid
could not bedigtilled under 20 mm. pressurewithout decomposition.

Anal. Cadcd. for CyHsClLS: Cl, 29.18. Found: Cl, 29.39.

Phenylthienylcarbinol, CH;CHOHCH;S.—The procedure d Montagne® for
reducing a ketone to the corresponding carbinol by means d zinc dust and sodium
alcoholate gave a product with sulfur content 3% under thetheoretical. The method d
Cohen® gavegood results. To 59 d ketone dissolved in 40 ce. d acohol and 10 cc.
d coned. ammonium hydroxidesolution wasadded 10 g. d aluminum amalgam and the
mixture wasrefluxed for Sx hours. After cooling and filtration, the filtrate was poured
intowater, whereupon crystal sseparated after longstanding. Recrystallizedfromether,
the crystals melted at 57 to 58°. Non-identity with the ketone was proved by a mixed
melting point.

Anal. Cadcd. for CyH;00S: C, 69.43; H, 5.30; S, 16.86. Found: C, 69.29;
H, 5.23; S, 17.09. Mol wt. Cdcd.: 190. Found (cryoscopicin benzene): 195, 187.

Attempts to prepare the carbinol halides by passing dry hydrogen chlorideor hy-
drogen bromide into solutions d the carbinol produced dark-colored oils which evolved
gaseswhile drying in a vacuum desiccator, leaving black lava-like solid residues.

Diphenylthienylcarbinol  (CeHs):C(OH)CHS.—This has been described by
Thomas?and Gomberg and Jickling? as prepared from benzophenone and the Grignard
reagent from iodothiophene. A dlightly higher yield was obtained by synthesis from
phenylmagnesium bromide and phenylthienyl ketone, and the product melted at 131°,
higher than either d the temperatures previously reported. Condensation o benzo-
phenone dichloride with thiophenein carbon disulfide solution by means d aluminum
chloride gaveamuchlower yield.

When boiled with formic acids the carbinol was reduced to the methane.9 About
haf d thecarbinol, however, reacted to form a new compound, m. p. 174°, which gave
analytical values corresponding to the methane but had a molecular weight d about
double that d the methane.

Diphenylthienylcarbinol Bromide (CsHs):CBrCH;S.—A solution o the carbinol
in benzene or a suspension in low-boiling petroleum ether was saturated with dry hy-

¢ Comey, Ber., 17,790 (18384).

8 Montagne, Rec. trav. chim., 25,402 (1906).

¢ Cohen, ibid., 38, 86 (1919).

? Thomas, Bull. sec. chim., 5, 730 (1909); Thomas and Couderc, ¢bid., 23, 326
(1918).

8 Kauffmann and Pannwitz, Ber., 45,766 (1912).

® Levi, ibid, 19, 1623 (1886).
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drogen bromide. A few lumps d calcium bromide were added to take up the water
formed in the reaction. After filtration and evaporation under reduced pressure,
crystals d melting point 110 to 111° were obtained. Originaly only slightly colored,
they quickly turned deep purple, even in asealed tube in the dark.

Awnal. Caled. for CyHysBrS: Br, 24.31. Pound: Br, 24.30, 24.09.

Diphenylthienylearbinol Chloride.2—Best results were obtained by suspending the
carbinol in petroleum ether with a few lumpsd caleium chloride and slowly passing in
dry hydrogen chloride to saturation. The solution was evaporated under reduced
pressure and the crystals were washed with very small amounts o ice-cold petroleum
ether and dried in acurrent d dry air at room temperature. They melted at 80 to 81°
and the yield was 90%. The anilide, (CeH;):CHSCNHC:H;, melts at 118-119°.

After standing for a short time the crystalsd the carbinol chloride became colored
but no change in the chlorine content could be detected by analysis. No hydrogen
chloride was given df when the crystals were held at 65° for twelve hours, or when a
benzene solutionwasheld at 65° for twenty-four hours.

Diphenylthienylmethyl.—The free radical was prepared by shaking benzene,
bromobenzene or xylene solutions d the chloride or bromide with molecular silver at
room temperature. The solutions were immediately colored red. Measurements o
theamount d freeradical formed by the usual oxygen absorption test® gave very erratic
results. Depending upon the length d time the sample wasleft in the apparatus, ab-
sorptionsranged from 25t0 200% o thequantity theoreticallyrequiredfor theformation
d a peroxide. Determination d the amount d silver chlorideformed proved that the
metal reacted completely with the halogen.

Attempts to isolate the solid free radical by usual methods gave pink crystals of
melting point 157 to 162°, which gave oxygen absorptionsd only 209, o the calculated
value. The general behavior d thisfreeradical wasverv much like that o phenylthio-
xanthyl.3

5,5'-Di-triphenylmethyl-2,2’~dithienyl, (CeHs)sCCsHSCH,SC(CsHs)s.—Triphenyl-
thienylmethane was made by Weise™" from triphenylcarbinol and thiophene with
phosphorus pentoxide as condensing agent. An attempt was made to prepare this
compound from triphenylchloromethane and the Grignard reagent d iodothiophene,
by analogy to the method for making tetraphenylmethane.!? Besides quantities of
triphenylmethy! peroxide and triphenylmethane, a new product was obtained, in 5
to 40% yields, which was not the methane d Weisse. Thelatter meltsat 237°, whereas
the new substance melted at 277°, after recrystallizing from ethylene dibromide.

Thestructure o this new product was established by its synthesisfrom triphenyl-
iodothienylmethane through the Ullmann condensation, using copper-bronze.

2(C5H5)3CC4H281 + Cu —> (CeHs);CCJ‘IgSCgHzSC(CsHs): + Cng

The 5,5'-positions o the triphenylmethyl groupsin the thiophene rings have not been
proved, but rest on the assumptionsd Weissefor the constitutiond the products d his
phosphoruspentoxide condensations.

Two grams d triphenvliodothienylmethane was mixed with an equal volume o
white sand, placed in a small flask and heated in a sulfuricacid bath to 200°. Asthe
temperature rose further, 2 g. d copper—bronze was gradually added with stirring.
When the temperature reached 250°, the flask was removed, cooled and the contents
extracted with hot benzene. Concentration d the benzene extract gave a 90% yield d
crystals o melting point 277°. Comparison d physical properties, solubilities and

10 Gomberg and Schoepfle, TH1s JOURNAL, 39,1661 (1917).
11 (a) Weiss, Ber., 28, 1537 (1895); (b) ¢bid., 29, 1402 (1896).
12 Gomberg and Cone, Ber., 39, 1461 (1906).
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mixed melting point proved the identity of this compound with that fromthe Grignard
condensation. Inasmuch as the latter reaction was carried out in an atmosphere d
hydrogen, the formation of the dithienyl required an oxidation at the expense of part
o the reacting compounds.

The dithienyl gave no color with coned. sulfuric acid, was markedly insoluble in
most solventsin the cold and was moderately soluble in hot carbon tetrachloride, ethyl
acetate, naphthal ene, nitrobenzene, bromoform, chloroform and benzene.

Anal. Calcd. for CsHasS:: C, 84.88; H, 5.27; S, 9.86. Found: C, 84.85, 84.48;
H, 562, 543; S, 981, 979. Md. wt. Calcd.: 650. Found:'® 670 (benzene); 668
(chloroform).

Upon bromination in boiling carbon tetrachloride solution, a dibromo compound,
o melting point 287°, wasobtained.

Biphenylenethienylcarbinol ?“H’\C<OH To the Grignard f
| enylenethienylcarbino y —To the rrgnar I ent from
pneny Y GHS NCHS 9 e

iodothiophene and magnesiumin ether wasadded a benzene-ether solution d fluorenone.
The light green precipitate which formed was filtered, washed and tieated wich ice and
acetic acid. The crude carbinol was extracted with ether, washed with sodium car-
bonate solution and water and dried. After evaporation d the solvent, the oil was
recrystallized from petroleum ether. Colorless crystals d melting point 81 to 82°
were obtained. After long standing they turned green.

Anal. Calcd. for CiyHi,0S: C, 77.24; *H, 4.58; S, 12.13. Found: C, 76.89;
H, 4.62; S, 12.20.

a-Naphthylphenylthienylcarbinol (C;oH;)(CsHs) (CsHsS)COH.—a-Naphthylphenyl
ketone in ethereal solution was treated with thienylmagnesiumiodide. The precipitate
was washed, iced and steam distilled. The residue from the distillation was recrys-
tallized from a mixture of ether and petroleum ether, giving colorless crystals with a
melting point o 131°.

Anal. Cdcd, for CiyH0S: C, 79.71; H, 5.10; S, 10.14. Found: C, 79.65;
H, 4.92; S,10.20.

CeH /OH

GHS \CHS
to the ether solution d thienylmagnesium iodide. The reaction was suggish and re-
quired warming. The yellow precipitate was filtered, iced and extracted with ether.
Concentration d the extract and recrystallization from ethyl acetate gave a product
with melting point d 168 to 169°.

Anal. Cdcd. for CivH;,0.S: C, 72.83; H, 4.32; S, 11.44. Found: C, 72.78;
H, 4.28; 8, 1142

Thienylxanthenol chloride was made by passing dry hydrogen chlorideinto a solu-
tion o thecarbinol in ethyl acetate. Without isolating the chloride, solutions o metal
halides in ethyl acetate were added and the following double salts were obtained:
Ci:H;;OSCl-FeCls, bronze plates, m. p. 198°; CyiHyOSCl-HgCl,, small red crystals,
melting with decompositionat 182to 198°, varying with therated heating; Ci7HuOSCl--
ZnCl,, red crystals, m. p. 225t0 227°.

Thienylxanthenol, O< .—Xanthone wasadded in small quantities

The author wishes to express his gratitude to Professor M. Gomberg,
who suggested and supervised this investigation, and to the National
Anilineand Chemica Company for the aid o its Fellowship.

13 By ebullioscopicmethod d Menzies and Wright, THIS JOURNAL, 43,2314 (1921).
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Summary

Various compounds, formally derived from di-, tri- and tetraphenyl-
methane compounds by replacement d one phenyl group with a thienyl
group, have been prepared by synthetic methods analogous to those
used in preparing the corresponding phenyl compounds: The thienyl
compounds were in general less stable than their phenyl analogs. The
free radical, diphenylthienylmethyl, was found to possess the same in-
stability as phenylthioxanthyl.

Burraro, NEw YORK

[ConTRIBUTION FROM THE WiLLiam H. CHANDLER CHEMISTRY [,ABORATORY OF LLEHIGH
. UNIVERSITY]

MONONITRO- AND DINITROTHIOPHENES. II. A STUDY OF
VAPOR PRESSURES

By V. S. BABASINIAN AND J. G. JACKSON

RECEIVED JANUARY 9, 1929 PUBLISHED JuLy 5, 1949

Introductory

I't isa noteworthy fact that, while the physical properties o thiophene
have been made the subject d extensive study, its derivatives have re-
ceived scanty attention only. Aside from sparse referencesto crystallo-
graphic, microscopic, optical, spectrochemical or physico-chemical studies,
the literature makes no mention d the critical constants d the numerous
derivatives o thiophene. This scarcity d information is probably ex-
plained by the fact that difficulty has often been experienced in the syn-
thesis d thiophene compounds. Throughout the literature one is im-
pressed by the glaring omission d references to percentage yields. In
their extensive researcheson the thiopheneseries, Steinkopf and co-workerst
have recently describedimproved methodsd preparation, but if percentage
yield be taken as a measure 0 efficiency, the results o these workers will
in numerousinstances befound to leavea great deal to be desired.

During the past three years methods have been developedin this Labora-
tory for the quantity production d mononitro- and dinitrothiophene.
The notable absence in the literature d critical data for the thiophene
series has suggested a study d the vapor pressures d these nitro com-
pounds.

Preparation and Purification d Materials. —The compounds employed in this
study were synthesized by the methods outlined by one of the authors.? Mononitro-
thiophene was readily purified by steam distillation and by subsequent crystallization

1 (a) Steinkopf and co-workers, Ann., 403, 1-72 (1914); (b) 407, 94-108 (1915);
(c)413, 310-349 (1917); (d) 424, 1-71 (1921); (e) 428123-163 (1922); (f) 430, 41-161
(1923); (g) 437, 14-36 (1924); (h) 448, 205-222 (1926).

2 Babasinian, THISJoOURNAL, 50,2749,2751 (1928).
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from petroleumether. Repeated crystallization from this solvent produced snow-white
needleswhich melted at 45.5°.°

Dinitrothiophene obtained by ordinary methods d crystallization always contains
a weighable fraction d an isomer. Prolonged distillation with steam was found to
remove the more volatile isomer to a«great extent." The residue was then freed from
traces d tarry impurities by repeated crystallization from acohol. The product was
almost whiteand melted at 52°.5.%*

Method. — The apparatus employed for the vapor pressure determination was that
d Smith and Menzies,$ asshown in Fig. 1, with modificationsas outlined below. Accu-
rate temperature control was obtained by very rapid stirring d a glycerin bath A
(shielded by G) by therotary stirrer B. Temperature readingswere made by meansd
thecertifiedthermometer C. I norder
to secure greater compactnessin the
glasssystem, to eliminatel eakageinto
the reservoirsH and | and to insure
increasedfacility in manipulation, the
apparatus d Smith and Menzies was
modified asshown in Fig. la.  Inthe
modified form, V, I, and N remained
unchanged except that I, was placed
onthevacuumsided Cock N, but the
reservoirs H and | were replaced by
the special Cock p.7

Each determination required
about twenty-four hours. Several
readings were made at each tempera-
tureinorder to insure accuracy. No
decompositionwasnoticedin the case

v Ve==8= d mononitrothiophene at the maxi-
L' mum temperature d 170° employed
Fig. 1.—Diagram d apparatus. with the compound. The liquid di-

nitrothiophene darkened and bore
evidence d carbonizationat 250". At 256 ° decomposition became so rapid that it was
impossible to obtain vapor pressure readings in the manometer J with any hope d
accuracy. The vapor dowly attacked the mercury in the manometer at 195°. At 250°
the action was more rapid, and at 260° a noticeable quantity d golden yelow flakes
condensed on the surfaced the mercury.

¥ Meyer and Stadler reported 44° as the melting point  mononitrothiophene (a)
Ber., 17, 2649 (1884). Steinkopf obtained a small quantity which melted at 46.5°;
(b) ref. 1a, p. 18.

* The isomer occurs in such small quantities and is so difficult to purify that no
attempt wasmadeto produce it in quantity for vapor pressurestudies.

s Meyer and Stadler's dinitrothiophene also melted at 52°,

¢ (@) Smith and Menzies, THIs JOURNAL, 32,1414,1434,1448 (1910). This method
has been employed by (b) Monroe, Ind. Eng. Chem., 12, 969 (1920), on phthalic an-
hydride; (c) Nelson and Senseman, ibid., 14, 58 (1922), on naphthalene, anthracene,
phenanthrene and anthraquinone; (d) Berliner and May, THIS JOURNAL, 47, 2350
(1925); (e) ¢bid., 48,2630 (1926), on nitranilines and mononitrotol uenes.

7 Cock P was specialy constructed by filling the opening in the movable member
d an ordinary stopcock with de Khotinsky cement, except for a small pocket at one
end, in order that a minute quantity d air could be admitted when desired.
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Discussion of Results

According to the Clausius-Clapeyron Equation®
_ Er*dp
L= p dt @
where # is the corrected vapor pressurein millimetersd mercury, T the
absolute temperature, L the molar latent heat of vaporization and R the
gasconstant. Thus the curve obtained by plotting logie # against 1/7 will
beastraight line. Thiswas doneon avery largescdein the case d each
substance. The result is shown in Fig. 2. The deviation d the curves
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from a straight line below a seemsto indicate that the observations are not
dependable in thisregion. In Tables| and II the vapor pressures d the
substances are given at various temperatures, as ascertained from Fig. 2.

TaBLE I
VAPOR PRESSURE OF MONONITROTHIOPHENE IN MM. OF MERCURY
Logio p = 8.334 — 2679.6/T

¢, °C. 105 110 115 120 125 130 135

V.p., mm. 17.7 21.9 26.9 33.0 40.1 48.7 58.5

t, °C. 140 145 150 155 160 165 170
V.p.,, mm. 70.3 83.9 99.8 1186 139.6 164.8 193.6

8 Hugh S. Taylor, "A Treatise on Physica Chemistry,” D. Van Nostrand Co.,
New York, 1924, VVol. I, p. 118.
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TasLg IT
VAPOR PRESSURE OF DINITROTHIOPHENE IN MM. OF MERCURY
Logio p = 8.385 — 3116.1/T

t, °C. 115 120 125 130 135 140 145 150 155 160
V.p,, mm. 2.5 2.9 3.6 4.5 5.6 7.0 8.6 10.5 12.8 15.2
t, °C. 165 170 175 180 185 190 195 200 205
V.p.,, mm. 18.8 22.6 27.1 32.3 38.3 454 53.5 62.9 73.8
¢, °C. 210 215 220 225 230 235 240 245 250

V.p.,, mm. 85.9 100.0 115.6 134.3 154.2 178.2 204.2 233.9 267.3

By extending the curve for mononitrothiophenein Fig. 2, the theoretical
boiling point d that substance was found to be 218.2°, as compared with
previously published results d about 224-225°%* The theoretical boiling
point d dinitrothiophene wasfound to be 293.3°, while the value given by
Meyer and Stadler®™ is290°.
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From Equation 1theaveragevalued L, the molar latent heat d vapori-
zation, was found to be 12,300 cal. for mononitrothiophene above 100°,
and 14,300 cal. for dinitrothiophene above 110". From these it may be
determined by the method o Hildebrand® whether the substances are

normal liquids, since
L
S=rT @
where S isthe entropy d vaporization, L the molar |atent heat d vaporiza-
tion and T’ the temperature at which the concentration d the vapor is

¥ Hildebrand, Ta1s JOURNAL, 37, 970, 974 (1915).
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0.00507 mole per liter. According to the data d Hildebrand,!° the value
d S should be between 13.1 and 13.9for a normal liquid. The values ob-
tained for S were 14.7 for mononitrothiophene and 14.8 for dinitrothio-
phene, thus indicating that neither is a normal liquid within the range of
temperature considered.

Acknowledgment

The authors desire to express their sincere acknowledgment to Professor
Warren W. Ewing for numerous helpful suggestionsand assistance during
the progressd thisstudy.

Summary

A study o the literature showed a marked absence o critical data for
the thiophene series.

The vapor pressuresd mononitro- and dinitrothiophene were measured,
and their theoretical boiling points, molar latent heatsd vaporization and
entropies d vaporization calculated.

Mononitrothiophene showed no decomposition at the maximum tem-
perature to which it was subjected. Dinitrothiophene was found to de-
compose above 250° and to attack mercury at much lower temperatures.

BETHLEHEM, PENNSYLVANIA

[CONTRIBUTION PROM THE PEARSON MEMORIAL LABORATORY OF TUFTS COLLEGE]

ADDITION REACTIONS OF VINYL PHENYL KETONE. |I.
PHENYLNITROMETHANE

By CuarrLEs F. H. ALLEN AND M. PHILBRICK BRIDGESS
RECEIVED JANUARY 17, 1929 PuBLISHED JULY 5, 1929
Vinyl phenyl ketone (I) is the lowest member d the series o unsatu-
rated phenyl ketones having a conjugated system. |t should be o interest
to compare the properties and reactionsd the products derived from it by
the addition d certain substances having active hydrogen with those
obtained by the addition d the same compounds to a substituted vinyl
phenyl ketone, such as benzal acetophenone (IT)
CHy=CHCOC:H; CsH;CH=CHCOGC;H; CH,CICH,COCsH;
I I II1
Since it combines very readily with substances! that have an active
hydrogen atom, it can be used for making saturated ketonic compounds
which are unsubstituted in the beta position and which it is difficult to
secure in any other manner. It seemed probable that these addition
products could be converted into other substances which would be useful
in connection with the study d reactions d which the mechanism is at
1 Ref. 9, p. 975.
1 Kohler, Am. Chem. J., 42.375 (1909).
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present indoubt. ‘Thus, for example, from the addition product of phenyl-
nitromethane (IV) it should be possible to make a nitrocyclopropane
derivative (V11) isomeric with the one that is known (VI111), and a com-
parison d these isomers would be expected to yield valuable information
on the mechanism of the peculiar rearrangements d these cyclopropane
derivatives.

CHLCHCOCH, CH;—CHCOC:H; CeHsCH—/CHCOCsHs
c
CoH,CHNO, CHy”  \NO, H” \NO,
Iv VII VIII

Unfortunately, the preparation of large amountsd vinyl phenyl ketone
issodifficult?that it is not a serviceable starting material for any extensive
investigations. 1t occurred to us that it might be possible to substitute
the more readily available g-chloropropiophenone (111), and remove from
it hydrogen chlorideeither just prior to use or in the presence o the sub-
stance to be added, thus avoiding isolation d the reactive unsaturated
ketone. This procedure was, indeed, found to be possible.

I n the presenceof alkaline reagents, phenylnitromethane combined with
p-chloropropiophenoneto give the same saturated y-nitro-ketone (1V) as
was obtained with phenyl vinyl ketone. |ts structure was proved by the
formationd dibenzoylethane (V) when a solution d the sodium derivative
was decomposed with cold dilute hydrochloric acid.? CH,COOH + KCl

CICH,CH,COCsH; + NaOCH; CH.CH,COCs
CeH;CH,NO; —> C:H:CHNO,
CH,COOK Val v +
CH,=CHCOGCH; 7 ' CsH;COCH,CH,COCH;
+ CoH;CH.NO, A

On bromination in a solution o sodium methylate, followed by elimina
tion of hydrogen bromide, a tertiary nitrocyclopropanone (V11) was pro-
duced.

CH;CH,COCHs CH;—CHCOCH; CsH,CH—CHCOCH;
CsH;C—NO: _— C C
[ CHy”  \NO, B \NO,
Br .
VI V11 VI

The behavior d this compound with sodium methylate was d particular
interest because the previous investigations* showed that if a secondary

2 (@) Van Marle and Tollens, Ber., 36, 1352 (1903); (b) Kohler, ref. 1, the only
one to prepare any considerable quantity; (c) Beaufour, Bull. soc. chim. [I1V] 13, 356
(1913); (d) Straus, Ann., 393, 260 (1912); 401, 142 (1913); (€) Norris and Couch,
THIS JOURNAL, 42,2330 (1920); (f) Mannich, Ber., 55,356 (1922).

¥ Nef, Ann., 280, 267 (1894).

¢ (@ Kohler and Engelbrecht, THis JourNAL, 41, 1379 (1919); (b) Kohler and
Williams, ibid., 41, 1644 (1919); (c) Kohler and Srinivasa Rao, ibid., 41, 1697 (1919);
(d) Kohler and Smith, ibid., 44, 624 (1922); (e) Kohler and Paul Allen, ibid., 50, 884
(1928).



July,f1929  apprrion REACTIONS ofF vinyL PHENYL KETONE. | 2153

nitro group was present (VII1), the final product was a 1,3-diketone,
whilewith a tertiary nitro group (1X) two typesd reaction occurred, one
forming an ethylenic compound with the nitro group still present and the
other a nitrogen-free 1,4-diketone (Or itS monomethyl ether).

CH;0 CsH;
CsHsCH=CCOCeI"I4R CsH,CH—CHCOGH.R C5H5C=CCH2COC§I§ ~
HC< - >c —> or R—OCH,
CcHs Ce¢Hy NO, CsH;COCHCH;COCsHR
; CeHs
X IX XII

After separation o one d the two theoretically possible isomers o
(VII), a lower-melting solid was deposited from the solution; this sub-
stance analyzed for an isomer, but was a constant-melting mixture un-
doubtedly containing some d the cyclopropanefirst isolated, since mix-
tures always gave melting points intermediate between those o this solid
and the pure cyclopropane. All effortsto separateit into its constituents
by fractional crystallization or change d solvents were unsuccessful.

Both this solid and theisomeric cyclopropanederivative reacted with so-
dium methylate, yielding dibenzoylethane (V) and itsmethyl ether (XI11).

Theformation o dibenzoylethane can only be explained by the opening
d thering between carbon atoms1and 2—a new typed reaction between
cyclopropane ketones and alkaline reagents. Those studied previously,
chiefly by Kohler and his students, if attacked by bases, were always
opened in the 1,3- or 2,3-positions. There is nothing novel about the
ring being broken in different places by other reagents (e. g., reducing
agents have attacked all three possible bonds), but this is the first time
that alkaline reagents have been found to react in the 1,2-position.

The isomeric nitrocyclopropanone (VIII)* under similar conditionsalso
opened between the carbon atoms to which the phenyl and benzoyl groups
are respectively attached, and the final product is a 1,3-diketone (XIV).

CH,—CHCOCH; CsH;COCH;CH,COC:Hs

C OCH;
CeHs NO;

|
C5H5C=CHCH2COC6H5
VII XIII
CeH;CH—CHCOC:H;

C ~—> CsH;CH;COCH,COCH;
H NO, X1V
VI
Experimenta
The Addition Product with Phenylnitromethane

y~Nitro-y-phenylbutyrophenone (IV). A.—Hfteen grams d g-chloropropio-
phenone’ and 12 g. of fused potassium acetate were dissolved in 60 ce. of hot methyl

5 Prepared by the method d Hale and Britton, TH SJOURNAL, 41,844(1919).
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alcohol. Then 12 g. o phenylnitromethane in 20 cc. o acohol was added and the
whole made faintly alkaline to litmus by admitting a 5% solution of sodium methylate,
drop by drop. The reddish mixture was refluxed for forty minutes, then acidified with
acetic acid and poured into 120 cc. d cold water. After several hours the precipitated
addition product was filtered; the average yield o several preparations was 82%—
this was true only when the phenylnitromethane was redistilled. For purification it
was dissolved in 40 cc. d hot benzene and dried with calcium chloride; the clear solu-
tion was decanted, warmed slightly and petroleum ether added to incipient cloudiness.
The addition product crystallized in clusters o needles which were filtered and washed
until white with a 1:1 mixture o ether and petroleum ether. A second crop was se-
cured by partial evaporation d the mother liquor. Further purification was eflected
by a similar treatment or by recrystallization from methyl alcohol. Analytical samples
prepared by either method gave the same result.

v-Nitro-v-phenylbutyrophenone crystallizes in bunches o needles that melt at
72°. It isvery soluble in all the usual organic solvents except petroleum ether. It
tendsto separate asan oil from solutions containing other substances.

Anal. Calcd. for C¢H;;0:N: C, 71.4; H,5.6. Found: C, 71.3; H,5.7.

Wedid not try to isolate the vinyl phenyl ketone (except in oneinstance, to see that
it wasformed) or determine the extent o its formation quantitatively. Since none o
the acetate, which has previously been isolated,”* was found at any time, the reaction
between the chloro ketone and potassium acetate is probably best represented as
follows

CICH,CH,COC¢H; 4+ CH;COOK = CH,=CHCOC¢H; + CH;COOH + KC1

B.—Vinyl phenyl ketone was prepared by the method described by Mannich.?
The yelow ail from the steam distillation was dissolved in ether, dried over calcium
chloride and the solvent evaporated in a tared flask. Thisresidual oil was used without
further purification.

To 3.8 g d the ketone was added 10 cc. o absolute methyl alcohol; most o it
immediately polymerized to a white, insoluble mass. The whole was warmed and the
clear solution decanted from the polymer into a clean flask. Two grams d phenyl-
nitromethane was added, then enough dilute sodium methylate to give an alkaline re-
action to litmus, and the mixture warmed on the steam-bath for fifteen minutes. It
was next acidified with acetic acid; an oil separated and crystallized on cooling. This
was purified as described above and identified as the same substance by a comparison
of melting points, mixed melting pointsand solubilities.

Proof o Structure.— One gram o the addition product was dissolved in a slight
excess of sodium methylate, 10 cc. o water added and the clear solution filtered into
25 cc. of cold, dilute (1:5) hydrochloric acid. The white precipitate thus formed was
filtered and recrystallized from methyl alcohol; yield, 0.7 g., or 809,. |t wasidentified
as dibenzoylethane (V) by melting point and mixed melting point with an authentic
sample.$

Bromination.—The nitro ketone was readily brominated in sodium methylate
solution, the bromine replacing the hydrogen on the y-carbon atom. Like many other
compounds having a bromine atom and nitro group on the same carbon atom, this
substance decomposed just above its melting point.? The reaction is not clean, but the
principal product is 2,5-diphenyl-3-bromofuran.

y-Bromo-vy-nitro-y-phenylbutyrophenone (VI).—Ten and two-tenths grams d

s Kindly supplied by Dr. R. E. Lutz.

7 Some d these compounds have been investigated by one of us; the results will
appear in a subsequent paper.
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the nitro ketone was added to the sodium methylate solution prepared from 0.8 g. o
sodium and 65 cc. & methyl alcohol, the whole being cooled in an ice-bath and well
stirred. After ten minutes a slight excess over the theoretical amount o bromine
was run in from a dropping funnel, theend d which wasdrawn out intoafinecapillary.
A white solid soon separated. The excess bromine was removed by sodium bisulfite
solution, and the buff-colored precipitate filtered and thoroughly washed with water and
alcohol; yield d crude solid, 949%,. |t was recrystallized rapidly from glacial acetic
acid; prolonged heating resulted in decomposition. 1t formed long, fine prisms that
melted at 146° with gas evolution. It isinsoluble in petroleum ether, very slightly
soluble in ether and the alcohols, moderately soluble in acetone, ethyl acetate and
chloroform, but easily soluble in glacial acetic acid or pyridine; a solution in the latter
solvent does not readily lose hydrogen bromide.

Anal. Calcd.for CiéHiOsNBr: Br,22. 7. Found: Br,22.3.

After boiling for fifteen minutes with alcoholicsodium hydroxide and acidifying the
solution, a 50% yield d dibenzoylethane resulted; the residueremained as an oil.

CH—CBr BrC-——CBr

o |
The Bromofurans, CeH;C /CCsHs CeH:C CCeH;

O

A sdlution d the bromonitro compound in glacial acetic acid was refluxed for an
hour; oxidesd nitrogen appeared in the condenser. The black solution was poured
into water, the precipitated oil extracted with ether, the extract dried with calcium
chloride and the solvent allowed to evaporate spontaneously. The oil left was then
dissolved in methyl alcohol; en dow evaporation crystals separated; they melted at
76-77', and on recrystallization at 77-78. They were identified as 2,5-diphenyl-3-
bromofuran by comparison with a sample at hand. A small amount d another solid
was asoisolated and identified as 2,5-diphenyl-3,4-dibromofuran, m. p. 88°.%

The Nitrocyclopropanones.—The bromo ketone loses hydrogen bromide very
sowly in a boiling methyl acoholic solution d potassiumacetate, but prolonged heating
gives a good yield d cyclopropane. By derivation, substances formed from (VI) by
lossd hydrogen bromide could be cyclopropanederivatives (V11), ethylenic compounds
(XV, XV1), or dihydrofuran derivatives (XV11), but sincein al such previousinstances
only the cyclopropane has been formed, it would be expected here. Further, the
products neither decolorize bromine nor reduce permanganate, thus excluding the
ethylenic compounds (XV, XVI1). Also, as furan rings are not sensitive to alkaline
reagents, although the substance (XV11) could lose nitrous acid, the product expected
would be the known 2,5-diphenylfuran.

CH,—CH

CHZC‘CHCOCGHS CHCH;COCH; (l2H=CHCOCsH5 C5H5(|3N02 (L]CGHS
CHY \NO, CoHC—NO, CsH,CHNO, ~o—
VII XV XVI XVII

1-Phenyl-1-nitro~2-benzoylcyclopropane (X).—Fifteen grams d the bromo com-
pound and an equal weight o fused potassium acetate in 75 cc. d absolute methyl
alcohol was refluxed for twenty-two hours. The solution was decanted from the
bulk d the potassium bromide and the solvent partially evaporated. An oil separated
on cooling, but soon solidified; the crude product wasfiltered; yield, 90%. |t wassub-
mitted to fractional crystallization, using different solvents, in an effort to isolate both
isomeric forms. Ethyl acetate gave the best separation; most d the high-melting
cyclopropane crystallized out first, followed by a mixture d constant melting point.
Attempts to separate this into its constituents were unsuccessful. Both the pure
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nitrocyclopropane and the mixture crystallized in rosets, made up o fine white needles,
which dissolved easily in all the usual organic solvents except petroleum ether. The
pure substance melts at 131° and the mixture at 80°. The analytical samples were
crystallized from methyl alcohol.

Anal. Calcd. for CisHpsO3N: C, 71.9; H, 49. Found: (131") C,71.7; H,5.0;
(80°) C, 71.7; H, 5.1.

The melting points d mixturesin several proportions of the pure nitrocyclopropane
and thesubstance of constant melting point all were above that of the latter and below
that of the former. Neither solid reduces permanganate nor decolorizes bromine.
They may be recrystallized unchanged from acetyl chloride. On addition to concd.
sulfuric acid, a bright green color was produced and oxides d nitrogen were evolved.
Thisreactionisto beinvestigated.

Action d Sodium Methylate.— Five grams d the constant-melting substance was
added to 40 cc. & 5% sodium methylate solution; on warming, the solid dissolved and
solid sodium nitrite separated from the brown liquid. The latter was decanted into a
separatory funnel containing 100 cc. o water and enough ether added to givetwolayers.
The ether layer was separated and the aqueous layer extracted once. The combined
ethereal solutions were washed with water, followed in order by solutions o sodium
bicarbonate, copper acetate, potassium carbonate and water, and then dried over cal-
cium chloride. On evaporation, 2.4 g. of yellow oil was left; it Slowly deposited di-
benzoylethane. The original aqueous layer was acidified, extracted with ether and the
extract treated similarly. On evaporation it left 1.7 g. o an oil that deposited more di-
benzoylethane during the course d a month. The total yield o diketone was 70%.
Nothing was obtained from any o the solutions used to wash the ethereal extracts.
When the operation was interrupted after five minutes, the first ether extract deposited
high-melting nitrocyclopropane as well as dibenzoylethane.

The cyclopropane, m. p. 131°, behaved similarly, on the same treatment; 4.1 g o
oil was obtained. During the course of three weeks it slowly deposited 55% o the
theoretical amount o dibenzoylethane and 10% o the theoretical amount o themono-
methyl ether d that diketone (X111). Thiswas a very sensitive substance, difficult to
recrystallize without hydrolysis to dibenzoylethane. It isvery soluble in al the usual
solvents; methyl alcohol gavefine, white needles, m. p. 72".

Anal. Calcd. for CiyHi602: C, 81.0; H, 6.4. Found: C, 81.1; H, 6.3.

On cautious oxidation by permanganate the odor d methyl benzoate could be
detected; benzoicacid wasalso identified.

A small portion of the oil was oxidized by permanganate; no benzaldehyde could
be detected; the sole solid product was benzoic acid. A second portion failed to give
a solid when treated with semicarbazide in the usual way.

This tertiary nitrocyclopropane is relatively inactive with hydrogen bromide.
The mixed solid isturned into the high-melting form (131°) which does not react.

This work has been assisted by a generous grant from the Cyrus M.
Warren Fund d the American Academy o Arts and Sciences.

We are indebted to Professor E. P. Kohler for valuable criticism in the
preparation d this paper.

Summary

1 It has been shown that 3-chloropropiophenone can be used in place
d vinyl phenyl ketone in addition reactions. With phenylnitromethane
the same y-nitro ketone is obtained from both substances.
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2. The nitro ketone is easily brominated in the gamma position; the
bromo ketone is unstable to heat. Hydrogen bromide is eliminated by
the use d potassium acetate, and the product is a tertiary nitrocyclo-
propanone.

3. Sodium methylate reacts with this cyclic nitro compound in such
away that the ultimate product is dibenzoylethane.

Turrs COLLEGE, MASSACHUSETTS

[CoNTRIBUTION FROM THE CHEMISTRY LABORATORY OF THE UNIVERSITY OF MICHIGAN]

TRIARYLMETHYL CARBONATBS CATALYTIC
DECOMPOSITION IN THE PRESENCE OF COPPER

By J. O. HaiLrorp
RECEIVED JANUARY 31,1929 PusLisHED JULY 5, 1929

Triphenylmethyl carbonate has been recorded by Gomberg' as an inter-
mediate in the preparation of triphenylmethyl oxide. The carbonate was
formed by the action of silver carbonate on triphenylchloromethane in
benzene

2(CeHi)sCCl + AgsCO; = [(CsH,)sC.CO; + 2AgC1 (1)

A solution d triphenylmethyl carbonate in boiling xylene produced tri-
phenylmethyl oxide and carbon dioxide under the catalytic influence of
finely-divided copper.

[(CeH5)3sC:CO3 —> CO; + [(CeH5):CLO 2

This reaction, similar to the thermal decompostion d metallic carbonates,
is consistent with the general propertiesd the triarylmethyls, whose salts
with strong acids, particularly the halides, show many d the reactions of
metallic salts.  If the analogy is complete, Equation 2 should represent
agenera reactiond thetriarylrnethyl carbonatesand should be reversible.

With thisin mind, three other carbonates, those d diphenyl-e-naphthyl-
methyl, p-tolyldiphenylmethyl and phenylbiphenylenemethyl, have been
prepared and their behavior in the presence d copper powder studied.
Although p-tolyldiphenylmethyl carbonate and diphenyl-a-naphthyl-
methyl carbonate are decomposed catalytically by copper, the oxides have
not been obtained in appreciable quantity and it must be concluded that
Reaction 2 is not genera, but that the catalytic effect & copper is com-
mon to the triarylmethyl carbonates. The decomposition of triphenyl-
methyl carbonate has not been reversed.

Further, the occurrence d a dow catalytic decomposition presents an
opportunity to study the mechanism through the interpretation o therate
of reaction. This has been done for the decompositiond triphenyl methyl
carbonate.

1 Gomberg, ‘Tris JOURNAL, 35, 200 (1913).
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Triphenylmethyl Carbonate. —Ten grams d triphenylchloromethane in 50 cc. o
dry benzene was shaken with two to three times the theoretical amount d silver car-
bonate for twenty-four hours. The silver carbonate had been dried at 140° in astream
of carbon dioxide and analyzed as 99.7% pure. The benzene solution was heated to
boiling, filtered and the residue extracted with 50 cc. d boiling benzene. The volume
was reduced to 30 cc. at low pressure on the steam-bath. The carbonate crystallized
rapidly and was light ydlow in color. One recrystallization produced white crystals
containing one molecule d benzene d crystallization. The yield is 60-80%; m. p.
200-201° with carbon dioxide evolution.

Anal. The carbon dioxide evolved by heating to 200° was weighed. Calcd. for
CusH305:  COg 7.05. Found: COe, 7.00, 7.03.

Part of the benzene was removed by heating for several hoursin a vacuum at 90°,
the rest by recrystallizationfrom xylene and washing with dry ether; m. p. 208-209°
with carbon dioxide evolution.

Anal. Cdcd. for C3Hz0s: CO,, 8.06. Found: CO,, 7.98,8.12. Thefirst meas-
urement (7.98) was obtained by heating the dry solid, the second (8.12) by titrating the
carbonate produced by alkalinehydrolysis. Mol. wt. in benzene, calcd., 546. Found:
523, 560, 531, 531; average536. The solubility in hot benzeneis about 55 g. per 100
cc.; in cold benzene, 2 g. per 100 cc.; in hot acetone, 5 g per 100 cc.; in hot ethyl
acetate, 20 g. per 100 cc. Long standing in ethyl acetate dowly produces triphenyl-
carbinol.

Triphenylmethyl Oxide—A sample d triphenylmethyl oxide was obtained by the
action d mercuric oxide on triphenylchloromethane;~m. p. 232-233°. Five grams d
triphenylmethyl carbonate was heated in boiling xylenefor two hours. |t crystallized
unchanged. The experiment was repeated with the addition o a small quantity o
copper powder. The resulting crystals melting at 235-236° were identified with tri-
phenylmethyl oxide by a mixed melting point d 233-234°; yield, 95%. Recrystalli-
zation from xylene raised the melting point to 237-238°.

Diphenyl-a-naphthylmethyl Carbonate. —In the preparation  this substance, it is
desirable, becaused itslow solubility,to use10cc. d benzenefor each gram o diphenyl-
a-naphthylchloromethane. The solution d the product in benzene was evaporated
under reduced pressureto a thick sirup and crystallized by the addition d ether. Crys-
tallization d the crude carbonate required twenty-four to forty-eight hours. The
product at first obtained was dark yellow and contained 20 to 409, d impurities; yield
40-609%,. Recrystalization from boiling xylene (20 cc. per gram) produced a white
powder melting with carbon dioxide evolution at 228-230°.

Anal. Cdecd.for Ci7H303: CO;, 6.8 Found: COy, 6.2,6.6. Mol wt. in benzene,
calcd., 648. Found: 638, 639.

A solution d diphenyl-a-naphthylmethyl carbonate in xylene was boiled for an
hour without appreciable carbon dioxide evolution. The addition d copper powder
effected complete decomposition in thirty to forty-five minutes. However, no sub-
stance was successfully crystallized from the product, showing that diphenyl-a-naph-
thylmethyl oxide is probably unstable under the conditions d the experiment.

Diphenyl-a-naphthylchloromethane in benzene was kept in contact with mercuric
oxide for several days. A 50% yield d diphenyl-a-naphthylcarbinol was obtained.
The remainder was precipitated as a gum by petroleum ether and was not successfully
crystallized. The occurrenceof the carbinol in this quantity suggeststhe abstraction
d hydrogen chloride and subsequent decomposition of half the material, accompanied
by hydrolysisd the other half.

p-Tolyldiphenylmethyl Carbonate.—This compound is the most soluble in benzene
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and xylene d the carbonates prepared. |t was obtained as a white powder by adding
ether to the oily residue left after removal d the benzene used in the preparation.
Four er five cc. d xylene per gram is sufficient for recrystallization; yield, 40-50%.
The melting point is 193-195 with carbon dioxideevolution. For analysisthesample
was refluxed in asolution d 0.1 N sodium hydroxide, barium chloride was added, and
excess akali titrated to phenolphthalein.

Anal. Calcd. for CaHsOs: CO,, 7.66. Found: CO., 7.40, 7.45. Mol. wt. in
benzene, calcd., 574. Pound: 556, 568.

p-Tolyldiphenylmethyl Oxide —The used xyleneinrecrystallizing p-tolyldiphenyl-
methyl carbonate shows its stability at 140°. The introduction d powdered copper
into the solution in boiling xylene or tolueneresulted in rapid carbon dioxide evolution.
A small amount d white powder melting at 180-185° was separated. The reaction
d p-tolyldiphenylchloromethanewith mercuric oxide produced a 10% yield o white
material melting at 205-207°.  Thislatter must be the oxidesinceit has a high melting
point and is readily converted to the carbinol by hydrochloric acid. One part o this
substance was mixed with three parts d the material melting at 180-185" and a mixed
melting point d 190-195° was obtained, showing that a small quantity o the oxide
was produced by decomposition d the carbonate in the presence of copper. Evidently
the p-tolyldiphenylmethyl compounds enter, to some extent, into the same reactions
as the triphenylmethyl compounds.

The residue from the p-tolyldiphenylmethyl oxide preparation by the mercuric
oxide method was a yellow oil from which nothing was crystallized. This result is
similar to that d Schlenk and Meyer,? who attempted to prepare di phenyl quinomethane
from p-tolyldiphenylchloromethaneand pyridine but obtained only a yellow oil from
which nothing was crystallized. In this case mercuric oxide may have produced the
same result as pyridine.

Phenylbiphenylenemethyl Carbonate —A solution d phenylbiphenyleniechloro-
methane in benzene dowly turned dark red when kept in contact with silver carbonate.
A 10% yidd d pink crystalline material was obtained. White crystals melting with
carbon dioxide evolution at 218-220° were separated by recrystallization from xylene.
Heating in boiling xylene with or without copper for four to five hoursfailed to produce
carbon dioxide evolution. The compound was decomposed by boiling in mesitylene
over copper but phenylbiphenylenemethyl oxide was not obtained. This behavior is
not surprisingin view d thehigh stability and generally duggishreactionsd the phenyl-
biphenylenemethyl compounds.

Rate d Carbon Dioxide Evolution by Triphenylmethyl Carbonate

The mechanism d carbon dioxide evolution from triphenylmethyl car-
bonate in boiling xylene under the influence d powdered copper was
studied through the rate d evolution of the gas. Rate measurementson
the other carbonateswere not made because their decomposition was com-
plicated by side reactions. The triarylmethyl oxide was produced quan-
titatively only from triphenylmethyl carbonate.

The carbon dioxide evolved in theflask A was carried through the reflux
condenser into the receiver B by a stream d dry nitrogen. The nitrogen
was passed through soda lime and dried with phosphoric anhydride before
entering the apparatus. Xylene was digtilled in a small apparatus which

2 Schienk and Meyer, Ber., 52, 16 (1919).



2160 J. O. HALFORD Vol. 51

had been dried in an oven at 110°. Theflask A and the reflux condenser
weredried in the oven beforeuse. Very small amountsd water interfered
by hydrolysis d the carbonate. For example, ralcium chloride instead
o phosphoric anhydride let through enough water in an hour for complete
hydrolysisd a gram of the carbonate. Thereceiver B contained a known
amount o standard barium hydroxide whose concentration as a function
o timewas measured by meansd the conductivity cell C. The pipet cell
dlowed sampling at definite

( —) time intervals with sufficient
time for measurement. The
outletsd theflask and cell were
protected by sodalimetubes D.
The temperature in thereaction
flask was 139° during dl the
runs and the barium hydroxide
in the receiving flask was kept
at 25°. Attheend d eachrun
the triphenylmethyl oxide pro-
duced wasseparated and in each
: case was found to represent a
A 90-95% yield without taking
into account the solubility in

xylene. The xylene solution

was made up each time in the
sameconcentrationand approxi-

mately the same quantity, 1 g. d carbonate to 24 g. d xylene. The re-
sistance d the barium hydroxide as a function o concentration was found
to be expressed accurately by the equation, log CR'-%0 = (0.61584. The

D

S——r

o

{

ST =

Fig. 1

TasLg |
RATE or EvoLuTioN oF CARBON DIOXIDE AT 139° BY TRIPHENYLMETHYL CARBONATE
IN XYLENE
Carbonate, 0.8827 g.; copper 1.1581 g.; xylene22.0 g.
Time, R, Concn. Ba(OH): COz X 108,
minutes ohms X 102 moles/liter equivalents K
0 57.6 5165 000 ‘e
3 62.0 4778 387 0.092
6 62.3 4753 412 .046
9 62.8 4704 461 ,038
14 66.0 4355 810 .ON
20 69.4 4227 938 044
25 72.6 4036 1129 .047
30 74.3 3945 1220 .047
40 76.2 2828 1337 .048
50 79.0 3681 1484 .ON
60 79.9 3641 1524 .048

70 81.3 3573 1592 .060
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range d concentration was 0.1 to 0.025 M. The results d a typical run
are given in Table I. The last column gives the unimolecular rate con-
stant in reciprocal minutes. The volume d barium hydroxide was 200 cc.

With a rapidly boiling solution no interference by rate o diffusionr was
encountered. Some distortion of the rate curve might be expected during
thefirst and morerapid part o thereaction duetolagin carrying over the
carbon dioxide. This, however, was negligible snce changes d the rate
of flow o nitrogen during the reaction were without effect on the results.

In Table 11 the effect d the amount d copper surface is summarized.
The first row gives the weight of copper per gram o triphenylmethyl
carbonate; the second, the unimolecular rate constant. The solution in
each case contained 1 g. d carbonatein 24 g. of xylene.

TaBLE II
EFFECT or THE EXTENT or CoPPER SURFACE ON THE RATSoF CarBoN DioxIpE EvoLu-
TION
Cu, grams 3.15 1.57 0.90 0.75 0.38
K 0.047 0.046 0.032 0.025 0.028

Although the fourth and fifth points are in reverse order, it is evident
that doubling the copper surface produced only a small increase in the rate.

A seriesd qualitative experimentsfailed to discover any substance other
than copper powder which would catalyze the reaction. Freshly reduced
nickel, platinum and cadmium were without effect. With the possibility
d intermediate metallic carbonate formation in mind, stannic oxide, mer-
curic oxide and cupric oxide were tried. The last two are significant,
mercuric oxide because o its usein preparing the triarylmethyl oxides and
cupric oxide becaused the possibility d an oxidefilm on the surface o the
catalyst. Although negative results are not necessarily significant in
catalysis, thereaction is probably the result of a specific property d copper.
The reaction was carried out with two samples d copper from different
sources, athough al rate measurements were made with the same sample
to obtain a uniform surface.

Mechanism o the Reaction.—A catalytic reaction at a solid-liquid
interface should be unimolecular® if it is governed by a rate d diffusion or
by adsorption covering only a small fraction d the active surface at any
time. In either case the amount reacting in unit time at a given concen-
tration should be proportional to the surface, or nearly so, if the reaction
causes adsorption to lag behind equilibrium. Since the rate constant is
defined as the quantity reacting in unit time at unit concentration, it
follows that the constant should increasein direct proportion to the sur-
face. It must be concluded, then, that in the reaction studied the catalytic

3 Taylor, ""Physica Chemistry,” D. Van Nostrand Company, Tnc, New York,
1924, p. 953.
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effect cannot be explainedin terms d adsorption covering a small fraction
d the active surface. However, if the catalyst is able to produce and
maintain an equilibrium concentration d active moleculesin the solution,
rather than on the surface, the results are explained. If equilibrium were
maintained by the catalyst, the constant would be independent o the
extent d the surface; but if it is assumed that increasing the surface de-
creases the lag behind equilibrium, a large increase in the active surface
should be attended by a small increase in the rate constant. The experi-
mental resultsgive noindication o the natured such an intermediate but,
since theyield d triphenylmethyl oxide is almost quantitative, it is prob-
ably a tautomer or activeform d the carbonate itself.

Levi and Haardt* obtained a similar result in a measurement o the effect
d the surface area d platinum on the rate o decomposition d hydrogen
peroxide. Vavon® found that the rate d hydrogenation d nitrobenzene
in alcohol increased rapidly with the weight d catalyst employed.

Summary

Triphenylmethyl carbonate, diphenyl-a-naphthylmethyl carbonate, p-
tolyldiphenylmethyl carbonate and phenylbiphenylenemethyl carbonate
have been prepared.

The evolution d carbon dioxidein boiling xylene from the first three d
the carbonates mentioned has been shown to be catalyzed by copper pow-
der. Phenylbiphenylenemethyl carbonate was not affected by copper,
triphenylmethyl carbonate broke down quantitatively to triphenylmethyl
oxide and carbon dioxide. Diphenyl-a-naphthylmethyl carbonate de-
composed without producing the oxide, and a small quantity o p-tolyldi-
phenylmethyl oxide was obtained from p-tolyldiphenylmethyl carbonate.

-Tolyldiphenylmethyl oxide was also prepared in small quantity from
mercuric oxide and p-tolyldiphenylchloromethane.

Therate d evolution d carbon dioxidefrom triphenylmethyl carbonate
catalyzed by copper in boiling xylene was measured as a function d the
extent d copper surface. The rate constant was unimolecular and the
effect  extent d surface precluded explanation in terms d adsorption.
An alternative explanation has been given.

ANN ARBOR, MICHIGAN

¢ Levi and Haardt, Gaszz. chim itd., 56,424 (1926).
5 Vavon, Bull. soc. chim., 41, 1253 (1927).
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[ConTRIBUTION FrROM THE DEPARTMENT OF CHEMISTRY, Duki UNIVERSITY]

CATALYTIC REDUCTION OF ALPHA-DIKETONES AND THEIR
DERIVATIVES

By Jormanngs S. BUCK AND SANFORD S, JENKINS!

REcEIVED FEBRUARY 23, 1929 PUBLISHED JUuLY 5, 1929

I n order to obtain certain derivatives d a-diketones the authors investi-
gated the catalytic reduetion d benzils. The usual methods given in the
literature are difficuit and give poor yieids. Five benziis were seiected as
starting materials: benzil made by the oxidation d benzoin with nitric
acid;? anisil derived from anisoin after the
method o Bosler;? piperil made from piperoin
by oxidation with Fehling's solution;* veratril,
obtained by oxidizing the crude reaction pro-
duct d veratric aldehyde and acoholic potas-
sium cyanide;® and, finally, furil, prepared by
oxidizing furoin in air.®

The catalytic reduction method d Adams’
was selected, but asit wasdesired to work with
quantities d the order d 0.005-0.01 mole, the
apparatus was modified to thisend. A second
gage was inserted in the line between the reser-
voir and the bottle (Burgess—Parr Company's
apparatus) as shown in the sketch. After the
bottle was filled with hydrogen, it was cut df
fromthe reservoir by meansd the needle-valve.
Under these conditions it functions as its own
reservoir, the pressure in the bottle being read
on the second gage. Since the capacity o the

bottle is about 0.05 that d the tank, a corre-
spondingly small amount d material will give
about the same drop in pressure.

Itisessential to guard carefully against leaks
and to control the temperature within narrow
limits. The authors find that benzoin is a very satisfactory material for
calibrating the apparatus for one molecule d hydrogen, and benzil for two

! Presented in partial fulfilment d the requirements for the degree d Doctor o
Philosophy at Duke University.

2 Zinin, Ann., 34, 188 (1840).

s Bodler, Ber., 14, 327 (1871).

4 Biltz and Wienands, Ann., 308, 11 (1899).

% Fritsch, bid., 329, 53 (1903); Vanzetti, Gazz. chim. ital., 57, 162 (1927).

& Fischer, Ann., 211, 221 (1882).

" Voorhees and Adams, THis JournaL, 44, 1397 (1922).

Fig. 1.



2164 " JOHANNES $. BUCK AND SANFORD §. JENKING Vol. 51

moleculesd hydrogen. Heating the solution very often greatly speeds up
the reduction and facilitatesthe solution d difficultly soluble compounds.
The bottle was therefore heated by means d a thin copper cylinder, in-
sulated and wound with resistance wire, current being supplied by a step-
down transformer and controlled by arheostat. It isnecessarytocalibrate
the apparatus for each temperature and the temperature must be held
sensibly constant throughout the run.

Benzil is readily reduced to benzoin and td hydrobenzoin. Usually
an amost pure product was obtained after one recrystallization. When
reduction was carried to completion the hydrobenzoin was obtained prac-
tically pure. ‘The following equations represent the reaction

RCOCOR + Hz = RCHOHCOR
RCOCOR + 2H; = RCHOHCHOHR

The solvent has an important effect on the reduction. Thus anisil
reduces best in ethyl acetate, while piperil could only be reduced in pyri-
dine. After many attempts under different conditions the authors failed
to reduce veratril, but work is being continued on this compound. Furil
readily takes up one molecule d hydrogen, but the action was not in-
vestigated beyond this stage as it has been dealt with by Adams.?

A number d attempts to dehydrate the hydro compounds to the desoxy
compounds by the used acetic and hydrochloric acidswere made. | nthe
case d hydro-anisoin a good yield o desoxyanisoin was obtained, but
from hydropiperoin a compound of melting point 114°, not identical with
desoxypiperoin, was obtained but not further examined. Hydrobenzoin
is known to dehydrate to an anhydride and diphenylacetaldehyde. One
case o similar dehydration using sulfuric acid, (hydro-anisoin and isohy-
dro-anisoin)? is recorded in the literature. 1so compounds, however, were
never obtained in the present research. The desoxy compounds were
prepared for this work by reducing the corresponding benzoins by means
o tin and alcoholic hydrochloric acid.'®* Desoxybenzoin readily reduced
to toluylene hydrate. Desoxyanisoin formed di-p-methoxytoluylene
hydrate, and desoxypiperoin reduced with great difficulty to form di-p-
methylenedioxytoluylene hydrate. Twenty-four runs were made on the
desoxypiperoin using various solvents and otherwise modifying con-
ditions; only one run gave the required product in satisfactory yield.
The equation RCH;COR + H; = RCH,CHOHR represents the process.
The toluylene hydrates readily lose water under the action o a mixture
of acetic acid and hydrochloric acid to form the corresponding stilbenes,
RCH,CHOHR = H;0 T RCH=CHR. Stilbenes so obtained are re-
duced more or lessreadily to form the corresponding diphenylethanes.

8 Kaufmann and Adams, THIS JOURNAL, 45,3029 (1923).

9 Rossel, Ann., 151, 42 (1869).
1 |, Allen, private communication.
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It wilf_;be seen that in one case the complete seriesd compounds from
anisil to di-p-methoxydiphenylethane can be produced catalytically (acid
or platinum oxide) in excellent yield.

The following scheme represents the process (anisil as example). Ben-
zil and piperil are similar, but lack the stage Aydro to desoxy compound.

H H
CH;0CH,COCOCH,OCH; —> CH;OCHCOCHOHCH,OCH; —5
Anisil Anisoin

HC1 H,
CH;0C:H,CHOHCHOHCH,OCH; ——— CH3;O0C;H,COCH,C¢H,OCH; —>
Hydro-anisoin HAc Desoxyanisoin

HC H
CH,0C:H,CHOHCH,CH,0CH, ——> CH;0CH,CH=CHCH,0CH; —>
Dimethoxytoluylenehydrate = HAc Dimethoxystilbene

CH,0CH,CH,CH,C:H,OCH;
Dimethoxydiphenylethane

The yields obtained in the foregoing reactions are excellent and would

be practically quantitative if carried out on alarger scale.  Compared with

the usual methods d reduction (amalgam, tin and hydrochloric acid, etc.),

the catalytic method is much superior, where applicable. It isinteresting

to note that many compounds usually described as yellow are obtained

pure white by the catalytic method.

Experimental

In the following reductions 0.01 mole d substance, 50 cc. d solvent
and 0.05g. d platinum oxide were used. The product was usually identi-
fied by a mixed melting-point determination and comparison with an
authentic specimen. The melting points d the crude products were
usually within one or two degreesd the melting pointsgiven in the litera-
ture, indicating a high state d purity. Unless otherwise stated 0.01
mole of material was used for the reduction. The yields may be regarded
as minimal in view d the small amounts d material used. For conven-
ience the results are tabul ated.

TABLE I

TABULATED RESULTS
Startin Tenép., Yield, M. p. o
materi Product Best solvent °C. % product, °C.
Benzil Benzoin Alcohol Room 93 134
Anisil Anisoin Et. ac. 60 90 109-110
Piperil Piperoin Pyridine 60 87 118-120
Furil Furoin - Alcohol Room 86 135
Veratril (Failed to reduce)
Benzil Hydrobenzoin Alcohal Room 90 134
Anisil Hydro-anisoin Et. ac. 60 88 168-170
Piperil Hydropiperoin Pyridine 60 80 200202
Benzoin Hydrobenzoin Alcohal GO 90 134
Anisoin Hydro-anisoin Alcohal 60 89 168-170

Piperoin Hydropiperoin Alcohal a0 88 200-202
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Tasre | (Concluded)

Starting Temp., Yield, M. p.of
material Product Rest solvent °C. % product, °C.
Desoxybenzoin  ‘Toluylene hydrate Alcohol Room 85 63
Desoxyanisoin  Di-p-methoxytaluylene hy-
drate Acetic acid Room 85 110.4
Desoxypiperoin Di-p-methylenedioxytoluylene
hydrate Pyridine Room 97 154-155
Stilbene Diphenylethane Alcohol Room 86 53
Di-p-methoxy-
stilbene Di-p-methoxydiphenylethane Et ac. 60 91 125
Di-p-methylene- Di-p-methylenedioxydiphenyl-
dioxystilbene ethane Acetic acid 60 81 138

Dcsoxybenzoin, desoxyanisoin and desoxypiperoiri (the latter not previously de-
scribed) were produced by the reduction o the corresponding benzoinswith tin and al- .
coholic hydrochloric acid. Desoxyanisoin may also be prepared by the action o acetic
and hydrochloric acids on hydro-anisoin. Desoxypiperoin forms white crystals melting
at 114.5° whencrystallized from aceticacid.  Itissparingly solublein alcohol and moder-
ately solublein acetic acid.

Anal. Calcd. for C;¢HOs: C, 67.61; H, 4.24. Found: C, 67.48; H, 4.40.

Di-p-methoxytoluylene hydrate was found to melt at 110.4° It forms white
diamond-shaped crystals.

Anal. Caled. for C;¢HisOs: C, 74.49; H,6.97. Found: C, 74.32; H, 6.81.

Wiechell!* obtained this compound in another way and reports the melting point
as 170". As a check, the authors reduced desoxyanisoin with sodium amalgam and
acetic acid and found the same melting point o 110". Their specimen, prepared cata-
lytically, gave dimethoxystilbene in 90% yield when heated with acetic and hydro-
chloric acids.

Di-p-methylenedioxytoluylene hydrate was obtained only once out d 24 runs,
and then in a yield d 97%. The compound forms white crystals from acohol and
meltsat 154-155°.

Anal. Calcd. for C;¢HiOs: C, 67.13; H, 4.89. Found: C, 66.95; H, 5.09.

. The same compound was obtained in moderate yield by the reduction of desoxy-
piperoin with sodium amalgam and acetic acid. Prepared by either method, it was con-
vertible into di-p-methylenedioxystilbenein 90% vyield.

The stilbenes listed were obtained in 85909, yield by heating the corresponding
toluylene hydrates for ten minutes with a mixture o 809, acetic acid and 20% concen-
trated hydrochloric acid.

Summary

Benzoins are readily produced from benzils by catalytic reduction.
Hydrobenzoinsare similarly produced from benzilsor benzoins.
Desoxybenzoinsreduce to toluylene hydrates.
Stilbenes, conveniently prepared by dehydrating the toluylene hy-
drates give on reduction diphenylethanes.

5. Veratril failed to reduce.

6. Desoxypiperoin reduced once out o 24 trials.

11 Wiechell, Ann., 279, 340 (1894).

INFARNIES
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7. The catalytic method, when applicable, gives excdlent yieldsand is
superior to other methods.

8. A convenient method for reducing 0.01 to 0.0025 mole is described.

9. Benzoinis recommended as a standard for calibrating the apparatus
for one mole d hydrogen and benzil for two moles.

10. The complete series o reduction products d anisoin may be pre-
pared catalytically.

DURHAM, NoRTH CAROLINA

[CONTRIBUTION FROM THE DEPARTMENT OF RESEARCH IN PURE CHEMISTRY, MELLON
INSTITUTE OF INDUSTRIAL RESEARCH, UNIVERSITY OF PITTSBURGH |
THE PREPARATION OF ALLOMUCICACID AND CERTAIN OF ITS
DERIVATIVES

By C. L. BUTLER AND LEONARD H. CRETCHER
RECEIVED MARCH 1, 1929 PuBLI SHED JuLY 5, 1929

While engaged in the investigation d certain sugar acids, it was desired
to prepare allomucic acid in comparatively large amounts. This is one
d the less common dibasic acids in the sugar group and but few o its
derivatives have been described. The only published method d prepara-
tion isthat d Fischer,! who obtained the acid by epimerization o mucic
acid with excessd pyridine at 140°. Theyidd was 14%.

The present authors have been able to prepare pure alomucic acid
from mucic acid in yield & 339,. This was accomplished under the
conditions d epimerization previously employed in this Laboratory for
the preparation d d-talonic acid from d-galactonic acid.?

It was shown by Fischer! that alomucic acid is partially converted
into a monolactone.on boilingor evaporation d awater solution. Fischer
did not isolate thislactone and we were not able toprepare itincrystalline
form. A solution o the lactone was used in the present work for the
preparation d the mono-amide.

Diethyl allomucate was prepared by the method employed by Malaguti®
for the esterification d mucic acid, namely, the use & a comparatively
large amount d concd. sulfuric acid and alcohol. The yield was 42%,
d the theoretical. It was found that it was also possible to esterify
with acohol containing 19, d hydrochloric acid. This method gives a
better yield (58%,) d ester and is somewhat sinipler in manipulation.
The ester was easily converted into the diamide by addition o concd.
ammoniawater.

It was shown by Kiliani4 that l-mannosaccharic dilactone reduces

! Fischer, Ber., 24, 2136 (1891).

* Hedenburg and Cretcher, THIS JOURNAL, 49, 478 (1927).
s Malaguti, Ann. ckim. phys., [2]63, 86 (1836).

! Kiliani, Ber., 20, 339,2710 (1887).
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Fehling's solution and that in alkaline solution it rapidly becomes yelow
when heated. Very recently,® he again studied the properties d this
lactone and made the surprising discovery that it adds hydrogen cyanide
to give a compound which can be hydrolyzed to a tricarboxylic acid.
Fischer® has reported that d-mannosaccharic dilactone aso reduces
Fehling's solution. This fact has been confirmed in our laboratory.
Mannosaccharic acid, so far as the authors have been able to learn, is
the only dibasic sugar acid possessing these properties. Inspection d the
formulas & mannosaccharic and allomucic acids shows that they are

COOH COOH
H OICH H ‘COH .
H O]CH H éOH
HéOH H(’ZOH
HCIJOH H(IZOH
ICOOH éOOH
Mannosaccharic acid Allomucie acid

similar in that the two hydroxyl groups adjacent to each o the carboxyl
groups arein the cisposition.

This is not true d any other d the dibasic sugar acids. If this con-
figuration is responsible in any way for the properties d mannosaccharic
acid, it might be expected that similar properties would be observed in
the case d alomucic acid. However, tests failed to confirm this pre-
diction. Allomucic acid was found to be non-reducing, both when tested
with Fehling's reagent immediately after solution and when tested after
boiling an agueous solution for one-haf hour to convert to lactone. It
remained colorless when boiled with 109, sodium hydroxide. Moreover,
while mannosaccharic acid readily forms the dilactone, allomucic acid
apparently formsonly a monolactone under ordinary conditions.

Experimental

Preparation of Allomucic Add.—Ore hundred g. & mucic acid, 1000 cc. d water
and 100 g. d pyridine were placed in a 2-liter round-bottomed flask and the mixture
was heated to boiling. The flask was then tightly closed with a rubber stopper which
waswired in position. The flask was wrapped with cloth and heated for 115 hourson a
steam-bath. One hundred and fifty g.  crystallized barium hydroxide dissolved in
hot water was then added. This precipitated the barium salts d mucic and allomucic
acids. The mixture was vacuum distilled until practically all o the pyridine was re-
moved. After cooling, the crude barium salt was filtered off, washed with water and
dried. Theyield was 160 g. The salt was suspended in 1500 cc. d hot water and the
calculated amount d sulfuric acid (based on the amount d barium found by analysis)
was added. The mixture was heated, with stirring, on a steam-bath for two hours.

5 Kiliani, Ber., 61, 1155 (1928).
s Fischer, ibid., 24, 539 (1891).



July, 1929 THE PREPARATION OF AALLOMUCIC ACID 2169

| t was then filtered and the residue, which consisted d a mixtured barium sulfate and
unchanged mucic acid, removed by filtration and washed with alittle hot water. After
treatment with decelorizing carbon, the filtrate was obtained as a pale yellow liquid.
It was then concentrated under reduced pressure to 500 cc. and alowed to stand over-
night in the ice box. The mucic acid which crystallized was removed by filtration.
The filtrate was evaporated to haf its volume under reduced pressure, at about 60°,
and dlowed to stand in the ice box overnight. The crystalline material, which still
contained a small amount d mucic acid, wasfiltered df and treated with ten times its
weight d boiling water. The mixture was filtered hot. Crude allomucic acid sepa-
rated from the filtrate on cooling. The main bulk & mother liquor was again evapo-
rated to hdf itsvolumeand cooled. The crystallineacids weaefiltered df and treated
with ten times their weight o boiling water as before.  After filtration d the mixture,
the filtrate deposited further crystals d crude allomucic-acid. This process was re-
peated with the original mother liquor until only a small amount d dark colored sirup
remained. The several fractions d crude alomucic acid were washed with a little
959, acohol and recrystallized to constant melting point. The total yield was 33
g. which melted at 167-168° with effervescence. The meting point as determined
by Fischer! was166-171°. Thehigher melting point d 172-173° reported by Patterson
and Fulton” was found on rapid heating.

Allomucic Mono-amide.—Twenty gramsd allomucicacid wasdissolvedin 300 cc. of
water and boiled for forty minutes. The solution was dlowed to stand overnight and
was then filtered from a small amount d adlomucic acid. The filtrate was evaporated
under reduced pressure until most d the acid had erystallized out. After filtering, the
solution was again evaporated until about 25 g. d a sirupy mixtured acid and lactone
wasobtained. Thiswascooled iniceand treated with 30 cc. d concentrated ammonia
water. After standing for about five hours, the solution was carefully neutralized with
cold, concentrated hydrochloric acid, using Congo Red as indicator. On standing
overnight a mixture d crystals d ammonium chloride and allomucic mono-amide was
obtained. The former was removed by washing with water. The yield of practically
pure amide melting at 175-175.5° was2 g. Two additional crystallizations from water
raised the melting point only 0.5'. An additional gram d amide was obtained on con-
centrating the mother liquor.

Anal. Caled. for CgHyuO;N: N, 6.69; 4.78ce. d 0.1 N NaOH, Found: N, 6.66;
0.1000g. required4.77 cc. d 0.1 N NaOH.

Diethyl Allomucate.—This ester was prepared according to the method employed
by Malaguti4 in preparing diethylmucate. The yield was42%. It was also prepared
asfollows. 3.4g. d allomucic acid was placed in a flask with 20 cc. d 19, hydrochloric
acid in absolute ethyl alcohol.  After refluxing for twenty minutes, a clear solution was
obtained. Boiling was continued for three and one-haf hours. The volume then was
reduced about one-third by evaporation and the solution alowed to stand in the ice
box overnight. The crystals d diethyl alomucate were filtered of and washed with
absolute acohol. The yield d crude product was 3.3 g. On recrystallization from
acohol 25 g. (58% d the theoretical) d pure ester was obtained, melting point 137-
138°, On evaporation d the mother liquor and washing, an additional 0.6 g. o crude
material melting at about 130° was obtained. The melting point o the second crop
did not changeafter onerecrystallization from alcohol.

Anal. Subs., 0.1000: CO., 0.1653; H.0, 0.0624. Cdcd. for CieH1s0s: C, 45.11;
H,6.76. Found: C,45.08; H, 6.93.

Allomucic Diamide.—0.47 g. d diethyl allomueate was treated at room tempera-
7 Patterson and Fulton, J. Chem. Soc., 50 (1927).
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turewith 3 cc.  coried. ammoniawater. Theester dissolved and the diamide separated
out almost immediately. 1t was washed thoroughly with water and alcohol and dried.
The yield was 0.27 g., 75% d the theoretical. The substance is practically insoluble
in water, ethyl alcohol and ether. It commenced to discolor at 185° and gradually
darkened asthetemperature wasraised. |t melted at 209°, with effervescence.

Anal. Calcd. for CsHi2O6Ns: N, 13.46. Found: N, 13.50, 13.38 (Kjeldaht).

Summary

1 An improved method for the preparation d allomucic acid is de-
scribed.
2. Methodsfor the preparation d several new derivatives d the acid
are presented.
3. A comparison is made d some d the properties d allomucic and
mannosaccharic acids.
PITTSBURGH, PENNSYLVANIA

[CONTRIBUTION FROM THE LLABORATORY OF PHysicAl, CHEMISTRY OF THE UNIVERSITY
oF UpsALA]

THE MOLECULAR WEIGHT OF EDESTIN

By THE SVEDBERG AND ALFRED J. STAMM!
RECEIVED MARCH 6, 1929 PUBLISHED JULY 5, 1929

The proteins that have thus far been subjected to the ultracentrifuge
analysisin this Laboratory in order to determine their molecular weights
as well as other physical characteristics have been water soluble? with the
exception of serum globulin.*  This protein required only relatively small
salt concentrations to hold it in solution. There are a number d other
proteins d the globulin class that are soluble only in strong salt solutions.
It was thus the authors' desireto seeif the previously developed methods
o study were completely applicable to the study d proteins dissolved
in strong salt solutions.

The protein edestin, belonging to the vegetable globulin class, was
chosen for thiswork so asto add another typed proteinto thelist d those
studied. Edestin seemed especially suitable because d the ease with
which it can be isolated and because  its definite crystalline structure,
which is astrong indication d its homogeneity.

Preparation of Material.— Coarsely ground hemp seed (600 g.) was
directly subjected to digestion and extraction with a mixture d 2000 cc.
o 109, sodium chloride solution and 400 cc. o 2.19%, disodium phos-

! Fellow d the International Education Board.

2z (a) T. Svedberg and R. Fahraeus, THIS JOURNAL, 48, 430 (1926); (b) T. Sved-
bergand J B Nichols, ibid., 48, 3081 (1926); (c) T. Svedberg and J. B. Nichols, ibid.,
49,2920 (1927); (d) T. Svedberg and N. B. Lewis, ibid , 50,525 (1928); (e) T. Svedberg
and E. Chirnoaga, ibid, 50, 1399 (1928); (f) T. Svedberg and B. Sjégren, ibid., 50,
3318 (1928).
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phate.® After standing for twelve hours at room temperature the material
was heated for two hours at 40° and then filtered through a filter cloth.
The filtrate was clarified in a bucket centrifuge. Three volumes o water
were added to each volume d the filtrate, causing precipitation o the
extracted edestin. This was alowed to stand overnight in an ice box.
The supernatant liquid was removed from the precipitate in the bucket
centrifuge. After washing the precipitate several times by decantation
with a dilute sodium chloride solu-

tion; the precipitate was dissolved 2.0 /
in 169 sodium chloride. There-
precipitation and solution was re- /

16

peated three times. The stock
edestin was kept in an ice box in

a precipitated form under dilute
sodium chloride. A few drops d &
toluenewereadded tothe solutions g
in the course d the preparation %
and to the stock precipitate and & ;g
stock solutionsto prevent bacterial /
action. : : /
Due to the decreased solubility /
d edestin at low temperatures, as 0.4 /
well as the decreased solubility o

the phosphate buffers used, the /
stock solutions made up from the 0 b—o-ro—o]
above precipitated edestin were 04 Na%?mncn ]r-ﬁzol o 16
dialyzed and kept at room tem- Fig. l '

perature (about 18°). The course

d the experiments showed that this had no deleterious effect.

Solubility and Isoelectric Point.—Though edestin has perhaps been
studied more than any other protein o this class, practically none of its
physical characteristics are known with any degree d accuracy. Two
different values have been obtained for the isoelectric point. Rona and
Michaelis* found it to be at a PH 6.9 in phosphate buffers, and Michaelis
and Mendelssohn® foundit to be at PH 5.6 in acetate buffers.  Because of
this discrepancy, it seemed advisable to determine the isoelectric point
from solubility measurements under the conditions used in this research,
and at the same time to get the solubility information that would be of
value in connection with the ultracentrifuge analysis.

™~

3 The grinding of the hemp seed was kindly donefor usin an experimental mill at
thelaboratory o Upsala Angkvarn.

¢ Rona and Michaelis, Biochem. Z., 28, 193 (1910).

¥ Michaelisand Mendelssohn,ibid., 65,1 (1914).
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Three sets d solubility measurements were made. | n each case the
concentrations were determined by evaporating 2 cc. d the solvent and
2 cc. d the solution, and drying to constant weight in an oven at 105°.
The solutions were allowed to stand in contact with an excess o edestin
for several hours at room temperature (about 18°) and they were then
clarifiedinabucket centrifugebe-
fore pipetting of the samplesfor

| analysis. Figurelgivesthesolu-
I bility of edestin in different con-
20 : centrationsd sodium chlorideso-
l lution. The solubility is small
|

2.4

X

up to 0.8 M sodium chloride, but
abovethisconcentration thesolu-
bility increasesrapidly. Figure2
give)éthe changgspin gol ubi ﬁty o
edestin in phosphate buffer solu-
tions with the change in P1 o
the solvent. Curve A isfor the
phosphate buffer aloneand Curve
B for the phosphate buffer to-
gether with sodium chloride.
Curve A gives a minimum solu-
bility isoelectric point at P+ 5.5
and B gives it at PH 54. A
solution d edestin, inapreviousy
0.4 / / boiled sodium chloride solution

1.6

Edestin, 9.
'_\
[N)

0.8

[ ———

A (PH 5.8), after twelve days' di-

pd aysis against the solvent, gave
/ /"/ a PH d 55 As the sodium
0 maie chloride has practically a negli-
4 5 6 7 8 9 10 gipe puffering action, the Pu o

Pa. . .
Pig. 2—A, in phosphate buffer, total concn. the solution should be practi-

i ; oint:
0.15 M; . B, in phosphate buffer, total concn., C3jly at the isoelectric p
0.15 M +0.735 M NaCl. These three values are in very

good agreement and also check

the value d the isoelectric point given by Michaelisand Mendelssohn.
The solubility curves show that the solubility d edestin in buffered
solutions is very small near the isoelectric point. The measurements to
follow, that were made at the isoelectric point, have hence been made on
unbuffered sodium chloride solutions. Measurements on solutions con-

taining no sodium chloride could only be made at the higher P4 values.
Specific Volume.—The partial specific volume d the protein was de-
termined pycnometrically at 19.8". Measurements were made on three
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diierent solutions d edestin o different PH value and different concen-
tration, asshown in Table |. Fach d the solutions was dialyzed against

0.56 TaBLE I
PartiaL SpEcFic VOLUME oF EDESTIN IN DIFFERENT SOLVENTS AT 19.8°
Edestin concn., % 1.19 0.58
Solvent 1.24 M NaCl 0.735 M NaCl 0.62 M NaCl
0.15 M NazHP04 0.0375 M N32I1P04
0.06 M KH,PO; 0.026 M Na2OH
PH o 0n. 5.5 6.7 11.3
Part. . val. 0.744 0.743 0.745

the solvent for twelve days at room temperature (16 to 18°). The outer
liguid was changed twice a day. The dialysis was conducted under a
bell jar to minimize evaporation from the solvent. ‘The table shows
that the partial specific volume is not affected by the PH o the solution
over the range tested. These values agree, within the range o experi-
mental error, with the partial specific volume d egg albumin, hemoglobin,
serum albumin, serum globulin, phycocyan and phycoerythrin, as deter-
mined in this Laboratory.

Light Absorption.—The light absorption d cdestin solutions was de-
termined with the Judd-Lewis spectrophotometer. ‘The specific extinc-
tion coefficient,e/c = 1/edlog Io/I
(where ¢ is the concentration in
per cent., d the thickness o the
'solution, I, the intensity d the
light beam after passing through
the solvent and 1 the intensity o
light after passing through the \/
same thickness d solution), is /

e/c.
]

plotted against the wave length
d thelight (seeFig. 3). Measure-

ments were made upon 0.110 and

0.055% solutions o edestin in

1.24 M NaCl, PH 5.5; 0.198, 0.099 0
and 0.0495% solutions o edestin 400 i 200
0.735 M in NaCl, 0.15 M in Nay- Wa“’eﬁ b
HPO, and 006 M in KH,PO,, PH g3

6.7; a0.090% solution of edestin 0.15M in Na,HPO,, 0.0036 M in KH,PO,
and 0.0052M in NaOH, PH 9.7; afresh0.053% solutiond edestin 0.62 M
in NaCl, 0.0375M in Na,HPO, and 0.025 M in NaOH, PH 11.3; asimilar
solution to the latter made up from a solution five days old containing
originally 0.58% d edestin; and a 0.089% solution d edestin 0.206 M in
NaCl and 0.0167 M in HCI, PH 1.S. All d these solutionsgave practically
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identical curves so only the average value is plotted. The absorption
showed a maximum at 276y, and a minimum at 254uu.

Determination o the Molecular Weight

Sedimentation Vdocity Method.—The apparatus and the method
have been so completely described in previous publications®®<%¢ that
no attempt will be madeto repeat the description here.  The modifications
described by Svedberg and Sjogren* were effective in this work. As
the maximum light absorption d edestin is similar to that for the other
proteins studied, the same optical system and the same chlorine and
bromine filters were used.

The molecular weight is given by the relation

M= RTs

D(1 — Vp)
where R is the gas constant, T the absolute temperature, s the specific
sedimentation velocity or 1/w¥-dx/dt, D the diffusion constant, V the
partial specific volume d the protein, p the density o the solvent, x the
distance from the axis d rotation, w the angular velocity and t the time.

Table IT gives the resultsd a typical run made with an edestin solution
at the isoelectric point. The constancy o the values for the specific

‘TaBLE 11
RESULTS oF A TypicaL SEDIMENTATION VELOCITY RUN MADE UPON AN ISOELECTRIC
SoLuTioN of EpEsTIN IN 1.24 M Sobium CHLORIDE SOLUTION

Concentration, 0.56%; PH o solution, 5.5; V = 0.744; p = 1.0479; rel. vis. o
solvent, 1.0690; length d column o solution, 1.38 cm.; thicknessd column, 0.60 cm.;
average speed, 23,900 r.p.m.; aperture o objective, F:36; time of exposure, 80 sec.;
time interval between exposures, 35 min.; temperature, 21.0°.

Sedimentation

Catiif. cms}gsec. Diffusion
force. e Time, MeanZ cmD}Osec
(/-:\n)"(l.’ M&ﬂﬂ X, Xw]ﬁ? Cr)r(] /IS&% sec, | cm. ’ X. iO" )
0.066 4.653 2.93 10.48 2,520 0.033 4.61
.067 4,719 2.98 10.43 4,620 .045 4.67
.067 4.786 3.05 10.19 6,720 .052 4.29
.065 4.853 3.09 9.75 8,820 .065 5.11
.065 4917 3.09 9.75 10,920 .073 5.20
.070 4.985 3.07 10.57 13,020 .079 511
.070 5.055 3.06 10.60 15,120 .086 5.22
.067 5.123 3.16 9.85 17,220 .098 5.95
Av, 10.2 X 1013 5.02 X 1077

Av. molecular weight, 225,000.

“Mean Z" isthe mean d the distances on the photometer curves from the point
where the concentration is 50% to the points where the concentrations are 25 and
75%, respectively, the concentration in the unchanged part of the solution being taken
as 1009%,.%°

8 The Svedberg, " Colloid Chemistry,” 2nd ed., Chemical Catalog Co., Inc., New
York, 1928.
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sedimentation velocity s and the diffusion constant 1 indicates that the
cdestin is mono-disperse and that the solvent shows no timefunction effect
upon the systems. The edestin further settled so as to give clear buffer
at the top of the cell, thus showing that there was no non-centrifugible
material present with alight absorption between 250 and 290uu, the wave
lengths of the light entering the cdll.

Figure 4 givesthe concentration curves from which the data d Table II
were obtained. The curves have been corrected for the sector shape o
the cdl and the variation d the centrifugal force with distance from
the center of rotation. The dotted curves for each represent the theo-
retical diffusion curvesd a sub- g

stance d only one molecular / /// 7 z

species when subjected to the
same experimental conditions.
The deviations obtained are well
within the range d experimental
error.

Table III givesa summary o
al d the sedimentation velocity
runs. Theeffect o varying only
the edestin concentration was de-
termined for two different sol-
vents. The specific sedimenta-
tion velocities and the diffusion
constants show no regular shift
between the concentrations o
1.16 and 0.193% in 1.24 M NaCl, P4 5.5. Theresulting molecular weight
values are constant within experimental error over thisrange. The same
istruein the solutions at P+ 6.7 from a concentration o 1.389, edestin
to a concentration d 0.1559,. At the concentration d 0.108 there is an
appreciable change in the specific sedimentation velocity and diffusion
constant, indicating a change in the molecular dispersion d the edestin.
Dissociation has very likely taken place in this dilute solution. The ab-
normal specific sedimentation velocity and the continuous shift in the
apparent diffusion constant from 3.1 at the start d the run to 11.3 at
the end d the run indicate the heterogeneity d the system. The mole-
cules d different molecular weight settling at different speeds caused a
spreading or blurring at the sedimentation boundary, which according to
the methods d calculation is included with the true diffusion. Though
such runs as this cannot be quantitatively analyzed and the true molecu-
lar weights calculated, they show very nicely in a qualitative way what
has happened to the solution.

The molecular weights calculated from the data d all o the runs at

Rel. concen., %

& g =
\
—

\

0.25 0.50 0.75 1.00
Distancefrom meniscus, cm.

Fig. 4.
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TaBLg IIT
SUMMARY OF RESULTS BY THE SEDIMENTATION VELOCITY METHOD
Solvent, M PH Density of Rel. vis. Concn. of
No. NaCl Na:HPOs KH:POa  solo. soln. of soln. edestin, %,
1 1.24 . . 5.5 1.0479 1.069 1.16
2 124 .. .. 5.5 1.0479 1.069 0.560
3 124 5.5 1.0479 1.069 , 290
4 1.24 “a ‘. 5.5 1.0479 1.069 .193
5 0.735 0.15 0.06 6.7 1.0529 1.120 1.38
6 .735 .15 .06 6.7 1.0529 1.120 0.890
7 .735 .15 .06 6.7 1.0529 1.120 .445
8 .735 .15 .06 6.7 1.0529 1.120 222
9 .735 .15 .06 6.7 1.0529 1.120 .1556
10 785 .15 .06 6.7 1.0529 1.120 .108
11 Like 5-10 with 55.79, of 6.7 1.0225 1.055 .296
water added
12 .. L0715 0017 7.9 1.0073 1.031 .150
13 .0052* .15 .0036 9.7 1.0171 1.075 .300
14° .62 075 .0018 9.7 1.0325 1.072 .580
15 .62 .0375 .025* 11.3 1.0295 1.035 . 580
16 .62 L0375 025 11.3 1.0295 1.035 .580
17 ,206 .00217° 3.1 1.0079 1.011 .193
18 .206 .0167° . 1.8 1.0079 1.011 .193

* godium hydroxide. *" odium hydroxide, 0.0026 M, added. ° Hydrochloricacid.

S20

Av. Non- cm./sec.per Dm Water basis
r.p m. centrif. em./sec’? cm.2/sec. $20 Do Mol.

No. o centr. material, % X 103 X107 X 10w X 107 wt.

1 23,900 1 10.8 5.63 13.4 6.02 213,000

2 23,900 0 10.2 5.02 12.7 5.37 225,000

3 23,800 0 10.4 5.49 12.9 5.88 209,000

4 24,600 2 10.0 5.00 12.4 5.35 221,000

5 23,500 7 9.46 4.83 12.5 5.40 219,000

6 43,800 .. 9.45 . 12.5 e

7 23,700 7 9.54 511 12.6 572 209,000

8 23,600 9 9.70 4.98 12.8 5.58 218,000

9 24,300 11 9.32 4.99 12.6 5.59 209,000
10 23,800 14 [8.70] [7.48] .. e e

Av 12 77Av.5.62 Av. 215,000

11 23,400 7 11.8 5.63 13.3 5.94 213,000
12 24,600 . 12.5 5.67 13.1 5.85 214,000
13 23,700 4 12.1 5.93 13.7 6.37 204,000
14 23,800 0 10.75 5.44 12.7 5.83 208,000
15 23,700 16 4.82 57" 5.47 590  .....
16 42,500 6 4.90 6.1" 5.55 6.32  .....
17 23,700 28 12.2 .. 12.7 e e
18 24,500 50 9.16 .. 9.48 G e

* Extrapolated values (see Fig. 5).

PH 55 and PH 6.7, with the exception o the one above cited where
dissociation took place, arein very good agreement. Theaveragemolecu-
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lar weight of 215,000is almost exactly the same as that o phycoeerythrin
obtained by Svedberg and Lewis. This molecular weight is considerably
larger than any of the estimates that have been made from analytical
data; Cohn? gives 29,000 as the minimal molecular weight of edestin.
Osborne® gives 7250 as the minimal molecular weight from the acid
combining capacity and chemical composition. Estimates by the osmotic
pressure methods cannot be made as in the case d several o the other
proteins, because high electrolyte concentrations are necessary to hold
the edestin in solution and they would exert a far greater pressure than
the edestin itself.

I n order to compare the specific sedimentation velocity and the diffusion
constant in the different solvents, the experimentally determined values
have been converted to a basis d sedimentation and diffusion in pure
water. The specific sedimentation velocity depends inversely upon the
viscosity o the solvent and directly upon the differencein density between
the particle and the solvent. The experimental values have thus been
multiplied by the relative viscosity d the solvent and the ratio between
the density differences in water and in the solvent. As the diffusion
dependsinversely upon the viscosity, it has been multiplied by therelative
viscosity. The values d s on the water basisfor the solutions at PH 5.5
and 6.7 show a maximum deviauon vi 9%, ana a mean deviation of 29,
from the average value. The values & D show a maximum deviation
d 79, and a mean deviation d 49, from the average.

The percentage of non-centrifugible normal light-absorbing material
from each run isalso included in Table I1I. These values were obtained
from the deviation o the light absorption d the liquid at the top o the
cdl from that d the pure buffer. For al d the solutionsat P+ 5.5it was
very smal. Inthecased thesolution d PH 6.7 it was somewhat larger
and showed a slight increase with a decreased edestin concentration, as
has been noted with other proteins.® The fact that the solutions at
P+ 6.7 were considerably older at the time the runs were made than those
at PH 5.5 may account for the slight decomposition d the former. In
none d these cases, however, is the percentage d non-centrifugible ma-
terial present sufficient to interfere with the determinations.

Theeffect d the dilution d the solvent with water is shown by Run 11,
Table ITII. The values o the specific sedimentation velocity, diffusion
constant and molecular weight are quite normal. The fact that the con-
centration d the solvent and its saline composition can be varied over a
considerable range without affecting the results indicates the applicability
d the sedimentation velocity method to the study d the molecular weights
d proteinsin strong salt solutions.

7 Cohn, Physiol. Ryv., 5,360 (1925).
8 Oshorne, THIS JOURNAL, 24, 39 (1902).
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‘T'able IIT also shows the effect of varying the Pu of the solution. The
results show that edestin is stable over a considerablerange d Pa on the
akalinesded theisodectricpoint. Run 13 showstheresultsfor a sample
that was made up three months before the measurements were made.
Not only is the molecular weight normal, but the sedimentation curves
further show that only 4%, d non-centrifugible material & normal light
absorption can be present. This is even less than the amount present
inthe cased several d therunsat PH 6.7.

A further increase in the PH above PH 9.7 shows a definite decom-
position or dissociation. Runsl15and 16 wereataPH of 11.3. Theformer
was run at aspeed d 23,900r.p.m.
and the latter at 42,500 r.p.m.
36— /° 1 The specific sedimentation veloci-

tiesarein good agreement but they
: are less than hdf o the normal
28 value. The diffusion constants,
which areapparent rather than real
because d the heterogeneity d the
2 i system, are plotted in Fig. 5 for
}! the different times d sedimenta-
/ — tion. Inthecased thehigh-speed
; B,(/ ‘ run the change d the apparent
12 P diffusion with time is greater than
/ _~ for the low-speed run, because o
/ the greater separation d the sedi-
4 ¥ mentation boundariesd the differ-
0 2 12 16 20 24 28 ent molecular species present. It
_ Time, thousandsd sec. isd interest t(??%te tkf)at theratio
Fig. 5.—A, 42500 r.p.m.; B, 23,900 r.p.m. d theslop%d the two curves after
a considerable time d centrifuging approaches the square d the ratio of
the centrifugal forces, that is, the Z displacements per unit d time ap-
proach proportionality to the centrifugal forces applied. This means
that with increased time the proportion d the apparent diffusion constant
that is caused by true diffusionbecomesless and less, and that the spread-
ing of the sedimentation boundaries predominates. When the apparent
diffusion curves are extrapolated to zero time the converse should be true
for the resulting values. There should be no spreading d the boundaries
and the diffusion valuesshould be real, and a sort d average valuefor the
diffusion constants o the various constituents present in the mixture.
I't will be shown later that thisis the case.
A further analysis of the data of Run 15 is given in Fig. 6. The ex-
perimental sedimentation curve E corrected for the sector shape o the
cel and the variation of the centrifugal force with distance from the

>

Apparent diff. const. X 107.
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center d rotation is given for thelongest time o centrifuging (correspond-
ing to the highest point on Curve A (Fig. 5). The dotted curves A, B
and C are the theoretical sedimentation curvesfor normal edestin, a pro-
tein d one-haf the normal molecular weight and one o one-third the
normal molecular weight, respectively, each d which is subjected to
the actual experimental conditions. The specific sedimentation velocities
and diffusion constants used for the fractional molecular weight calcula-
tions were the actual experimental values obtained for the proteins that
have these molecular weights.?*®f The dotted curve, D, is for the theo-
retical mixture d 159, A, 309, B and 559, C, respectively. This curve

100 - -
y e ,,/ - O” ”
/ s /
’I o= O /
/ ,o’/ /
75 o :
1
. /I
IS
\ £
g
z 50 H
5 1
o !
=4 !
25 /A
/
/
/
,/
0 td
0.25 0.50 0.75 1.00 1.25 1.50

Distance from meniscus, cm.
Fig. 6.—A, Theoretical curve for normal edestin; B, for a protein o
M =106,000; C, M=68,000; D, 15% A, 30% B, and 55% C; E, actual
experimental curve for edestin at Pa=11.3.

shows a fair agreement with the actual experimental curve, E. It is
especially good at the ends, the deviation being almost entirely near the
inflection point. Similar curvesfor shorter timesd sedimentation showed
far better agreement between the observed and the theoretical curves.
Such an analysis as this d course cannot prove the molecular constitution
d the mixture, for perhaps other combinations will satisfy the experi-
mental conditions as well as this. It serves, however, to show the general
nature d the mixture. In the last section d this paper the constitution
d this mixture will be shown quite definitely to be that represented here.

Edestin isfar less stable on the acid side d the isoelectric point than on
the akaline side. Decomposition takes place both at P+ 3.1 and 1.8.
Though the specific sedimentation velocity is amost normal, showing
the presence d normal edestin, the diffuson constant is definitely d the
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apparent diffusion type pictured above. The decomposition, however,
is quite different from that on the alkaline side o the isoelectric point,
as the decomposition is mostly into material of such a low molecular
weight that no sedimentation will take place. This can be seen readily
by comparing the percentages d non-centrifugible material present for
each o therunslisted in Table I11. Slight irregularities in the sedimen-
tation curves for both of these acid runs indicate that there are some
centrifugible decomposition products present, as is required by the ab-
normal diffusion constant. Though these cannot be identified definitely,
i t seems probablefrom the curvesthat a material d one-haf d the normal
molecular weight is present.

Sedimentation Equilibrium Method. —A few runs were made by the
sedimentation equilibrium method as previously described.®%¢ The
molecular weight is given by the relation

2RTIn (eo/c)

(I = Veo)wi(xs — 1)
¢1 and ¢; arethe concentrationsat the distances«, and x, from the center d
rotation and the other symbols have the same significance as previously.

Table IV gives the results d a typical run showing that there is no
regular change d molecular weight with height. Table V gives a sum-
mary d al o the equilibrium runs. The molecular weights obtained
by this method agree quite well with the values obtained by the sedi-
mentation velocity method. An unsuccessful attempt was made to de-
termine the molecular weight d the protein at P4 11.3 by this method.

M =

TaBLE IV

RESULTS OF A | YPICAL SEDIMENTATION EQUILIBRIUM RUN MADE UPON AN | SOELECTRIC
SOLUTION oF EDESTIN IN 124 M Sobium CHLORIDE SGLUTION
Concentration, 0.58%; Pu o solution, 5.5; V = 0.744; p = 1.0479; length o
column d solution, 0.59 em.; thickness d column, 0.2 cm.; distance d outer end d
solution from axis d rotation, 5.95 cm.; average speed, 5280 r.p.m.; aperture d lens,
F:25; timeof exposures1, 2 and 3 min.; exposuresmade after 30, 35 and 45 hours o
centrifuging.

Mean conen.
. (orig. soln.

Distances, cm. = 1.00) No of ex- Mol.

X2 21 2 a posures wt.
5.86 5.81 2.09 1.76 6 222,000
5.81 5.76 1.76 1.48 9 223,000
5.76 5.71 1.48 1.29 12 179,000
5.71 5.66 1.29 1.12 12 185,000
5.66 5.61 1.12 0.95 12 216,000
5.61 5.56 0.95 .81 12 212,000
5.56 5.51 .81 .68 12 238,000
5.51 5.46 .68 .58 9 217,000
5.46 5.41 .68 .49 9 234,000
5.41 5.36 .49 .42 9 214,000

Mean 214,000
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The results showed definitely that the edestin had decomposed or disso-
ciated into severa molecular species d the order d molecular weight o
those predicted by the sedimentation velocity method, but no quantita-
tive results could be obtained because d the complexity o the system
and the long time required to obtain equilibrium during which further
changesin the protein may have resulted.

TABLEV

SUMMARY oF THE RESULTS BY THE SEDIMENTATION EQUILBRIUM METHOD
No. 1 2 3
Solvent, NaCl 1.24 M 0.735M 0.735M
Solvent, Na;HPO;4 v 15 M 15 M
Solvent, KH-PO4 e .06 M .06 M
PH o solution 5.5 6.7 6.7
Concn. d edestin, % 0.580 0.595 0.595
Mean speed, r.p.m. 5280 4970 4900
Exposures after hours 30, 35,45 29, 38 30, 36, 44
Molecular weight 214,000 209,000 202,000 Mean, 208,000

Sedimentation Velocity Method as Modified by Lamm.—Ole Lamm,
working in this Laboratory, has developed a new method for determining
the changes in concentration in a sedimenting system based on the meas-
urement d the changesin therefractive index d the system. ‘The theory
d the method has been described by Lamm.® For a complete descrip-
tion d the method the reader is refered to the above publication and
subsequent publications & Lamm to follow. It suffices to state here
that the measurements yield directly a function which is proportional
to the change in the concentration with changesin height, that is, a first
derivative curve. As the results will show, such a function gives the ab-
normalities due to the presence d several molecular speciesin the system
much more definitely than the simple concentration—-height relationship
obtained by the old method. A run made by the new method on a 0.487%
solution d edestin in 1.24 M sodium chloride (average speed, 24,300
r.p.m.) gave a molecular weight o 222,000, a specific sedimentation ve-
locity d 12.4 X 10-'% and a diffusion constant d 5.30 X 10~7 on a water
basis. These values all agree well with the values given in Table III.

In Fig. 7 is plotted the function d the change in concentration with
height against the height for a 0.4879, solution d edestin at PH 11.3
after one and one-haf hours sedimentation. Instead o obtaining the
simple one-maximum curve that would result if only one molecular species
were present, there are three definite maxima. The three dotted curves

% Lamm, Z. physik. Chem., 138,313 (1928). The applicationd the method to the
ultracentrifuge was not as yet published at the time d the preparation o this manu-
script, but should appear in print soon. The authors are grateful to Lamm for grant-

ing them permission to publish their results obtained by the new method before his com-
plete description d the method has appeared in print.
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represent the three smple curves whose summation is the experimental
curve. From the position and the shape of these three curvesthe specific
sedimentation velocitiesand the diffusion constantsd each of the constitu-
ents can be calculated according to the method which Lamm will de-
scribe.  Table VI gives a summary d the results d this run, obtained
from the curvesd Fig. 7, aswdl asfrom similar curvesfor differenttimes
of centrifuging. Because d the high centrif-
ugal force used the normal edestin is so com-
pletely removed from the system in two hours
that only two valuesfor the specific sedimen-
tation velocity could be obtained from the
data. The small percentage d the normal
edestin present, asis shown by the relatively
low maxima, made it practically impossible
to obtain diffusion data for this constituent.
The specific sedimentation velocity for Con-
stituent 1, however, shows definitely that it
represents the original normal edestin.  Both
the specific sedimentation velocities and the
diffusion constants for Constituent 2 are very
close to the values for serum, globulin and
phycocyan,?®f and those for Constituent 3
are very close to the values for hemoglobin
and serum albumin.®f The data thus defi-
nitely show that edestin at a P4 o 11.3 disso-
ciates into particles having one-half and one-
third d the origina molecular weight, and
that these dissociation productshavethesame
specific sedimentation velocity and diiusion
constant as the other proteins that have the
same molecular weights. This run by the
new method further shows that the proportions of the three constituents
present are d the same order d magnitude as in the theoretical calcula
tion d Fig. 6.

This one illustration shows very nicely the possibilitiesd applying the
new method to the study d mixed proteins. Further work along this
line is now under way at this Laboratory and should yield more important
data regardingthe dissociation o proteins.

Concentration gradient.

Distance from meniscus.
Fig.7.

Discussion o Results

This research has shown quite definitely the applicability without
modificationsd both the sedimentation velocity and sedimentation equi-
librium methodsto thestudy d proteins dissolved in strong salt solutions.
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Edestin concentration, 0487%; solvent 0.62 M in NaCl; 0.0375 3/ in Na,HPO,;
0.025 M in NaOH; Pu d solution, 11.3; density d solvent, 1.0295; relative visc
d solvent, 1.0350; thickness o column d solution, 0.60 cm.; average speed, 42,

THE MOLECULAR WEIGHT OF EDHESTIN

TABLE VI
SummMaRY OF THE RESULTS OsTAINED oN EprstiNn AT PH 11.3 BY THE NrEw METHOD

DEVELOPEDBY OLE LaAMM

r.p.m.; averagetemperature, 21.2°

Time, hours

Specific sedimentation velocitiesat 20°

Constituent 1

Constituent 2

Constituent 3

1-1.5 10.44 X 10713 573 X 10713 3.29 X 1018

1.5-2 10.59 x 10-13 522 x 107 3.40 X 1071
2-25 Lo 4.78 X 10-13 3.16 X 10~13

2.5-3 Lo 5.28 X 1071 3.76 X 10718
335 523 X 10713 3.77 X 10—13

Av. 10.52 X 1012 5.25 X 10~13 3.47 X 10-18

Water basis values 11.9 X 10713 594 X 10~13 3.94 X 10-13

Diffusionconstantsat 20°

Time, sec. Constituent 1 Constituent 2 Constituent 3

4020 .. 4.78 X 1077 5.43 X 107

5820 ...l 4.68 X 1077 6.02 X 107

7620 ... 5.25 X 1077 5.75 X 1077

9420 ... 5.91 X 107 5.35 X 107

11,220 e e 6.52 X 107

13020 e i 5.98 X 1077

Av. 5.15 X 1077 5.84 X 1077

Water basisvalues  ........... 5.33 X 107 6.05 X 1077
Molecular weight — ........... 106,000 62,200

The specific sedimentation velocity values obtained in different solvents
can be converted to a basis d sedimentation in water merely by multi-
plying by the relative viscosity d the solvent and the ratio o the differ-
encein densities between the particle and the solvent, in water and in the
solvent under consideration. The diffusion constant values can be con-
verted to a basisd diffusion in pure water by merely multiplying by the
relative viscosity d the solvent. Theresultsin Table I1I show very nicely
the constancy d both the specific sedimentation velocity and diffusion
constant when corrected to a water basis for all d the solvents except
those in which dissociation took place.

The molecular weight d normal edestin is practically the same as that
d phycoerythrin.  The specific sedimentation velocity and diffusion con-
stant are likewise the same within experimental error. Calculation d
the radius d the particle by applying both Stoke's law and Einstein's
law shows that the edestin molecules are practically spherical as in the
case with phycoerythrin.?

This research gives considerable further evidencein favor d the senior
author's theory that the proteins all have molecular weights that are
integral multiples of the molecular weight d egg albumin, namely, 34,500.
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Normal edestin has a molecular weight very close to six times this value.
Every oned the proteinsthusfar studied in thisLaboratory has a molecu-
lar weight o either 1, 2, 3 or 6 times that d the egg albumin with the
exception d the two hemocyanins, which are such large multiplesthat it is
impossibleto determine whether they are integral multiples.

The nature of the dissociation products d edestin at PH 11.3, obtained
by the new method d Lamm, gives perhaps the best single piece d evi-
dence obtained to date d the validity d the theory. Not only are the
molecular weights d the dissociation products even multiples, but they
are the same multiples as other known proteins and have the same spe-
cific sedimentation velocities and diffusion constants. No protein with a
molecular weight 4 timesthat d egg albumin has ever been found. It is
d interest to note that there was no evidenced any such multiple molecu-
lar weight dissociation product either, or a multiple d 1.5 as might be
expected if the dissociation took place in two steps. A more extended
research upon the dissociation products d edestin as well as d other
proteins outsided their normal PH stability range will undoubtedly settle
this theoretical consideration definitely.

The expenses connected with these experiments have been defrayed by
grants from the Nobel Fund d Chemistry and from the foundation
" Therese och Johan Anderssons Minne."

Summary

1. The previoudy developed ultracentrifuge methods for determining
the molecular weightsd proteins have been shown to be completely appli-
cable to the study d proteins dissolved in strong salt solutions.

2. The normal molecular weight d edestin was found to be 212,000
= 10,000, the averagespecificsedimentationvelocity 12.8 X 101 cm. /sec.
and the average diffusion constant 5.6 X 10~7 cm.2/sec. both on a water
basisat 20°.

3. The edestin concentration showed no effect upon the resulting
molecular weight, above a concentration d 0.1%,. Bedow this value defi-
nite dissociation or decomposition took place.

4. Edestin was shown to be quite stable and to give a normal molecu-
lar weight on the akaline side d the isoelectric point (PH 5.5 by solu-
bility measurements) as high asa PH d 9.7. At a PH d 11.3 definite
dissociation took place. Edestin was found to be quite unstable on the
acid side d the isoelectric point, definite*dissociation taking place at
PH 3.1

5. Employing a new method developed by Ole Lamm at this Labora-
tory for determining the concentration gradients in the sedimentation
systems, the molecular constitution o dissociated edestin at a PH d 11.3
was definitely determined. Under the conditionsd the experiment given,



July, 1929 THE PATTY ACIDS ASSOCIATED WITH RICE STARCH 2185

molecules d one-half and one-third o the normal molecular weight are
present together with the normal.
UpsALA, SWEDEN

[CONTRIBUTION FROM THE CHEMICAL LABORATORIES @ THE COLLBGB OF THE Crity
oF NEw Yorx]

THE FATTY ACIDS ASSOCIATED WITH RICE STARCH

By LEo LEHRMAN
RECEIVED MARCH 7, 1929 PUBLISHED JuLy 5, 1929

It has been shown that in several naturally occurring starches fatty
acids are combined with carbohydrate.! In the case d corn and rice
the fatty acids constitute part o the molecule  one d the components,
namely, the a-amylose.? The fatty acids liberated by the hydrolysis
d corn starch free from extraneous material have been identified and
their amounts determined.'™® From areview d the"fat by hydrolysis,”’*?
acid number and iodine number d thefatty acidsliberated from corn and
rice starch free from extraneous material,'’ a difference in amounts and
possibly in kind is apparent. Therefore, it isimportant that these fatty
acids which are in the rice starch molecule! (a-amylose portion) should
be determined both qualitatively and quantitatively. This would enable
a comparison d these two starches and furnish additional evidence in
the understanding d the different behavior o the starches.

In the course d the investigation the probable absence d sterols or
other substances that might occur in the starch and be present in the
liberated fatty acids was shown. As the fatty acids occurring in the
germ are present as glycerides, the aqueous filtrate from the hydrolysis
was examined for glycerol; a negative result was obtained. This is
added evidencethat thefatty acidsidentified were not present extraneously
in the starch.

Experimental Part

Mixed Fatty Acidsfrom Rice Starch. — Thericestarch* which wasused asthe start-
ing material had a negligibleamount of extractable extraneousmeaterial, using petroleum
ether as the solvent. In the course d the work a total  twenty pounds was used.
The hydrolysis'® was carried out usi ng hydrochloricacid and a much more concentrated
suspension d the rice starch. Five pounds d the starch yielded a suspension of 3.5
liters; the acid solution was made up by diluting 525 cc. d concentrated hydrochloric
acid to 1.5 liters. The filtrate from the hydrolysis, which had a dark brown color,
was reserved for the examination for glycerol. The fat by hydrolysis, obtained by

! (a) Sostegni, Gazz. chim. ital., 15, 376 (1885); (b) Taylor and Nelson, THis
JOURNAL, 42, 1726 (1920); (c) Aai, J. Chem. Soc., Japan, 44, 755 (1923).

? Taylor and Iddles, Ind. Eng. Chem., 18,713 (1926).

3 Taylor and Lehrman, THISJourNAL, 48, 1739 (1926).

¢ The author wishes to thank Stein, Hall and Co., Inc., New York City, for their
kindnessin supplying this material.
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extracting thedry residue with petroleum ether and then allowing the solvent to evapo-
rate spontaneously, was a light yellow colored solid; five pounds d the original rice
starch gave 14.75g. of mixed fatty acids free from traces d the solvent.

Examination o Filtrate for Glycerol.—In order to concentrate the glycerol if it was
present, a distillation d some o the filtrate from the hydrolysis was attempted but
there was so much frothing that the process had to be stopped. Two liters was put
in a large beaker and evaporated to about 300 cc., a dark brown precipitate being
obtained. This was filtered off and the filtrate extracted with chloroform. After
the chloroform was distilled off, a black tarry material was left. This was boiled up
with a small amount d water, filtered, treated with potassium permanganate in acid
solution and tested for formaldehyde.®* The result was negative.

In order to be sure that the acid present from the hydrolysis had no effect in the
subsequent procedure, one liter of the filtrate from the hydrolysis was neutralized
with calcium carbonate, extracted with chloroform and the chloroform distilled off.
The small amount d tarry material left gave negative results for glycerol.®

Isolation and Identification o Saturated Fatty Acid. —The mixed fatty acids were
dissolved in alcohol, the solution chilled in an ice-salt mixture until nearly solid, filtered
quickly by suction and washed with several portions d cold alcohol. The solid white
residue wasrecrystallized several timesfrom alcohol, whenit gavea melting point of 62°.

The phenylhydrazide, made by heating with an excess d phenylhydrazine,® was
a white crystalline solid, m. p. 110°,7 which corresponded with that made similarly
from pure palmitic acid.

The molecular weight d the acid was determined by dissolving a weighed amount
in neutral alcohol and titrating with standard alkali to phenolphthalein, running a
blank at the same time.

Anal. Subs., 0.0784,0.1245: 7.50, 11.86cc. d N/25 NaOH. Calcd. for palmitic
acid, CysHz0.: mol. wt. 256.3. Mol. wt. found: (monobasic acid) 261.3, 262.4.

Anal. Subs, 0.1252,0.1163: COs, 0.3446, 0.3206; H:0, 0.1387, 0.1295. Calcd.
for palmitic acid, CieH30.: C, 74.91; H, 12.59. Pound: C, 75.06, 75.18; H, 12.40,
12.46.

From the above data the presenced palmitic acid in the mixed fatty acidsis shown.

Identification of Unsaturated Fatty Acids

A. Oxidation.—The mixture o unsaturated fatty acids separated from the sat-
uratedfatty acid by meansd the magnesium soap alcohol method® wasa light brown oil.

A portion d this mixture d unsaturated fatty acids was oxidized with potassium
permanganate in alkaline solution.® 1t was found that about half o the oil could bc
recovered unoxidized, so the oxidation was repeated on this and the product combined
with that from thefirst oxidation. After the hydroxy acids were filtered off, they were
washed with water and alowed to dry on thefilter paper. |nthecoursed thisinvesti-
gation it was found that the lower hydroxy acid fraction (ether-soluble part) always
contained a small amount o the higher hydroxy acid which was difficult to eliminate.
This was due to the slight solubility o the higher hydroxy acid in ether, a fact not
mentioned previously. In order to make a sharper separation a different solvent was
sought and it was found that chloroform on prolonged extraction dissolves the lower
hydroxy acid and none d the higher.

s Gettler, J. Biol. Chem., 42,311 (1920).

6 Brauns, THIS JOURNAL, 42, 1480 (1920).

7 J. van Alphen, Rec. trav. chim., 44, 1064 (1925).

8 Lapworth and Mottram, J. Chem. Soc., 127, 1628 (1925).
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After severa recrystallizations from chloroform and a find one from ether, a
white crystalline solid was obtained, m. p. 124-126". Equal parts o this substance
were mixed with dihydroxystearic acid, m. p. 127-128" (obtained from corn starch),?
ground to a fine powder and the melting point determined (123-124").

Anal. Subs, 0.0619, 0.1072; CO,, 0.1549, 0,2691; H,0, 0.0608, 0.1074. Calcd.
for dihydroxystearic acid, CisH3Os: C, 6829, H, 11.47. Found: C, 68.25, 68.44;
H, 10.99, 11.21.

The silver salt was prepared9 and the molecular weight determined by igniting
a weighed amount in a porcelain crucibleand weighing the resdue d metallic silver.

Anal. Subs., 0.0365: Ag, 0.0090. Calcd. for dihydroxystearic acid, CisHssO4:
mol. wt., 316.3. Found: 330.7.

The above results indicate the presence d oleic acid in the mixture d unsaturated
fatty acids.

Theresidued the chloroform extraction d the solid hydroxy acids was extracted
with hot water and the solution alowed to cool dowly, silky white crystals coming out.
These crystals were filtered off, recrystallized from water and dried, giving a melting
point d 154-155°.

Anal. Subs., 0.1354, 0.1421: CO., 0.3084, 0.3245; H,0, 0.1239, 0.1314. Calcd.
for tetrahydroxystearic acid, CisHsOs:  C, 62.02; H, 1042. Found: C, 62.12, 62.28;
H, 10.24, 10.35.

These data indicate the presence d linolic acid in the mixture d unsaturated fatty
acids.

The filtrate from the filtration d the insoluble hydroxy acids was now examined
for higher hydroxy acids according to the method d Iewkowitsch but the results
were negative, thus indicating the absence d acids more unsaturated than linolic.

B. Bromination.—A sample d the unsaturated fatty acid mixture was bromi-
nated! and gave no ether-insoluble bromides, indicating the absence of acids more
unsaturated than linolic, which substantiates the results as obtained by oxidation.
After evaporation d the ether, the residue was recrystallized several times from pe-
troleum ether, yielding white crystals, m. p. 113°.

Anal. (Carius). Subs., 0.1587, 0.1637; AgBr, 0.1984, 0.2050. Calcd. for tetra-
bromostearicacid, CisH320.Brs: Br, 53.33. Found: Br, 53.18, 53.27.

These data are additional indication d the presence d linolic acid in the mixture
d unsaturated fatty acids.

Examination for Other Substances,— The result d a sodium fusion
on the mixed fatty acids showed the absence d nitrogen, sulfur and
halogens. A fusion d another sample d the mixed fatty acids with a
mixture o equal parts d sodium carbonate and sodium nitrate showed
theabsenced phosphorus.

During the alcoholic saponification d the mixed fatty acids necessary
in the preparation d the magnesium soaps® no unsaponifiable matter
was noticed. The Liebermann—Burchard!? test for phytosterol was aso

’ Clarke, " A Handbook d Organic Analysis” 2nd ed., p. 216.
10 | ewkowitsch, **Chemical Technology and Anadlysis d Oils Fats and Waxes,""
5thed., Vol. I, p. 564.

11 Ref. 10, p. 573.
12 Ref. 10, p. 270.
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negative. The modified Kerr and Sorber!® method for detecting phyto-
sterol wasapplied but again the results were negative.

Thus the results given above show the presence d three fatty acids,
that is, palmitic, oleic and linolic, and the probable absence d other
substances in the fatty acid mixture obtained by extracting the solid
material resultingfrom the hydrolysis o rice starch.

Determination of lodine Numbers and Amounts of the Fatty Acids —
Having the qualitative data, the amounts d the fatty acids were esti-
mated? from the determinations d the iodine numbers® d the mixed
and unsaturated fatty acids portions.

TasLE |
Resurrs oF DETERMINATIONS
Fatty acid sample Mixed Mixed Unsaturated  Unsaturated
Weight, g. 0.1277 0.2558 0.1979 0.1664
lodine number. 85.68 83.73 133.2 130 5
TABLE II
RESULTS oF DETERMINATIONS
Fatty acid Palasitic Oleic Linolic
Percentage 36 35 29
Summary

Thefatty acids (saturated and unsaturated) liberated by the hydrolysis
o rice starch free from extraneous material have been identified and their
amounts determined.

NEw York CITY

[ConTRIBUTION FRIM THE CHEMICAL LABORATORY oF THE OHIO StaTE UNIVERSITY]
THE ACETATE OF THE FREE ALDEHYDE FORM OF GLUCOSE

By M. L. WoLFrOM!
RECEIVED MARCH 12, 1929 PuBLISHED JuLy 5, 1929

Theformulad glucoseisat present considered to be best represented by
the closed chain or lactal type d structure. Inthestudy o thereactivity
o the sugars, there has frequently arisen a need for characterizing these
compounds as open-chain hydroxy-aldehydes or ketones, capable d show-
ing keto-enol tautomerism. Thisis particularly truein the study d their
behavior in akaline media, as exemplified by the work d Nef and his
students, and by the work being conducted in this Laboratory by Evans
and co-workers. Accordingly, we have attempted to isolate a crystalline
derivative d the open-chain, free adehyde form d glucose. We have
succeeded in obtaining this as the acetate. This compound may be char-

13 Hertwig, Jamieson, Baughman and Bailey, J. 4ssocn. Of. Agr. Chem., 8, 439
(1925).

! National Research Fellow in Chemistry.
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acterized as 2,3,4,5,6-penta-acetyl-d-glucose or, usng the nomenclature
proposed by T. M. Lowry? in considering the free aldehyde form as the
intermediary in mutarotation, u-d-glucose penta-acetate.

Emil Fischer® prepared the thio-acetal of glucose and d other aldoses.
He showed that the thio-acetal groups could be removed with mercuric
chlorideand that the compositiond the precipitateformed was Cl-Hg-S-Et.
W. Schneider and J. Sepp* showed that under proper conditions one
thio-acetal group could thus be removed, leaving the a-thio-glucoside.
This procedurewasimproved by E. Pacsu.® Schneider and Sepp prepared
the acetate o glucose-ethylmercaptal and unsuccessfully attempted to
remove the thio-groups. We were unaware d this attempt at the time
our experimental work was performed. P. A. Levene and G. M. Meyer®
methylated glucose-diethylmercaptal and removed the thio-acetal groups
with mercuric chloride, obtaining the 2,3,4,5,6-pentamethylglucose. They
prepared its dimethyl acetal and extended the work to mannose and galac-
tose'! Owing to the great difficulty d obtaining crystalline products in
the methylated sugar series, all these compoundswere obtained as distilled
sirups.

By the employment d definite experimental conditions, we have suc-
ceeded i n removing the thio-acetal groupsfrom d-glucose-diethylmercaptal
penta-acetate without de-acetylation. The steps involved are as follows

?Et SIEt 1}1

HCSEt HCSEt ?=o

HCOH HCOAc HCOAc
J: [ H;0 T 2HgCl, o+

HOCH —+ AcOCH "—00/— —"— AcO?H 2C1—-Hg—SEt + CdCl;

| CdCo,

HCIZOH H(')OAc HCOAc

HC|20H H(llOAc H(;ZOAc

HC'20H HCIIOAc H(|10Ac
H H H

Theresulting crystalline glucose penta-acetate differsinitscharacterizing
constantsfrom the two «-% and g-forms® known. |t possessesalow optical
rotation, aswould be expected from its open-chain structure, and gives a
definite Schiff aldehyde test. |t dissolvesin water on slight heating and

2’I'. M. Lowry, Z. physik. Chem, 130, 125 (1928).

8 E. Fischer, Ber., 27,673 (1894).

¢ (@) W. Schneider and J. Sepp, Ber., 49, 2054 (1916); (b) ¢bid., 51, 220 (1918).
5 E. Pacsu, Ber., 58,511 (1925).

8 P.A.Levene and G. M. Meyer, J. Biol. Chem, 69,175 (1926).

"P?. A.Leveneand G. M. Meyer, ibid., 74,695 (1927).

8 Erwig and Koenigs, Ber., 22, 1464, 2207 (1889).

¥ Tanret, Bull. soc. chim., [3] 13,261 (1895).
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reacts with semicarbazide to form a crystalline glucose-semicarbazone
penta-acetate.

Thefreeadehydeform d glucosemay be consideredoned theimportant
tautomeric phases d this compound. It is perhaps the intermediary in
mutarotation phenomena.? Certainly itistheformfirstinvolvedin enolic
transformations. H. Kiliani!® has recently called attention to the unim-
portance d the position d the oxygen bridgein many d the most important
reactions d glucose, the end result being the same regardlessd the type o
ring assumed. Thelactal structure may be considered as a passive tauto-
meric phase, opening, when required, to form the more reactive free alde-
hyde phase. Thus, the lactal form may be a device d nature for more
nicely regulating the reactivity o the aldose or ketose molecule. The so-
called y-ring forms, which are best characterized in thesugar acetate series,
are known to possessthe property o ease d lactal rupture. Their send-
tivity to reagents may then be due to the ease d formation d the open-
chain forms, the latter being the true reactive phases.

Further work on this compound and the extension o the reactions to
other sugarsisin progress.

Experimental

Preparation d Glucose-ethylmercaptal Penta-acetate. — A procedure different from
that  W. Schneider and J. Sepp*® was employed. Fiveg. d glucose-ethylmercaptal
(m. p. 127°) was dissolved &t room temperaturein 18 cc. d dry pyridine. The solution
wascoolediniceand 36 cc. d aceticanhydrideadded gradually. A considerableamount
o solid was thrown out d solution in a fine state o subdivision. It was kept at 0°
with occasional shaking until the solid had redissolved, about ten minutes being re-
quired. The solution was adlowed to stand overnight and was then gradually poured
into a liter d ice water, with stirring. A sirup was formed which crystallized after
standing in the ice box for about ten days. This was filtered and washed with cold
water, 8.1g. d product beingobtained. Thiswasrecrystallized by dissolving in methyl
alcohol, adding water to opaescence, nucleating and allowing to stand in the ice box.
A sirupy phase was first formed which gradually crystallized in very good condition.
Further portionsd cold water were then added, a 979, recrystallization yield d pure
product being possible.

After one recrystallization, the substance melted at 45-47° and showed [a]3 =
+11.4° (0.4050 g. subs, 10.07 cc. d chloroform soln., ap = 4-0.46°, 1-dm. tube) in
chloroform solution.  After four recrystallizations, the m. p. was 45-47 and the rota-
tion in chloroformsolution was [«]% = -11.2° (1.255g. subs., 24.88cc. d chloroform
soln., ¢ = +41.13° 2-dm. tube). A rotation in acetylene tetrachloride gave the value
[«]® = +17.4° (1250 g. subs,, 24.88 cc. & acetylene tetrachloride soln., a = +1.76°,
2-dm. tube). W. Schneider and J. Sepp*? give the melting point as42-45° and [a]% =
+17.7° in acetylene tetrachloride.

2,3,4,5,6-Penta-acetyl-d-glucose.——An amount d glucose-ethylmercaptal penta-
acetate (m. p. 4547°) equal to 25.2 g. (1 mol.) was dissolved in 90 cc. d acetone and
45 cc. of water added. The clear solution was held in a 3-necked, round-bottomed
flask provided with a refiux condenser and a mercury-sealed mechanical stirrer. An

1 H, Kiliani, Z. angew. Chem., 42, 16 (1929).
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excess, 45-50 g., of washed cadmium carbonate was added and under rapid stirring
a solution d 49.5g. (3.6 moals.) of mercuricchloride dissolved in 72 cc. of acetone was
gradually added. Stirring was maintained at room temperaturefor twenty-four hours,
with occasional ad tionsof small amounts d fresh cadmium carbonate. At the end
of this period the reaction flask was encased in a water-bath, and this rapidly heated
to 50° and held at this temperature fifteen minutes, very vigorous mechanical stirring
being maintained. The bath was then rapidly heated until refluxing began and the
solution was refluxed gently for fifteen minutes. The solution was then filtered from
the excess cadmium carbonate and Cl-Hg-S-Et precipitate, an excess o fresh cadmium
carbonate being placed in the suction flask, and the precipitate washed with acetone.
Thefiltrate was then concentrated to drynessat 30-35° under reduced pressure and in
the presence d excess cadmium carbonate. The residue was dried by repeatedly
adding acetone and distilling under reduced pressure. The residue was extracted with
warm chloroform, dltered, and the chloroform evaporated at room temperature in a
vacuum desiccator. The crude product crystallized during the course of this evapora-
tion. This was dissolved in 50 cc. d hot acetone, 25 cc. d acohol-free ether added
and then petroleum ether (40-60°) to opaescence. The substance crystallized out in
plates. After standing for severa hoursin theice box, the material wasfiltered, washed
with a cold mixture d the same composition as the mother liquor and finally with
petroleum ether. The amount d the product was 10.1 g., m. p. 116.5°. A further
crop d 1.9 g. was obtained from thefiltrate by the addition d more petroleum ether.

After one recrystallization the product melted at 116.5" and gavethevalue [«]% =
+3.3° (1.244 g. subs., 24.88 cc. d acetylene tetrachloride soln., a = +0.33°, 2-dm.
tube) in acetylene tetrachloride. After three recrystallizations performed in the same
general way, the melting point was 119.5-120.5° and the polarization value in the same
solvent was [«]% = +2.6° (0.4985 g. subs., 10.08 cc. d acetylene tetrachloride soln.,
a = +40.14° 1.1-dm. tube). After five recrystallizationsthe melting point was 116-
118° and the polarization valuein the same solvent was [«]% = +2.7° (0.5028 g. subs.,
10.05cc. d acetylene tetrachloridesoln., e = +0.15°, 1.1-dm. tube). A mixed melting
point with pure 8-glucose penta-acetate (m. p. 131°, {«]% = +4.2°, CHCl;) gave
the value 106-109°. In chloroform (U.S.P.) solution the values [«]% = —4.6' (¢ =
4.997) and [a]%} = —4.8 (¢ = 4.725) were obtained. This value changed slowly to
dextro, due probably to acetal formation with the ethyl acohol present in the U.S.P.
chloroform. In methyl alcohol the initial rotation was [a]y = +10° (c = 4.980;
¢ = 2.013), changing dowly in the dextro direction. aGlucose penta-acetate shows
the melting point 118° and [«]% = +101.6° (CHCls), while 8-glucose penta-acetate
possesses the melting point 132" and [«]% = +3.8° (CHCL).1!

Anal. Subs, 02183: CO,, 0.3947; H.0, 0.1124. Subs, 0.2039: CO., 0.3697;
H,0, 0.1092. Subs, 0.0993: 12.7 cc. d 0.t N KOH. Cdcd. for CeH,0s(CHzCO)s:
C, 49.20; H, 5.69; cc. 0.1 ¥ KOH, 12.7. Found: C, 49.31; H, 5.76; C, 49.45;
H, 5.99; S, absent.

I am indebted to Professor W. J. McCaughey d the Department o
Mineralogy d this Universityfor thefollowing crystall ographic description
d the compound.

" Crystal, monoclinic, tabular in direction parallel toside (clino) pinacoid.
On theflat tabular face emergesan acute bisectrix; theoptic angleissmall,
probably around 40°. On the clinopinacoid, the index d refraction o
beta (8) and gamma (y) can be measured. Sometimes when crystalliza-

11 C, S. Hudson, Scientific Papersd the Bureau o Standards, No. 533, 379 (1926).
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tion takes place from dilute solution, the crystals separate in elongated
forms showing parallel extinction and negative elongation (elongation H to
(a) apha). With thisorientation alpha (a) can be measured. The op-
tical sign d the crystal is negative; theindicesare a = 1.460, 8§ = 1.500-,
vy = 1515.

" The vibration direction o beta (8) is inclined to what is taken to be
crystallographic axisc by 1-2°.  Thevibration direction alphais paralel
to crystallographic axisb. The crystal faces present are basal pinacoid,
clinopinacoid, orthopinacoid and an orthodome. When the crystal habit
shows growthin thedirection o crystallographicaxisb it appears assquare
prisms. When thecrystal istabular in thedirection d b i t shows hexagonal
outline but the adjacent anglesare not 120° asin a truly hexagonal crystal.

-

-

Fig. 1.—Crystallineform of p-d-glucose penta-acetate, tabular habit.

The face having the hexagonal outline is the side or clinopinacoid. The
size o the crystals was 0.2 mm.

" p-Glucose penta-acetate consists d needles showing parallel extinction
and negative elongation. Indices: low = 1.47; high < 1.50.”

The crystals d the new penta-acetate are very soluble in chloroform,
soluble in acetone, acohol and warm water, moderately so in ether and
benzene and practically insolublein petroleum ether (40-60°). The sub-
stance gave a positive fuchsin or Schiff aldehyde reaction. The fuchsin
solution available gave a negative reaction with vanillin.  With benzalde-
hyde afaint coloration wasobtained at one minute and a distinct coloration
at one and a haf minutes. On dissolving 50-70 mg. d the acetate in
about 0.5 cc. d warm acetone, cooling to room temperature, and adding
2.5 cc. d the reagent, a faint coloration was obtained at one and one-half
to two minutes, becoming very distinct at five minutes. A blank on the
acetone used gave negative results.



July, 1929 PREPARATION OF SOME METHYLATED GALLIC ACIDS 2193

d-Glucose-semicarbazone Penta-acetate.— Four and one-hdf g. (1 mol.) d pure
u-glucose penta-acetate was dissolved in 45 cc. of warm water, cooled to room tempera-
ture, and a mixture d 1.1 g. d semicarbazide hydrochloride (0.9 mol.) and 1.8 g. d
potassium acetate (1.6 mols ) was added in the solid form.  In a few minutes the solu-
tion became cloudy and an oil was gradually deposited. On standing overnight at
room temperature this solidified. This was filtered and washed with cold water, 3.6 g.
being obtained. Thematerial was dissolvedin methyl alcohol, treated with decolorizing
carbon, filtered and water added. On standing at ice-box temperature 1.4 g. of crystals
(m. p. 148-150°) in the form d minute elongated prisms was deposited. These were
removed by filtration, washed with water and a further cropd 13 g (m. p. 148-150°)
obtained from the filtrate by further addition d water. On two further recrystalli-
zations the substance melted at 150-151° and on two more (5) melted at 150°.

Anal. Subs, 0.2055: N, 18.83 cc. (751.5 mm., 28°). Calcd. for C;H;o0eNs-
(CH3CO)s: N, 9.40. Found: N, 9.87. Cadcd. for 0.2019: 22.6 cc. 0.1 N KOH.
Found: 22.7cc. Calcd. for 0.2074: 23.2cc.0.1 N KOH: Found: 23.1cc.

The writer wishes to acknowledge his indebtednessto Professor W. L.
Evansfor hisinspirational counsel and advice.

SuUmmary

1. A new form d d-glucose penta-acetate has been prepared in pure
condition.

2. Evidenceis given that this compound possesses the open-chain, free
aldehyde structure and the suggestion is made that the name u-d-glucose
penta-acetate be applied to the substance.

3. The crystalline semicarbazone d this aldehyde has been prepared
in pure form.

CoLumBuUSs, OHIO

[ConTRIBUTION FROM THE CHEMISTRY DEPARTMENT, UNIVERSITY OF ILLINOIS]

PREPARATION OF SOME METHYLATED GALLIC ACIDS

By R. L. SHRINER AND P. McCuTcHAN
RECEIVED MARCH 13, 1929 PUBLISHED JULY 5, 1929

During the course d a study d some anthocyan pigments it was de-
sired to have samples o certain methylated gallic acids, since these are
produced by degradation d the anthocyanidin. The compounds desired
were: 3,5-dimethylgallic acid, 3,4-dimethylgallic acid and 3-methylgallic
acid. Thefirst d these, syringic acid, is easily prepared by the method
d Bogert and Ehrlich,* and its properties and derivatives? have been
thoroughly studied. However, the data available in the literature on
the other two methylgallic acids are very meager. The 3,4-dimethyl-
galic acid has been previously prepared by Zincke and Francke?® and Her-

Bogert and Ehrlich, THISJOURNAL, 41,798 (1919).
2 Bogert and Coyne, ihid., 51, 569 (1929).
3 Zincke and Francke, Ann., 293, 191 (1896).
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zig and Pollak,* and 3-methylgallicacid by Vogl.? Sincethe methods used
in the present work for the preparation of these last two compounds
differed from those previoudy used and since the properties d the com-
pounds obtained do not agree with those recorded in the literature, it
was thought that a brief report o their preparation would be o interest.

Vanillin was the starting material for the preparation d both o these
compounds. The 3,4-dimethylgallic acid was obtained as a result d the
following series d preparations. Vanillin —= 5-bromovanillin —+ 5-
bromo-3,4-dimethoxybenzaldehyde —> 5-bromo-3,4-dimethoxybenzoic
acid — 3,4-dimethylgallic acid. The product crystallized from alcohol
inlong white needles and melted at 184-185°. Zincke and Francke® gave
no melting point at all, while Herzog and Pollak* reported 189-192°. It
was free from bromine and gave only a light yellow color with ferric chlo-
ride, which indicates the absence d gallic acid and 3-methylgallic acid
which might be produced by the action d the alkali in the last step.

The 3-methylgallic acid was prepared from 5-bromovanillin by heating
the latter with alkali and copper powder. After careful purification the
3-methylgallic acid was obtained in the form d needles which melted
constantly at 131-132°. The previously reported value? was 199-200°.
Dilute ferric chloride produced a light green color quite distinct from the
blue produced by gallic acid itself.

Experimental

5-Bromovanillin.—A solution d 105 g. @ brominein 200 cc. d glacial acetic acid
was added to 100 g. d vanillindissolved in 200 cc.  glacial acetic acid. The bromo-
vanillin separated at once. |t was filtered of and recrystallized from 95% alcohal.
Colorless cubic crystals which soon turned yellow on standing were obtained; yield,
118 g. or 77.6% d the theoretical. 1t melted sharply at 163-164°, which agrees with
the melting point recorded by Dakin.®

5-Bromo-3,4-dimethoxybenzaldehyde.—A solution & 105 g d 5-bromovanillin
in 75 cc. o 2. 5% sodium hydroxide solution was stirred vigoroudy and 10 cc. o di-
methyl sulfate added. As soon as the solution became acid to litmus another 10 cc.
o dimethyl sulfate was added with sufficient alkali to render the solution alkaline.
I n this manner four more successive portions o dimethyl sulfate were added, keeping
the temperature between45 and 50°.  After the addition d thelast portion the solution
was boiled for two hoursand then cooled. The methylated bromovanillin wasfiltered
off and recrystallized from 80% alcohol. Nine g. (809, o the theoretical) d white
flocculent crystalswasobtained melting at 61-62'.  Thisagreeswith the value reported
by Jones and Robinson.”

5-Bromo-3,4-dimethoxybenzoic add.—A hot solution d 22 g. d potassium per-
manganate in 500 cc. @ water was added with vigorous stirring to a boiling mixture of
30 g. o 5-bromo-3,4-dimethoxybenzaldehyde and 300 cc. d water containing 35 g. o
potassium carbonate. After refluxing for one hour the solution was cooled and filtered.

¢ Herzig and Pollak, Monatsh., 23, 704(1902).

8 W. Vogl, 76id., 20, 395(18%9).

¢ Dakin, Am. Chem. J.,42, 493 (1909).

7 Jones and Robinson, J. Chem. Sec., 111,922 (1917).
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Thefiltrate was acidified, the white precipitate filtered and recrystallized from hot water,
yield, 30 g. o white crystals, m. p. 190-192°, which agrees with the melting point
reported by Dakin.b

3,4-Dimethylgallic acid.—Ten g. o 5-bromo-3,4-dimethoxybenzoic acid, 200 ce.
of 8% sodium hydroxide and 2 g. d copper powder were placed in an iron pipe fitted
with lead-seated screw caps. The bomb was heated to 200° for one hour. After
cooling the contents were acidified with dilute sulfuric acid and extracted with four
100-cc. portionsd ether. The ether was distilled and the residue recrystallized from
alcohol. Long colorless needles were obtained melting at 184-185°, Recrystallization
from hot water or alcohol did not change the melting point. |t gave a very light yellow
color with ferric chloride; yield, 1.5 g. (209, d the theoretical).

Anal. Subs, 0.1118: C0,, 02228; H,0, 00520. Calcd, for CsH;¢0s: C, 54.52.
H, 5.09. Found: C, 54.45; H, 520.

The acetyl derivative was prepared by acetylation with acetic anhydride and a
drop o perchloric acid according to the general method d Conant and Hall 8 The
acetate was crystallized from alcohol. Needles melting at 137-138° were obtained

Anal. Subs., 0.0702: CO,, 0.1415; H,0, 0.0325. Cdcd. for CiH;:0s: C,
55.00; H, 5.01. Found: C, 54.98; H, 5.18.

3-Methylgallic Acid.—The simultaneous removal & bromine and oxidation o the
aldehyde group d 5-bromovanillin was accomplished by heating 5 g. of the latter with
100 cc. o 89 agueous sodium hydroxide and 2 g. d copper powder at 200-210° for
one hour. The reaction mixture was cooled, acidified with dilute sulfuric acid and
extracted with ether. The ether was distilled and the residue treated with sodium
bicarbonate solution. The insoluble material, consisting o unreacted 5-bromovanillin
and some condensation products, was filtered and the filtrate acidified. The material
which separated was recrystallized several times from benzene and melted sharply at
131-132"; yield, 1.0g. Ferricchloridegivesalight green coloration. |t wasacetylated
by the method used above and the diacetate obtained after crystallization from benzene
in the form o colorless plates melting at 102-103°,

Anal. Subs., 0.1621: CO,, 03180; H.0, 00654 Caled. for CpHi:On: C,
53.71; H, 452. Found: C, 53.50; H, 4.48.

Summary

The preparation and propertiesd 3,4-dimethylgallic acid and 3-methyl-
galic acid are described.
URBANA, |LLINOS

8 Conant and Hall, Tw1s JOURNAL, 49,3047,3062 (1927).
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[CoNTRIRUTION FROM THE CHEMICAL LABORATORY OF THE COLLEGE OP LIBERAL ARTS,
NORTHWESTERN UNIVERSITY]

MERCURATIONIN ALKALINESOLUTION. PRELIMINARY
PAPER

By A. L. Fox wiTH Frank C. WHITMORE
RECEIVED MARCH 15, 1929 Pusriseep JuLy 5, 1929

Mercuration is ordinarily carried out by means & mercuric acetate
in a solution acidified with acetic acid. When 2,3-hydroxynaphthoic
acid was mercurated in this way, the mixture was tested with sodium
hydroxide to detect any unreacted inorganic mercury. It wasfound that
rapid addition d sodium hydroxide gave a precipitate d mercuric oxide
but that dow addition did not do so. After some study it wasfound that
the addition d the base was increasing the speed o mercuration. It was
finally found that 2,3-hydroxynaphthoic acid could be mercurated in
strongly akaline solution. This method d mercuration was applied
successfully to salicylic acid and to phenol. It failed when applied to m
hydroxybenzoic acid, p-hydroxybenzoic acid, a-naphthol, o-nitrophenal,
aniline, anthranilic acid, sulfanilic acid, benzenesulfonicacid, 1-naphthoic
acid and phthalic acid. It should be noted that traces & mercuration
products may have been formed but none could be isolated using the
same technique which gave good yields with 2,3-hydroxynaphthoic acid,
salicylic acid and phenal.

The mercuration product obtained by this method from phenol corre-
sponded to an anhydro-hydroxymercuriphenol.

Experimental Part

Mercuration o 2,3-Hydroxynaphthoic Acid in Alkaline Solution.—A solution of
30 g. (0.16 mole) o theacidin 500 cc. o water and 150 cc. (0.9 mole) of 6 N sodium
hydroxide was heated to boiling and stirred during the gradual addition d 52 g. (0.16
mole) of mercuric acetate dissolved in 300 cc. of water and 10 cc. (0.15 mole) d acetic
acid. Asthe mercuric acetate solution was added a momentary precipitate d mercuric
oxide formed. ‘The mixture was boiled for a few minutes, treated with decolorizing
carbon, filtered and treated with a slight excess d sodium chloride and slightly less
than enough dilute hydrochloric acid to make the mixture acid. ‘The precipitate was
dried. It formed a yellow powder which was probably anhydro-4-hydroxymercuri-3-
hydroxy-2-naphthoic acid.

Anal. Caled. for CiHO3Hg: Hg, 51.9. Found: 51.8, 51.4.

‘The mercuration was repeated with cold dilute solutions with similar results.

Mercuration o Salicylic Acid.—This mercuration was carried out in an exactly
similar way. From 15g. d salicylic acid was obtained 27 g. d hydroxymercurisalicylic
acid.

Anal. Calcd. for G;H¢O,Hg: Hg, 56.6. Found: 57.0, 56.8.

Mercuration d Phenol.—This process was similar to the other two, 100 g. o
phenol yielding 215 g. d anhydro-hydroxymercuriphenol.

Anal. Calcd. for CéHOHg: Hg, 68.6. Found: 68.9.
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A similar mercuration o phenol using mercuric chloride instead o the acetate gave
the same product

Unsuccessful Attempts at Mercuration in Alkaline Solution. «-Naphthol was
oxidized immediately by this procedure. Similar results were obtained with aniline.

o-Nitrophenol,—On adding mercuric acetate solution to a boiling alkaline solution
d o-nitrophenol a permanent precipitate d mercuric oxide formed. The experiment
was discontinued. Similar results were obtained with anthranilic acid, sulfanilic acid,
benzenesulfonic acid, 1-naphthoic acid and phthalic acid.

Summary

It has been found that certain organic compounds can be mercurated
in akaline solution while other compoundsd very similar structure cannot.
EvanstoN, ILLINOIs

[CoNTRIBUTION PROM THE DEPARTMENT oF CHEMISTRY, UNITED COLLEGE or ST.
SALVATOR AND ST. LEONARD, UNIVERSITY OP ST. ANDREWS]

THE MOLECULAR STRUCTURE OF INULIN. ISOLATION OF A
NEW ANHYDROFRUCTOSE

By James CoLQUHOUN IRVINE AND JOHN WHITEFORD STEVENSON
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The first researches designed to investigate the molecular structure o
inulinwith the precisionrendered possible by the methylation method were
carried out by Irvine and Steele.! These authors showed that the poly-
saccharide although converted by hydrolysisinto the normal levorotatory
form o fructose isactually based on the unstable dextrorotatory variety of
the hexose known as y-fructose. 'The research was subsequently extended?
to include a more detailed examination d dimethyl- and trimethylinulin,
together with the dimethyl- and trimethylfructoses obtained, respectively,
from these derivatives by hydrolysis.

The collective evidence, although complicated by a number o minor
irregularities such as the tendency d trimethylinulin to undergo depoly-
merization from a levorotatory powder to a dextrorotatory sirup, pointed
to the idea that the molecule o inulin is symmetrical in the sense that
al o the fructose residues belong to the ~-type and that in each fructose
residue three hydroxyl groups occupy the same positions. This view was
based on the fact that on hydrolysis trimethylinulin gave a homogeneous
trimethyl-7-fructose, and all subsequent speculations on the structure
d inulin have been founded on this observation. In the course of the
past five years we have, however, accumulated much incidental evidence
that the inulin problem is not so simple as at one time appeared, and
we have accordingly continued our investigations; in the meantime
Haworth has published what is, in effect, a repetition o our earlier work,

! Irvine and Steele, J. Chem. Soc., 117, 1474 (1920).
2 |rvine, Steele arid Shannon, 4bid., 121, 1060 (1922).



2198 JAMGS €. IRVING AND JOHN W. STEVENSON Vol. 51

contributing, however, the new observation that our trimethyl-7-fructose
is capable of yielding a phenylosazone.®? Lest the idea should prevail
that the molecular structure o inulin is now fully solved, it is advisable to
contribute some results which show that such is not the case.
The first indication that the molecular unit d inulin is not homogeneous
is found in the results d Irvine and Steele. The sequence d reactions
Inulin —— Trimethylinulin — Trimethyl-v-fructose

proceeded smoothly, giving good yields at each stage, but the yield o
sugar, relative to the weight d trimethylinulin from which it is formed,
was invariably d the order d 80%. Thelossd 20% is accounted for by
the fact that in the purification d the sugar by distillation a small first
fraction, consisting d a mobile sirup, was collected. This constituent is
now being examined in detail and we have traced its origin to the exis
tenceininulind at least one component yielding an anhydro-fructose o
an unknowntype. The new anhydro-sugar can be prepared from inulinin
various ways, al d which emphasize its stability. For example, when
triacetylinulin is dissolved in chloroform containing fuming nitric acid,
the anhydro-ring d most d the fructose residues is opened and from its
properties the essential product appears to be a triacetylfructose dinitrate.
The reaction is therefore analogous with that studied by Oldham,* who
converted triacetylglucosan into triacetylglucose-1,6-dinitrate by similar
processes. On treating the crude triacetylfructose dinitrate with methyl
alcohol, conversion into triacetylmethylfructoside mononitrate took place
and a crop d crystals separated which amounted to approximately 20%
by weight d the triacetylinulin initially taken. The product, which
crystallized in needles melting at 123° and showed [a]p -+ 1.5° in chloro-
form, was a triacetylanhydrofructose. As was to be expected, this ace-
tate d anhydrofructoseis devoid d action upon Fehling's solution but,
unexpectedly, theanhydro-ring proved to be unusually stable, being opened
only by prolonged heating with acids.

On removing the acetyl groups by the action & dimethylamine, the
parent anhydrofructose separated in spheroidal crystals melting at 143—
145° and showing [a]p +30.17° in water. It issignificant that although
the new anhydro-sugar can be hydrolyzed to give normal fructose in
almost quantitative amount, it is much morestable than the known deriva-
tives d ~-fructose. For example, although heating with N/100 hydro-
chloric acid effects the rapid hydrolysis d sucrose and likewise converts
about 80% d inulin into fructose, the same reagent has little effect in
opening the anhydro-ring o the particular form d anhydrofructose now
under consideration. The importance d this observation will be referred
to later.

¢ Drew and Haworth, J. Chem. Soc., 133,2690 (1928).
4 Oldham, ihid., 127, 2840 (1925).
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In order to gain an insight into the structure d the anhydrofructose,
the compound was subjected to the methylation process, it being found
necessary to supplement the methyl sulfate reaction by treatment with
silver oxide and methyl iodide. The product provedto be a di-(trimethyl-
anhydrofructose) showing that either the methylation, or more probably
the vacuum distillation necessary to isolate the compound, had occasioned
polymerization. Thisis not an abnormal experiencein the cased methy-
lated fructoses and, asis usual with polymersd low molecular weight in
the inulin series, the rotation was dextrorotatory ([elp + 23.8°). By
employing the general method d diminishing polymerization by heating
with methyl alcohol containing hydrogen chloride, the above dimeride
was converted into the monomeric form o trimethylanhydrofructose, the
structural study d which is now in progress.

The scheme d reactions involved in the research is represented below.

Inulin Triacetylfructose ——> Triacetylmethylfructoside mononitrate
dinitrate

Triacetyl- -—> Triacetylanhydro- = Anhydrofructose

inulin fructose
Di-(trimethyl- === Trimethylanhydro- Friaose
anhydrofructose) fructose
Discussion

In the particular method d preparing the anhydro-fructose now de-
scribed, the possibility must not be overlooked that the use of a powerful
reagent such as nitric acid may cause intramolecular changesin triacetyl-
inulin, thereby forming triacetyl-anhydrofructose as an adventitious
product. Thispossibility isruled out as, whentriacetylinulinishydrolyzed
by acetic acid containing 0.03% d sulfuric acid, the same triacetyl-anhy-
drofructose can be isolated from the products. Moreover, when inulin
is subjected to graded acetolysis by Barnett's method,® 18% o the poly-
saccharide fails to pass into solution and triacetyl-anhydrofructose is ob-
tained from this stable fraction. The accumulated evidence® is thus in
favor d the idea that inulin is not homogeneous but consists o at least
two main components one d whichiseasily hydrolyzed while the other is
relatively resistant to hydrolytic agents. These componentsfall into two
classes present in the approximate ratio d 4:1 and for thetimebeing, itis
not safe to claim that more than 809% d the inulin aggregate is based on
y-fructose. It is possible that the remainder may also be derived from
y-fructose but in such an event the anhydro-ring must occupy a morestable
position than in the major component d the polysaccharide; alternatively,

§ Barnett, J. Soc. Chem. Ind., 40, 8T (1921).
8 See also Irving, Oldham and Skinner, TaIs JourNAL, 51, 1279 (1929).
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this constituent may be related to normal fructose or to an isomeric form
of the ketose hitherto unknown.

It will at once be evident that a serious complication is introduced into
the constitutional study of inulin, asthe lack d homogeneity now revealed
may be due to severa causes. For example, inulin may be a polymeride
of individual anhydrofructoses differing from each other, or it may be a
polymerided condensed fructose residues in which the structure d some
of the Cs units differs from that d others. This does not exhaust the
possibilities, but until our structural examination d triacetyl-anhydro-
fructose is completeit is premature to develop the situation further or to
utilize constitutional formulas in illustration. Obvioudy the solution
d the inulin problem now demands a critical study d the relative stability
o oxygenringsin thefructose seriesand also d methods whereby anhydro-
sugars can be referred to their parent type. Thus, the anhydrofructose
now under discusson might originate in either normal fructose or in ~-
fructose and, in turn, the anhydro-ring may occupy the butylene-oxide or
the amylene-oxide position. Thisis shown below.

CH,0H CHzO}i C‘3H20H
COH COH
CHOH CHOH
CHO CHOH CHO
| <~ O |
O CHOH CH OH
] L_QHOH
CHOH l)H I
|
L—CH, CH, CH,0H

Two oxygen-rings (A and B) are present in the anhydride and it is im-
possible to designate one as the anhydro-ring and the other as the oxygen-
ring characteristic d the sugar. Nor is it aways possible to identify
which ring is opened during hydrolysis and which one is unaffected.
Research on this problem is well advanced and the results will be applied
in afurther discussion on the structure d inulin to be communicated | ater.

Experimental

Action d Nitric Acid on Triacetylinulin.—The inulin employed was obtained from
four different sources but no variation was found either in the composition or in the
yields of the various products. Pringsheim's method was used for the preparation of
inulin triacetate, the crude product being purified by dissolving in hot alcohol and pour-
ing the solution into a large excess d water; all the specimens employed in the subse-
quent experiments were analyzed and conformed to the following standard: m. p.
97"; [alp = —33.9" in chloroform and —37.1° in glacial acetic acid (c = 2.6 in each
case).

Numerous preliminary trials were necessary in order to ascertain the best conditions
under which triacetylinulin is acted on by nitric acid. Using chloroform as the sol-
vent, theaddition d nitricacid up to 209, caused an alteration in the rotation from levo
to dextro, but the product nevertheless consisted chiefly o unchanged triacetylinulin.
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When the acid concentration was raised in successive experiments to 70% the dextro-
rotation o the liquid increased to the maximum, +-48.8°, but the yield d product was
then serioudy diminished. Ultimately, a 30% solution d nitric acid in chloroform was
selected as the most suitable reagent and the course d the reaction was followed po-
larimetrically, the results showing that the action was complete in thirty minutes,
whentherotation had attained thevalue [a]p +34°.

Triacetyl-anhydrofructose.—The conditions established above were used as the
basisd the preparation d triacetyl-anhydrofructosebut it wasfound advisable to carry
out the preparation in successive experimentswith small quantities  material. Five
gramsd weli-dried triacetylinulin was dissolved in 70 cc. d chloroform and 30 cc.
fuming nitric acid (sp. gr., 1.55) added. Theflask was stoppered and cooled, as heat is
developed in the course d the reaction, and, from time to time, phosphorus pentoxide
was added to remove traces d water. After thirty minutes the clear solution was
poured into a separating funnel containing 200 cc. d water mixed with ice and shaken
until all coloring matter had passed into the agueous layer, the chloroform being then
run df and dried over anhydrous sodium sulfate. A small quantity d barium car-
bonate was added to thefiltered liquid, after which the solvent wasdistilled, fresh chloro-
form added, the solution again filtered and taken to dryness, the process being com-
pleted at 100° under diminished pressure. Inthisway 4.5g. d a mobile sirup was ob-
tained showing [«]p +22 ° inchloroformfor ¢ = 2.28. Asexplainedintheintroduction,
analysis showed this material to be a mixture consisting essentially d triacetylfructose
dinitrate and triacetyl-anhydrofructose, the former constituent being convertible into
the corresponding triacetylmethylfructoside mononitrate by boiling a 10% solution in
methyl alcohol inthe presenced barium carbonate.

When the sirup was dissolved in hot absol ute alcohol the solution sowly deposited
crystals, the weight & which was remarkably uniform in different experiments and
amounted t0 209, d thesirup taken. After recrystallizationfrom absolute alcohol and
drying at 100°, a pure product was obtained, but, consideringthe origin o the material,
it was desirableto carry out a careful analytical survey. Nitrogen and ethoxyl were
absent, no double bond was present, and the action d Fehling's solution was negative
until after drastic hydrolysis. Analysis showed that thecrystalscontained haf a mole-
culed combined aceticacid.

Anal. Calcd. for CisHis0s: C, 49.05; H, 5.66; CH;CO, 47.3. Found: C, 49.15,
48.99; H, 5.86, 5.90; CH;CO, 46.1.

Difficulty was experienced in confirming the molecular weight. Using the cryo-
scopic method and employing benzene as a solvent, the mean d four experiments was
438, a value which indicates molecular association. In glacial acetic acid the freezing
point depressions were irregular, but the molecular weight averaged 299, thus corre-
sponding with a monomolecular form (calcd. for CyoHy60s, 288; for Ci3sHisOs, 318).
Triacetylanhydrofructose crystallizes from acohol in needles melting at 123*. The
compound, which is readily soluble in organic solvents generadly and in hot water, is
practically inactive, [«]n +1.5" in chloroformfor ¢ = 2.272.

Anhydrofructose.—This preparation was likewise carried out in a successon o
small-scale experiments. Five grams d triacetyl-anhydrofructose was added to 25 cc.
d dry methyl acohol containing 5%, d dimethylamine. On shaking in the cold for
twenty minutesthe material passed into solutionand the solvent wasthereafter removed
under diminished pressure, the residue being dried by raising the temperature slowly to
100°. The product consisted d a clear deliquescent glass weighing 2.6 g. and on dis-
solving in absolute alcohol and adding a few dropsd dry ether a crystalline precipitate
separated which was washed with ether—alcohol and finally with ether.

The anhydrofructose thus obtained forms transparent spheroidal crystals melting
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at 143-145°, is highly hygroscopic and fails to reduce Fehling's solution.  In water, for
¢ = 2.32, [a]p = +30.17°, but it isdifficult to guarantee these constants in view of the
hygroscopic Ccharacter d the compound and in consideration d the fact that analysis
disclosed the presenced atrace of acetyl.

Anal. Calcd. for CsH00s: C, 44.44; H, 6.17; CH3CO, nil; mol. wt., 162. Found:
C,44.49; H, 6.28; CH;CO, 1.0; mol. wt. by thefreezing-pointmethod in water, 162.

The propertiesd anhydrofructose are simple. When acetylated under standard
conditions it is reconverted almost quantitatively into the original triacetyl-anhydro-
fructose melting at 123° and showing [a]p +1.5° in chloroform. The opening o the
anhydro-ring d anhydrofructose was effectedby heating at 100° a 2.5% solution d the
substance in water containing 3% of oxalic acid, a polarimetric record of the reaction
showingthat theinitial specificrotation d +25.7° altered regularly to the constant value
—87.7°, so that the figures plotted on a smooth curve. This correspondsto a nearly
quantitative conversion into normal fructose and, on working up the product in the
usual manner, the sugar crystallized and was thereafter converted into glucose phenyl-
osazone showing the correct constants.

Methylation o Anhydrofructose.—A preliminary methylation, carried out by
means d methy! sulfate and sodium hydroxide, gave a partly alkylated product which
was extracted with boiling alcohol and recovered. After three subsequent methylations
with the same reagents, but using chloroform as the extracting agent, a quantitative
yield d a transparent fairly mobile sirup was obtained which, when distilled at 206°
(0.35mm.) showed np = 1.4731and gave a methoxyl content d 43.2%. The methyla-
tion was accordingly completed by dissolving the sirup in excess d methy! iodide and
boilingwith dry silver oxide, the extracting agent in thiscase beingether. The product,
isolated in the customary manner, boiled at 166° (0.1 mm.); examination showed that
the refractive index remained at 1.4730 but the methoxy! content had increased to the
theoretical value.

Anal. Calcd. for CH;605: C, 52.94; H, 7.84; OCH;s, 45.58. Found: C, 52.74;
H, 8.14; OCHs, 45.68.

When again distilled and collected in two equal fractions, the same constants and
analytical composition were duplicated, so that the material was a homogeneous pure
specimen d trimethylanhydrofructose. The specific rotation in chloroform for ¢ =
2.5was +423.8°. In view d the high boiling point, the value d the refractive index
and the viscosity d the sirup, the compound had evidently undergone polymerization
to some extent and, in an attempt to effect depolymerization, a solution was prepared
in dry methyl alcohol containing 0.59%, d dry hydrogen chloride and heated at the
boiling point o the solvent. The specificrotation, initially +433.5°, increased steadily
to the constant value +48.7°, which was attained in 150 minutes. After neutralizing
with barium carbonate and isolating the product in the usual manner, a low-boiling
mobilefraction wasobtained which still retained the compositiond a trimethyl-anhydro-
fructose, but the refractive index had altered to 1.4610, a value which correspondsto a
monomericform. Nevertheless, the depolymerization wasincomplete, as higher-boiling
fractions identical with the original material were also collected. These results show
that the action of acid methyl alcohol had effected depolymerization but that, asisfre-
quently the case in the methylated fructose series, molecular associationwasinduced by
distillation.

The authors desire to express acknowledgment to the Carnegie Trust
for the Universitiesd Scotland for a Research Scholarship awarded to one
of them.
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Summary

1. When triacetylinulin is dissolved in chloroform and acted on by
nitric acid the greater part d the material is converted into triacetyl-
fructose dinitrate, the esterification being preceded by the opening o
the anhydro-linkages.

2. One component d triacetylinulin present to the extent o 209, is
resistant to the hydrolytic action and isisolated as triacetyl-anhydrofrue-
tose (m. p. 123°: [alp + 15°in chloroform). ‘The same compound can
be obtained in similar yield from other reactions in which triacetylinulin
is used as the starting material.

3. Anhydrofructose (m. p. 143-145°; [a]p -+ 3017 in water) has
been prepared from the triacetate by the action o dimethylamine. ‘The
compound is quantitatively convertible into fructose but is much more
stable toward hydrolysts than the known derivatives d y-fructose.

4. Anhydrofructose hasbeen converted into trimethyl-anhydrofructose,
which was isolated in a dimeric form.

5. The main conclusiondrawn isthat inulinis not related exclusively to
asingle form d y-fructose but contains two classesd components in the
approximate ratio d 4:1. O these, one is relatively much more stable
toward hydrolysis. The additional complication introduced into the con-
stitutional study d inulin through these results is discussed.

UNNERSITY oF ST. ANDREWS, ScOTLAND

[ConTrRIBUTION FRoM THE RESEARCH LaBoraTORY oF THE Ermvi, (GASOLINE
CORPORATION]
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1II. OCTANESWITH BRANCHED CHAINS

By J. C. Porg, F. J. DyrstrRA AND GRAHAM EDGAR
RECEIVED MaRrcH 16, 1929 PUBLISHED JULY 5, 1929

I. Introduction

InPart | d this papertdatawere presented on the vapor phase oxidation
d n-octane, which indicated that under the conditionsin question the
oxidation proceeds almost entirely according to certain simple reactions.
These reactions are: (1) the formation d octaldehyde; (2) the oxidation
d octadehyde to carbon monoxide, water and aldehydes o successively
smaller number d carbon atoms; and (3) asidereactionin which octalde-
hyde is oxidized to carbon dioxide, water and aldehydes o successively
smaller number d carbon atoms.

In Part 11 data are presented on the vapor phase oxidation o five iso-
meric octanes, 3-methylheptane, 3-ethylhexane, 2-methyl-3-ethylpentane,
2,5-dimethylhexane and 2,2,4-trimethylpentane. These data were ob-

1 pope, Dykdra and Edgar, Tuis JournaL, 51, 1875 (1929).
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tained in the course of a general survey of the oxidation characteristics d
hydrocarbons, and are consequently somewhat fragmentary in nature.
I nthreed thefive casesonly a single experiment was carried out, and the
temperature range covered was not always as great as could be wished.
Nevertheless, the data, when taken in conjunction with the much more
detailed study d n-octane, seem to throw much light on the oxidation
characteristics d branched-chain hydrocarbons, about which no informa-
tion has been available heretofore, and it has been thought wise to publish
them in their present form, since circumstances have prevented this L abora
tory from carrying out the work more exhaustively.

Thedataare d especial interest in connection with the behavior o these
hydrocarbons as fuelsin the internal coinbustion engine, a subject which
will be discussed in Part TII d this paper.

II. Apparatus and Experimental Methods

(a) General.— The apparatus and experimental procedure wereidenti-
cal with thosedescribed in Part 1.  The runs were made with sowly rising
temperature, except in the case d 2,5-dimethylhexane, in which several
runs under constant temperature conditions were carried out.

(b) Materials.— The hydrocarbons were synthesized in this Labora-
tory by methods analogousto those described for the isomeric heptanes, *?
with the exception d 2,2,4-trimethylpentane, which was synthesized by
the method described by Edgar.t The boiling pointsindicated afair state
o purity and were as follows. 3-methylheptane, 117.5-120.5°; 3-ethyl-
hexane, 116-119°; 2-methyl-3-ethylpentane, 113-116°; 2,5-dimethyl-
hexane, 108-110°; 2,2,4-trimethylpentane, 99.2-99.4°,

III. Experimental Data

(a) Genera.—The experimental data are expressed graphically in
Figs. 1, 2, 3, 4 and 5, in which the oxygen consumed and the carbon oxides
formed per mole d octane input are plotted against the temperature. As
in the case d n-octane, the temperatures are the average values for the
few degrees temperature range during sampling. The oxygen—fud ratios
were not aways the theoretical values for complete combustion (12.5
moles O, to 1 mole octane), but they were usually not far from thisvalue.
The actual valuesare given in thefigures.

(b) Individual Cases.—Before discussing the data it seems desirable
to point out certain factsin connection with the behavior o the individual
hydrocarbons. 1t will be recalled that in the case d n-octane, two abrupt
changesinthe natured the reaction occurred, each involving luminescence

2 Edgar, Calingaert and Marker, THis JourNaL, 51, 1483 (1929).

3 The authors are indebted to Dr. J. W. McKinney and Mr. R. E. Marker for
the actual preparations.

¢ Edgar, Ind. Eng. Chem., 19, 145 (1927).
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and strong pulsationsin the oxygen and nitrogen flowmeters. Thefirst o
these was considered to be due to the incidence d a "' chain™ reaction in-
volvingthe oxidation of an aldehyde to carbon monoxide, another aldehyde
and water; the second, occurring at much higher temperatures, involved
complete oxidation o all products to carbon dioxide and water. For the
sake d convenience these phenomenawill be referred to as "'low tempera-
ture disturbance" and "high temperature disturbance," respectively.

In the case & 3-methylheptane and 3-ethylhexane low-temperature
disturbances, similar to those o #-
octane, were observed, occurring be-
tweentemperature rangesd 280-305
and 285-302°, respectively. In the
other three cases the low tempera-
ture disturbance was not observed.

The high-temperature disturb-
ance was observed in the cases o
3-ethyl- hexane, 2-methyl - 3-ethyl-
pentane and 2,2,4-trimethylpen-
tane, occurring at 510,526 and 560°,
respectively. Intheother two cases,
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. . Fig. 1.-—3-Methylheptane (oxygen /fuel
carried high enough. ratio = 9.6/1).

Asinthecased n-octane, the low
temperature disturbance was accompanied by an increasein the rate o
formation d carbon monoxide, and the high-temperature disturbance by
complete reaction to carbon dioxide and water.

NOTE.—In the case d 2-methyl-3-ethylpentane an experimental point
was obtained at 431° in which very much less oxidation had occurred than .
at somewhat lower temperatures. A negative temperature coefficient d
reaction isfrequently observed in reactionsd the type studied, but in the
casein question the drop in the reaction rateis so pronounced ast o suggest
experimental error, such as might be caused by atemporary cloggingd the
fuel feed, or leakage d air into the samplingtube. There was no evidence
d such occurrence, but it has been thought advisable to regard this ex-
perimental point as of doubtful significance when unverified by other de-
terminations, and the curve has been drawn accordingly.

In the case d 2,5-dimethylhexane, the data refer to a seriesdf constant
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temperature runs, rather than rising temperature runs, as in the other
cases. Judging from the authors experience with n-octane these data
should, however, be reasonably comparable with the others.

V. Discussion d Data

(@) General.—It might be expected that differences in resistance to
oxidation would exist among these hydrocarbons, but no previous data are
available to suggest the course o the reaction in such cases. It has been
indicated by Stephens,® in the case  aromatic hydrocarbons with ali-
phatic side chains, that the oxidation d such hydrocarbons begins at a
secondary carbon atom, but the nature of the hydrocarbons and the ex-
perimental conditions were so different from those involved in the present
investigation as to make his conclusionsd doubtful applicability.
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200 250 300 350 400 450 500 550 600
Maximum furnace temperature, °C.
®, O; reacted; O, CO produced; -+, CO, produced.
Fig. 2. — 3-Ethylhexane{oxygen/fuel ratio = 12.6/1).

Inspection d Figs. 1, 2, 3, 4 and 5 showsthat distinct differencesactually
exist in the behavior d the different hydrocarbons. With the exception
d the datafor 2,2,4-trimethylpentane, the various curves show a marked
similarity in general natureto those for n-octane (Part 1), the oxygen con-
sumpti-on curves, for example, rising rather abruptly at temperatures be-
low 300" and then showing little further rise over a considerable tempera-
turerange. The extent to which oxidation proceeds, however, before the
reaction dows down, varies greatly among the different hydrocarbons.
2,2,4-Trimethylpentane shows characteristics differing from the others.
Thesdignificanced these variations will be discussed below.

5 Stephens, TH'S JOURNAL, 50, 2523 (1928).
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Although the data are not as complete as could be wished, it seems de-
sirable to subject them to careful scrutiny in order to determineif possible
(1) whether the reaction mechanismissimilar to that d n-octane, and (2)
the point d initial attack. These two questions will, therefore, be con-
sidered in order.

(b) Main Course d Reaction.—In the case d n-octane it was found
that the total oxygen consumption per mole d octane input (at tempera-
tures below the high-temperature disturbance) was very nearly equal to
the total & one mole (to form an adehyde), plusthe number d moles o
carbon monoxide (since the oxidation d an aldehyde to 1 mole d carbon

5 H
— I
E |
am 4 A2
© /@” |
3 —o—— | l
g3 ]
o) I
& |
g2 1
o .=
2 L /E" }\‘

1 =

0 E/Q‘T,di [

200 250 300 350 400 450 500 550 600
Maximum furnace temperature, °C.
®, 0. reacted; O, CO produced; -, CO: produced.
Fig. 3.—2-Methyl-3-ethylpentane (oxygen/fuel
ratio=11.7511).

monoxide, water and another aldehyde requires one mole d oxygen), plus
1.5 times the number & molesd carbon dioxide (sncethe oxidation o an
aldehydeto carbon dioxide, water and another aldehyde requires 1.5 moles
of oxygen), indicating that no other reactions than those suggested were
occurring to an appreciable extent. Calculationson asimilar basisfor the
four isomeric octanes, which are oxidized at low temperatures, give the
resultsin Table I.

The experimental datafor oxygen reacted agree reasonably well in most
cases with those calculated, suggesting that the mechanism o oxidation is
analogous to that d n-octane. The oxygen consumed is usually slightly
greater than that calculated, indicating that a small amount d oxygen may
have reacted to form olefins (small amounts d gas absorbable in fuming
sulfuric acid were found experimentally) or some products other than those
involved in the theory, but such reactions cannot be a mgjor factor in the
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TABLE |
REesuLrs oF CALCULATIONS
Moles of M oles of
Moles of Moles of Oz con- (1 + co Molesof Molesof 02 con- _Q;L 4 CO
CcO CO2 sumed +1.5 CO2) CO CO2 sumed 1.5 CO2)
3-Methylheptane 2-Methyl-3-ethylpentane
0.2 0.3 1.65 1.65 0.75 0.8 3.05 2.95
1.1 .6 3.2 3.0 .90 .65 3.20 2.90
1.9 .9 4.6 4.25 .20 .3 1.15 1.65
2.4 .95 4.9 4.85 1.55 .60 3.70 3.45
3-Ethylhexane 2,5-Dimethylhexane
0.6 0 35 2.55 2.15 0.50 0.2 2.2 1.80
1.1 .6 3.45 3.0 7 .30 2.80 2.15
1.95 1.0 4.90 4.45 7 .25 2.45 2.07
2.5 .9 4.75 4.85 .7 .2 2.20 2.00

Data for 2,2,4-trimethylpentane are not included since it does not exhibit thelow-
temperature oxidation phenomena shown by the others.

oxidation, since nearly all of the oxygen consumed is accounted for on the
hypothesis outlined above. |t seems reasonable, therefore, to assume for
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Fig. 4.—2,5-Dimethyhexane (oxygen/fuel ratio = 9.1/1).

thefour casescited that, asin the case d n-octane, the primary product d
oxidation is an aldehyde; that this aldehyde isfurther oxidized (a) by a
"chain" reaction producing aldehyde, carbon monoxide and water and (b)
by a reaction producing aldehyde, carbon dioxide and water; and that
these reactions proceed until products are formed which resist further
oxidation until temperatures are reached which are high enough for general
disintegration to occur, accompanied by complete oxidation to carbon
dioxide and water.
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(c) Point d Initial Attack. —The data in the preceding paragraph
indicate that the point o initial attack isa methyl group, rather than a
secondary or tertiary atom. This view is substantiated by several facts:
(1) the over-all similarity d the oxidation curvesto that & n-octane and
the similar phenomenaobserved during thereaction; (2) thehydrocarbons
containing secondary or tertiary atoms are more resistant to oxidation than
those not containing them, and the more highly condensed the structure,
the more resistant the hydrocarbons become; (3) oxidation of secondary
carbon atoms would be expected to result in a rapid degradation d the
hydrocarbon into molecules o low molecular weight, which would be
oxidized with difficulty even in the form d aldehydes (see Part 1). The
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®, O, reacted; O, CO produced; +, CO, produced.
Fig. 5—2,2,4-Trimethylpentane (oxygen/fuel ratio = 12.3/1).

result d such reactions would be a large consumption d oxygen without
production d correspondingly large amounts d carbon oxides, which is
contrary to the experimental data. |t appears, therefore, that secondary
and tertiary atoms are points d strength rather than weakness, and that
the initial attack is at a methyl group, asin the cased n-octane. With
n-octane, however, only the methyl groupsat the endsd the molecule are
available for oxidation. In the case d most of the isomeric octanes the
initial attack might theoretically be at any one of severa points.
Examination d Figs. 1, 2, 3 and 4 gives a clue to the actual point of
attack. Inthecased 2,5-dimethylhexane, the oxidationdoesnotincrease
with rising temperature after a total & one atom d carbon has been oxi-
dized away as gas. |n the case d 2-methyl-3-ethylpentane the reaction
stops similarly when approximately two carbon atoms have been oxidized
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away. Inthecasedf 3-ethylhexane, the reaction stopswhen three carbon
atoms have been oxidized away. In the case d 3-methylheptane more
than three atomsof carbon have been oxidized away at the highest tempera-
ture recorded, and the reaction is still increasing with rising temperature.
Now the longest unbranched, open-end straight chain d these compounds
isone, two, three and four carbon atomsin length, respectively. |t seems
reasonable, therefore, to interpret the reactions as follows. (1) Oxygen
attacks the methyl group at the end d the longest open-end straight chain
of the hydrocarbon, forming an aldehyde and water. (2) The aldehydeis
oxidized with theformation d an aldehyde d one less carbon atom, water
and either carbon monoxideor carbon dioxide. (3) Thisreaction proceeds
until a branchin the hydrocarbon chain occurs, making the oxidation pro-
duct a ketone instead d an aldehyde. (4) When this stage has been
reached the low-temperature oxidation dows down markedly, asit would
be expected that a ketone would resist further oxidation more than an
aldehyde.

2,2,4-Trimethylpentane has, like 2,5-dimethylhexane, an open-end
straight chain d only one carbon atom, and might be expected to behave
similarly. Evidently, however, the highly condensed structure renders the
hydrocarbon so resistant to oxidation that no reaction occurs at al until
such high temperatures are reached that the reaction, once started, goes
rapidly to completion, the high-temperature disturbance settingin at once.

(d) Low-Temperature and High-Temperature Disturbances.— As
pointed out above, evidence was presented in Part | d this seriesthat the
low-temperature disturbance involves the oxidation d an adehyde to
carbon monoxide, an aldehyde d a smaller number o carbon atoms and
water, the reaction being undoubtedly d the " chain reaction™ type. That
similar phenomena occur in the case d two out d fived the isomeric oc-
tanesisfurther evidence that at least in these cases a chain reaction occurs,
involving the oxidation d an aldehyde. It issignificant that in thethree
cases in which the phenomenon was not observed it isfound that for 2,5-
dimethylhexane and 2-methyl-3-ethylpentane lessthan one mole of oxygen
has been consumed in this reaction, and hence it would be expected that
theresults d this reaction would be less apparent than in the other cases;
inthecesed 2,2,4-trimethylpentane, nolow-temperaturereaction occursat
al. Inthecased 3-ethylhexane, the disturbance wasonly slight, anditis
not surprising that it was not noticeable in the casesinvolving still less of
the reaction in question.

The high-temperature disturbance presumably occurs when the hydro-
carbon itself, or its primary oxidation products, are brought, together with
oxygen, to a temperature sufficiently high for the reaction to go semi-ex-
plosively to completion. Two questions seem worthy o consideration:
(@) doesthe reaction at the point o the high-temperature disturbance pass
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through the same steps as occur at lower temperatures, and (b) is some
entirely new mechanism involved in the oxidation at this point? It is
hardly possible to answer either o these questions definitely from the
available data, but a probable answer can be givento thefirst one. If the
oxidation proceedsaways through the steps involved in the low-tempera-
ture oxidation, it would be expected that the temperature at which the
high-temperature disturbance sets in would be determined (a) by the ex-
tent towhich the primary oxidation has proceeded, (b) by the naturedf the
oxidation products and (c) by the excess oxygen present. The experi-
mental facts seem to be in accord with this hypothesis. Thus n-octane,
mixed with the theoretical quantity d air for complete combustion, does
not react completely until a temperature ,of 667° has been reached, which
may mean that oxygen has been consumed so readily in forming primary
oxidation products that the concentration d oxygen is much reduced, and
a very high temperature must be reached before the primary products can
undergo semi-explosivereaction.  On the other hand, in the case o 2,2,4-
trimethylpentane, when oxidation begins at 515°, the concentration o
oxygen is higher and the evolution of heat d the initial oxidation brings
about the semi-explosive reaction at a lower temperature than isthe case
with n-octane. The behavior d other isomeric octanes presumably falls
between these two cases, the temperatured the high-temperature disturb-
ance depending partly on the oxygen concentration and partly on the na-
ture d the primary oxidation products.

On the hypothesis that the reaction is the direct oxidation of the hydro-
carbon, without passing through the low-temperature stage, it is most
surprising that a readily oxidized hydrocarbon such as n-octane shows
this reaction at a higher temperature than 2,2,4-trimethylpentane. The
first hypothesisis therefore favored.

It should be realized, o course, that the actual temperatures at which
these reactions occur are undoubtedly influenced by such factors as design
d apparatus, oxygen concentration and oxygen—fue ratio. The actual
data given refer only to the particular conditionsin question.

The reaction proceeds so rapidly at the point d the high-temperature
disturbance that it is impossible to determine whether or not some new
mechanism, such as ™ cracking,” or simultaneous attack d the molecule at
several points, isinvolved.

(e) Temperature o Initial Attack.—There is little relation between
the temperature d initial attack and the other oxidation characteristics.
Thus 2,5-dimethylhexane is attacked at a temperature about equal to that
for n-octane, while 2,2,4-trimethylpentane is not attacked at all until
very much higher temperatures have been reached. The other isomers are
all attacked at glightly higher temperatures than n-octane, a slight trend
being observed with increasing condensation d the molecule.
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V. Probable Behavior of Other Hydrocarbons

I n thefirst place, it should be emphasi zed that the conclusionsreachedin
this paper should not be taken asindicating that oxidation d even these
particular hydrocarbons must follow the course outlined above under all
conditions. Many reactions d oxygen with hydrocarbons are thermo-
dynamically possible, and the reaction under different conditionsd oxygen
concentration, oxygen-fue ratio and experimental technique may doubt-
less follow courses quite different from those observed in this paper. It
is particularly probablethat the liquid-phase oxidation and the oxidation
under static conditionsmay follow a course distinctly different from those
discussed herein. The present data are perhaps d particular interest in
connection with the behavior d fuels in the internal combustion engine,
in that air and not pure oxygen was employed for the oxidation, and in
that the dynamic method employed involves a timed contact moreclosely
related to that d the internal combustion engine than does the static
method. It isinteresting to speculate on the possible behavior d hydro-
carbons other than those studied. It may be reasonably expected that all
normal paraffinsd intermediate molecular weight will show characteristics
similar to n-octane. Certain branched-chain hydrocarbons offer interest-
ing possibilitieswhich may be only guessed at. ‘Thus hydrocarbons, similar
to 2,5-dimethylhexane but d higher molecular weight, might conceivably
be attacked toward the center d the moleculeaswel astheend. Highly
condensed hydrocarbonssuch as hexamethylethane, in which the oxidation
d an aldehyde could not occur in the manner noted above, might well be .
extremely resistant to oxidation, and hydrocarbons in which a chain is
branched at a quaternary carbon atom also involve possible complications
o thegeneral scheme. |t would beinteresting to have datafor such cases.
The oxidation d olefins also is a question d much interest. A few pre-
liminary data available in this Laboratory indicate that the oxidation o
a-n-octene beginsat a higher temperature than the oxidation d n-octane,
and isotherwiseanalogousto the cased n-octane, which certainly suggests
that the oxidation does not begin at the double bond, but at the opposite
end d the hydrocarbon, and followsa coursesimilar tothat d thesaturated
hydrocarbons. Itisto be hoped that many moredatathan those contained
in this paper will soon be available, in order to determine many d the
points which must remain for the present in doubt.

VI. Summary

1. Data have been presented on the vapor phase oxidation o five
branched-chain octanes. Distinct differences existinthe behavior d these
hydrocarbons toward oxygen.

2. Thedata have been interpreted asindicating that in general oxygen
first attacks the methyl group at the end d the longest free straight chain
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and that it proceedsin a manner analogousto that observed for #-octane
(Part 1) until a branch in the chain occurs, the oxidation sowing down
markedly at this point.

3. Certain pointsd interest bearing on the generad problem d hydro-
carbon oxidation have been briefly discussed.

YonKERs N. Y.
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THE VAPOR PHASE OXIDATION OF ISOMERIC OCTANES.
III. THE EFFECT OF TETRA-ETHYL LEAD AND THE RELATION
OF OXIDATION TO ENGINE DETONATION

By J. C. PorE, F. J. DyksTRA AND GRAHAM EDGAR
REcCEIVED MARCH 16, 1929 PuBLISHED JuLY 5, 1929

. Introduction

The marked effect o tetra-ethyl lead and other " anti-detonants™ upon
certain characteristicsd the combustion d hydrocarbonsin the internal
combustion engineis a phenomenon which has attracted the attention d
numerous investigators. In several cases the oxidation d hydrocarbons
in the presence d anti-detonants has been studied, and theories have been
propounded connecting the phenomena observed with the behavior d
fuelsin theinternal combustion engine.! |t cannot besaid, however, that
these theories have given a complete explanation d the effect d anti-de-
tonants on engine detonation, and no data at all have been presented in
explanation d the wide differences in engine behavior d isomeric hydro-
carbon~.-Any data bearing upon these subjects seem, therefore, to be
worthy d careful scrutiny.

InParts| and II d thispaper data have been presented upon the vapor
phase oxidation d six isomeric octanes and sSmple interpretations have
been given d their behavior. In Part III there are presented data upon
the oxidation d n-octane and d n-heptaldehyde in the presence o tetra-
ethyl lead. The relation between the datain Parts |1, IT and III and the
detonation tendenciesd paraffin hydrocarbonsin theinternal combustion
engine is discussed.

! (a) Callendar, Aeronautical Research Committee (London), Reports and Mem-
oranda No. 1062 (1927); (b) Lewis, J. Chem. .Soc., 1555 (1927); (c) Moureu, Dufraisse
and Chaux, Compt. rend., 184, 413 (1927); (d) Weerman, J. Soc. Petrol. Tech., 13,
300 (1927); (e) Egerton and Gates, ibid., 13, 273, 281 (1927); (f) Mardles, J. Chem.
Seoc., 872 (1928); (g) Rideal and Brunmer, ibid., 1162 (1928); (h) Millikan, American
Petroleum Institute Bulletin, September, 1928, Project 11; (i) Layng and Youker,
Ind. Eng. Chem., 20, 1048 (1928); (k) Maxwell and Wheder, ibid., 20, 1041 (1928);
(D Berl, Heise and Winnacker, Z. physik. Chem,, 139, 453 (1928); (m) Butkov, C. 4.,
22, 2050 (1928); 23 966 (1929).

2 Edgar; Ind. Eng. Chem,, 19, 145 (1927).
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II. Experimental Procedure

Theoxidationd n-octaneand of n-heptaldehydein the presenced tetra-
ethyl lead was studied in an apparatus and by a procedure identical with
that employed with n-octane alone (Part 1). Tetra-ethyl lead was added
tothefuel and vaporized withit. Runswerecarried out withdowly rising
temperature and with the temperature stationary. 1 n all casesthe gaseous
oxidation products were determined and in the latter case some analyses
were madeof theliquid oxidation products. The detailsd the methodsd
analysis, etc., were described in Part 1.
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Fig. 1.—Normal octane (theor etical air /fuel ratio).

III. Experimental Data

Characteristic experimental data from rising temperature runs are ex-
pressed graphically in Figs. 1, 2 and 3for n-octaneand in Figs. 4 and 5 for
n-heptaldehyde. For the sake d comparison, the corresponding data
from Part | for n-octane alone and for n-heptaldehydealone are included.
T he dataon n-octanewith tetra-ethyl lead were obtained in four individual
experiments; for n-heptaldehyde the results d three experiments are
included.

The oxygen consumption and carbon oxides produced are expressed in
moles per mole d octane input and the temperatures are the maximum
furnace temperatureat the averagetime d sampling. In addition to the
datain thefiguresit may be noted that asusual small amountsd gas ab-
sorbable in fuming sulfuric acid were found, in amounts not differing ap-
preciably from those found in the experiments & Parts | and II. The
liquid oxidation products contained aldehyde and water in considerable
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amounts and acid in very small amounts. The data did not differ nat e
rially from those found with n-octane in the absence of tetra-ethyl lead.
The phenomena accompanying the oxidation were similar in most respects
to those observed in Part I. Certain differences will be described below.
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n-octane plus 1.07% vol. d lead tetra-ethyl.

Pig. 2—Normd oct ane (theoretical air/fuel ratio).

It may be noted that the experimental data in the presence d rather
large amounts of tetra-ethyl lead were much more erratic than those ob-
served with the hydrocarbons alone. This is not altogether unexpected,
since under the conditions d the experimentstetra-ethyl lead undergoes
oxidation, in amount varying with the temperature. The extent d such
oxidation, the point at which it occursin the furnace and the distribution
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Fig. 3.—Normal octane (theoretical air/{uel ratio).

d the products through the furnace undoubtedly vary with the tempera-
ture and perhaps between runs, and may account for the somewhat erratic
results. The varying effect d tetra-ethyl lead at different temperatures,
discussed below, may also be at least partially due to the decomposition
phenomena. For the purpose of this paper no distinctionis made between
tetra-ethyl lead itsdf and its various decomposition products, as the data

oy
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per mole of fuel
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herein presented do not permit an analysisclose enough to determinesuch
distinctions, if they exist.
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V. Discussion d Data

Comparison with the Data in the Absence d Tetra-ethyl Lead.—In
Fig. 1 a comparison is made d the oxygen consumption d n-octane at
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Fig. 5—Normal heptaldehyde (theoretical air/fuel ratio).

different temperatures with and without tetra-ethyl lead. In Fig. 2 a
similar comparisonis maded the carbon monoxide produced and in Fig. 3
o the carbon dioxide produced. In Fig. 4 the oxygen consumption data
for heptaldehyde with and without tetra-ethyl lead are compared, and in
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Fig. 5 the carbon oxides formed are compared. An analysis of these data
follows.

(1) #-Heptaldehyde.—Data were presented in Part | indicating that aldehydes
are intermediate oxidation products d n-octane, and that the carbon oxides formed
are the oxidation products d such aldehydes, rather than d n-octane directly. In
attempting to determine the exact effect d tetra-ethyl lead it seemstherefore desirable
to consider first the oxidation d n-heptaldehyde in the presence o tetra-ethyl lead,
since in this caseonly two d the three reactionsinvolved in the oxidation of n-octane
are concerned. It is clear from the data in Figs. 4 and 5 that practically the entire
effect of tetra-ethyl lead on the oxidation of n-heptaldehydeis upon the reaction pro-
ducing carbon monoxide. The carbon dioxide formed with tetra-ethyl lead differs
from that formed in its absence by little more than the experimental error. The
carbon monoxide is, however, greatly reduced in the presence d tetra-ethyl lead, and
the datafor oxygen consumption differ from thosewithout tetra-ethy! lead by an amount
corresponiding almost exactly to the reduction in carbon monoxide, since one mole o
oxygen is consumed in the production o one mole d carbon monoxide. |t would be
expected that the reaction involving carbon monoxide would be the one most apt to
be affected by tetra-ethyl lead, sinceit isa ' chain™ reaction (Part I), and such reactions
are usually capable d marked retardation by negative catalysts. Presumably the
reaction is normally propagated through the medium d a reaction chain in which
"activated molecules” in reacting activate other molecules. Tetra-ethyl lead probably
retards thereaction by accepting the surplus energy of such moleculesand thus breaking
thereaction chain.

The temperature at which the *"low temperature disturbance™ begins with its ac-
companying luminescence and pulsations, is distinetly raised by tetra-ethyl lead, (235
to0 270°), as would be expected from the fact that thereaction producing this disturbance
issuppressed. Therange over whichthedisturbanceis noticeableis, however, not meas-
urably affected. |t may be noted that at very low temperatures tetra-ethyl lead has
very littleif any effect upon the oxidationd heptal dehyde, a phenomenon perhaps asso-
ciated with thefactthat tetra-ethyl lead is not decomposed appreciably under the condi-
tionsd theexperimentinthistemperaturerange. The effect lsoisdiminished at quite
high temperatures, which may again be associated with the decomposition phenomena.

2 n-Octane.+-Octane, according to the view expressed earlier by the authors,
differsin its essential oxidation mechanism from n-heptaldehyde only by the initial
reaction in which aldehyde is produced from the hydrocarbon. The data in Figs. 1,
2 and 3 are fully in accord with this view. Thusthe most striking effect o tetra-ethyl
lead is in the suppression d the reaction in which carbon monoxide is formed, a sup-
pression which would be expectedfrom the data on n-heptaldehyde. There is evidence,
however, d another effect d tetra-ethyl lead. Thus while oxidation begins at about
the same temperature in the presence d tetra-ethyl lead asin its absence, the oxygen
consumption rises with increasing temperature somewhat more sowly than can be
accounted for by the suppression d the carbon monoxide alone, particularly at low
and intermediate temperatures. This suggeststhat the primary oxidation o n-octane
to aldehyde is somewhat retarded and that complete oxidation d the hydrocarbon
does not occur in the presence d tetra-ethyl lead until a higher temperature has been
reachedt han is necessary with n-octane alone. The data on carbon dioxide production
support this view, since they are slightly lower, at low temperatures, in the presence
d tetra-ethyl lead than in its absence, aswould be expected if theformation d aldehyde
(from which the carbon dioxide is produced) is somewhat retarded. The apparent
partial reduction in the primary oxidation d #-octane suggests the possibility that
this reaction may alsobed the chain reaction type, but no further evidenceis available.
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The effect of tetra-ethyl lead on the low temperature disturbance with n-octane
issimilar toits effect upon the correspondingdisturbance in the case d n-heptaldehyde,
in that the temperature at which the disturbance beginsisraised (270t0300°), but with
n-octane the disturbance is much less vigorousin the presence of tetra-ethyl lead than
in its absence, the luminescent flashes are more frequent and the temperature range
over which the disturbancelastsisincreased. Thisseemsin accord with the hypothesis
that the primary oxidationd n-octane is partially suppressed and the aldehyde oxida-
tion (tocarbon monoxide) strongly suppressed. Other facts worth recording in con-
nection with the oxidation are: (1) that, as with n-heptaldehyde, the effect of tetra-
ethyl lead seemsto decrease at high temperatures; (2)that the datawere not extended
to the temperature d the "high temperature disturbance," so that it cannot be deter-
mined whether or not this point is affected by tetra-ethyl lead; and (3) thatincreasing
theconcentrationd tetra-ethyl lead from 0.31 vol. per cent. to 1.00vol. per cent. doesnot
produce acorrespondingeffect on the oxidation phenomena

V. Rdation o Oxidation Phenomena to Engine Detonation

The facts that tetra-ethyl lead effectively suppressesdetonation in the
internal combustion engine, and that its chief effect upon the oxidation d
a hydrocarbon having a high tendency to detonate (n-octane) is the sup-
presson d certain oxidation reactions, suggest a close relationship be-
tween the two phenomena. It isinteresting in this connectionto examine
the behavior in theengine d the isomericoc¢tanes whose oxidation charac-
teristics were discussed in Part II.  Insufficient amounts o these hydro-
carbons were available to enable their tendencies to detonate to be meas-
ured on the pure materials;, accordingly, they were dissolved in gasos
line in the proportion d 10%, by volume, and their effect on the tendency
d the gasolineto detonate was measured in an engine, employing a tech-
nigue previoudy described.®* The hydrocarbons arranged themselves in
thefollowing order, the one having the greatest tendency to detonate being
given first: (1) n-octane, (2) 3-methylheptane, (3) 3-ethylhexane, (4) 2-
methyl-3-ethylpentane, (5) 2,5-dimethylhexane and (6) 2,2,4-trimethyl-
pentane. Now it has been previousy shown (Part II) that the first five
o these hydrocarbons have their longest open-end straight chains o
eight, four, three, two and one carbon atoms, respectively, and that the
length d these chains determinesthe extent to which the low temperature
oxidation can proceed. The sixth hydrocarbon (2,2,4-trimnethylpentane)
wasfound to be entirely unoxidized at low temperatures.

We havehere, therefore, a striking correl ation between engine detonation
and oxidation characteristics. This may be recapitulated as follows.
(1) A *chain reaction™ involving the oxidation d an aldehydeto carbon
monoxide, water and another aldehyde has been found to be one 0 the
chief oxidation reactionsd the five isomeric hydrocarbonswhich undergo
appreciable oxidation at low temperatures. (2) The extent to which this
reaction iscapabled proceedingwithout interruption is determined by the
length d the longest open-end straight chain & carbon atoms in the mole-

% Edgar, J. Soc. Automotive Eng., 22, 41 (1928).
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cule, and the oxidation actually dows down when it has proceeded to a
point correspondingto the length  such a chain (unless a secondary dis-
turbance sets in hefore such point is reached). (3) Tetra-ethyl lead
sharply retards this reaction (in the one case studied), and apparently re-
duces soinewhat the primary oxidation d the hydrocarbon. (4) The
tendency o these hydrocarbonsto detonatefollowsthe same order as that
of the extent to which this reaction occurs at low temperatures, and the
hydrocarbon showing no low temperature oxidation has less tendency to
detonate than any d the others. (5} Tetra-ethyl leed reducesthe tend-
ency d afuel to detonate.

Apparently, therefore, both the temperature d initial oxidation and the
extent to which such oxidation proceedsare factorsinvolved in the detona-
tion phenomena.  If therelationshipsfound for the Sx octanes are general,
it seemsreasonable to predict that asfar asthe paraffin hydrocarbons are
concerned: (a) for norma hydrocarbons the tendency to detonate will
increase with increasing molecular weight (this is known to be in accord
with experiment); (b) branched-chain hydrocarbonswhich undergo oxi-
dation at low temperatures will have a tendency to detonate increasing
with the length d the longest open-end carbon chain; (c) hydrocarbons
resistant to low temperature oxidation will havelittle tendency to detonate
(e.g., 2,2,4-trimethylpentane). Thesewill probably have highly condensed
structures. 1t must be admitted that the data on which these conclusions
are based are not as complete as could be wished, but they appear to give
quite clear indications d the phenomena to be expected with different
paraffin hydrocarbons.

VI. Mechanism d Detonation

It is much more difficult to suggest a satisfactory mechanism o engine
detonation. So many factors involved in the combustion o fuelsin an
engine are widdly different from thosein the laboratory experiments that
too close an analogy can hardly be expected. We know little concerning
the chemical changesinvolvedin the combustion d fue in an engine except
that Lovell, Coleman and Boyd* have shown that the combustion is more
rapid when an engine is detonating than during normal operation. In an
engine the air-fud mixtureis first compressed to about five atmospheres
in a hot cylinder. It isthen ignited with a spark and the mixture burns
either with or without the developmentd detonation. |t is probable that
temperatures of 400-500° are reached during the compression stroke before
thespark isfired. |tisquite conceivablethat when readily oxidized hydro-
carbons are used as fuel appreciable oxidation may occur during the com-
pression stroke, and that the rate d burn d the mixture after the charge
isfired (and the tendency to detongte) may depend uponthe extent d such

¢ Lovell, Coleman and Boyd, Ind. Eng. Chem., 19, 373 (1927).
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preliminary oxidation. |t isalso possblethat therated burn d acharge
fired by aspark may depend upon factorssimilar to those which govern the
low temperature oxidation. The problem is extremely complicated and
the authors do not fed that the data presentedin this paper give by any
means the complete account d engine detonation. Nevertheless, they
represent an interesting correlation d laboratory data with engine opera:
tion, and are presented with the hope that they may contribute to clearing
up at least certain phasesd thisimportant problem.

VII. Summary

1. Experimental data have been presented on thevapor phaseoxidation
of n-octane and n-heptaldehydein the presenced tetra-ethyl lead.

2. Theéeffect d tetra-ethyl lead seemsto bechiefly that d dowing down
the oxidation d aldehydes to carbon monoxide, water and other ade-
hydes.

3. The data, combined with those d Parts | and 11, are discussed in
comparison with the behavior d the hydrocarbonsas fud in the internal
combustion engine, and certain correl ationsare pointed out.

YONKERS, N. Y.

[CoNTRIBUTION FROM THE DepARTMENT OF CHEMISTRY @ THE UNIVERSITY 0= KANSAS]

THE ACTION OF PHENYL ISOCYANATE ON URETHANS, UREAS
AND THIOUREAS

By HANs Lakra! aAND F. B. DAINS
RECEIVED MARcH 22, 1929 PusLisgep JuLy 5, 1929

Phenyl isocyanate, which was first obtained by A. W. Hofmann,? is
characterized by its ability to form addition products with the N=C
doublebonding. Thuswith acoholsurethans, CeHsNHCOOR, areformed
while with ammonia and with primary and secondary amines, substituted
ureas result. The presence d aryl groupsin the secondary amines often
tends to dow up or even in some cases to prevent the expected addition,
RR'NH 4 CH;NCO = C:H;NHCONRR'.

Sincethe nature d the hydrocarbon (aryl) group has been found to affect
the course d the reaction, it seemed worthwhileto study thereactivity d
phenyl isocyanate toward the group RNH(NH,) when it waslinked with
a CO or CS complex, in order to determine their influence upon the ex-
pected additions.

I n the present investigation the compounds chosen were urethans, ureas
and thioureas where the primary reaction might be expected to yield (a)

! From a dissertation presented by Hans Lakra to the Faculty of the Graduate
School d the University of Kansas, in partial fulfilment of therequirementsfor thede-

greed Doctor o Philosophy.
2 Hofmann, Ann., 74,9 (1850); Ber., 3, 655 (1870).
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with urethans, alophanic esters, C:H;NHCONHCOOR; with ureas,
biurets, CeH;NHCONHCONH;, and with thioureas, monothiobiurets,
CsH;:NHCONHCSNH,, or their substitution products where an H had
been replaced by ary! or alkyl groups.

Such addition products were isolated in a number o cases; in others
only thedissociation productsof theinitial compound. Any simpleformu-
lation o the results was rendered difficultin many instances by the fact
that one of the dissociation products was isocyanic acid, which could then
condense with itsdlf to form isocyanuric acid or with amino compounds,
yielding ureas or biurets. Higher temperaturesfavored this latter type
d reaction.’

Experimental

Phenyl Isocyanate and Urethan.-—Molecular proportionsd the two reagents were
heated at 140-160° for six hours' From the reaction product were isolated: (1)
phenyl alophanic ester, CGH:NHCONHCOOC:Hs; (2) phenylurethan, CsH:NHCOO-
C:Hs; (3) phenylisocyanuric acid, CsHsH:C30:N3; and (4) phenylcarbethoxybiuret,
CH:NHCONHCONHCOOC,Hs. No. 1isformed by direct addition; Nos. 2 and 3
by dissociation d theurethan intoHNCO and a cohol and subsequent addition d al cohol
or thedimer (HNCO). to theisocyanate, while in No. 4 the phenylisocyanateand al cohol
add to (HNCO).. No evidence was obtained as to the intermediate possible formation
d allophanic ester which with the isocyanate would yield the carbethoxybiuret.

Phenyl Isocyanate and Phenylurethan.——Heated at 150° a little carbanilide is
formed.6 At temperatures from 200-250° thisisthe main product. While the phenyl-.
urethan would account for part d the carbanilide, the increased amount would indicate
that the ethyl acohol from the urethan loses a mole d water which then reacts with
additional isocyanate to form diphenylurea.

Phenyl Isocyanate and Ethylurethan, C.H:NHCOOC.Hs.—The mixturewasheated
at 175° for six hours.  The only product isolated was diphenylurea.  No ethylphenyl-
urea or diethylurea was detected due to the volatility d the dissociation products,
ethylamine and ethyl isocyanate.

Pheny! Isocyanate and Allophanic Ester.—The two compoundsfailed to react at
125". At 160° unchanged allophanic ester, carbanilide and isocyanuric acid were
isolated.

Anal. Cdcd. for C;H3N3Os: N, 3255. Found: N, 32.13.

Heated at 170-178° an additional product, phenylisocyanuricacid was obtained.

Anal. Cdcd. for CgH;N3;0;: N, 2048. Found: N, 20.10.

Allophanicester alonedowly decomposesat 160°, yieldingammoniaand isocyanuric
acid. Thecarbanilideisduetotheintermediateformationd phenylurea (CeH:NCO
NH,) and the phenylisocyanuricacid is formed as indicated in the case o urethan.

Pheny! Isocyanate and Urea —After heating at water-bath temperature for seven
hours, there was isolated a little diphenylurea, and unchanged urea, but the main

8 This work harmonizes with the results on " Urea Dearrangement," Davis and
Underwood, Tuis JOURNAL, 44, 2595 (1922); Davis and Blanchard, ihid., 45, 1816
(1923).

4 Dains, Greider and Kidwell, ibid., 41, 1008 (1919).

5 Schiff, Ber., 3, 249 (1870).

8 Dains, THIs JOURNAL, 21, 180 (1899).
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product was a-monophenylbiuret, CsH,NHCONHCONH,, formed by simple addition.
This, after recrystallization fromhot water and from dilute alcohol, melted at 156-157°.7

Anal. Cdcd. for CsHsNsO,: N, 2348, Found: N, 23.60, 23.27.

Phenyl Isocyanate and Urea at 120° for Four Hours.—In this case the following
products Were isolated and identified: ammonia, unchanged urea, biuret,® diphenyl-
urea, mMonophenylurea, phenylisocyanuric acid® and isocyanuric acid.

Theresultsarein harmony with what might be predicted from a mixture containing
phenyl isocyanate, urea, anmoniaand isocyanicacid (NH,CONH, == NH; -+ HNCO).

2CHNCO + 2NH; = 2CH;NHCONH:; = (C:H:;NH),CO 4 NH,CONH;
NH;CONH; + HNCO = NH(CONHo,),

3HNCO = C;H3N30s

CsH:NCO + ZHNCO = C¢H;H,C;3N3zO3

ResultsWhen Heated at 140° for Seven Hours.—The main product wascarbanilide.
No biuret or monophenylurea was isolated.

Acyl Substituted Ureas.—Phenyl isocyanate and acetylureafailed to react at water-
bath temperature, but heated at 130 or 160° for five hours, the same products were
obtained, v7s., a-acetyl-g-phenylurea and isocyanuric acid. The results could be due
either to the action d the isocyanate upon acetamide, (CH;CONHCONH, ===
CH;CONH, + HNCO), or addition to the acetylurea, as follows CH3CON(CONH-

The fact that no phenylisocyanuric acid was detected is in favor d this latter
formulation.

I nthesameway benzoylureaand theisocyanate yielded at 150° benzoylphenylurea,
which at 210° dowly dissociated into phenylisocyanate and benzamide (m. p. 128").

Pheny! Isocyanate and Monophenylurea.—Kuhn and Henschel digested the above
mixture!® at 120° and reported the formation d 1,5-diphenylbiuret and traces d a
higher-melting product. On repeating their work but only heating at 100° for four
hours, there was obtained diphenylurea, 1,5-diphenylbiuret,’* m. p. 210°, and mono-
phenylbiuret, m. p. 156157 °, confirmed by a mixed melting point with a known sample
o monophenylbiuret.

The result would seem to indicate that the isocyanate can add to the phenylurea
at two points; first at Position 3, yielding the 1,5-diphenylbiuret, and at Position 1,
giving theisomericbiuret, C:H;NHCON (CsH;) CONH,.  Thisdissociatesinto diphenyl-
urea and isocyanic acid, which then adds to the unchanged phenylurea. The same
products would be formed if it were assumed that some d the phenylurea dissociated,
C:H:NHCONH, = C¢H:NH; + HNCO, but this seems a question at 100°.

The fact that phenylureawhen boiled for several hours with water yields aniline
can well be regarded as a simple case of hydrolysis.1?

Disubstituted Ureas.—Carbanilide and phenyl isocyanate at 150° gave 1,3,5-
triphenylbiuret (m. p. 147°).23  Aboveits melting point the biuret is unstable, breaking
down into carbanilide and the isocyanate.

7 Piccard and Carter, J. Chem. Soc., 79, 846 (1900); 81, 1563 (1902); McKee,
Am. Chem. J,, 26, 254 (1901); Dains and Wertheim, THis JOURNAL, 42, 2307 (1920);
Gatewood, ibid., 47, 407 (1925).

8 Anal. Cadlcd. for C;HgN3O0:: N, 40.79. Found: N, 40.53, 40.46.

® Anal. Cdcd. for C,H:N30;: N, 20.48. Found: N, 20.23.

10 Kuhn and Henschel, Ber., 21, 504 (1888).

1 Anal. Calcd. for Ci4HsN3O.: N, 16.47. Found: N, 16.34.

12 Davisand Blanchard, Twu1s JOURNAL, 45, 1818 (1923).

13 Hofmann, Ber., 4,250 (1871); Kuhn and Henschel, Ber., 21, 504 (1888).
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Anal. Cadcd. for CoHy7N302: N, 12.68. Found: N, 16.34.

Methylphenylurea and phenyl isocyanatefailed to react at 100° but at 135-140°
carbanilide alone was obtained, the probable intermediate 1,3-diphenyl-5-methylbiuret
not being stable at this temperature.

Phenylacetylurea does not combine with the isocyanateat 150°, but at 200° di-
phenylurea is the main product. The acetylurea dissociatesat this temperature into
phenylisocyanateand acetamide; lossd a mole d water convertsthe isocyanate into
diphenylurea.

Phenyl I socyanate and Thiourea

1-Phenyl-4-thiobiuret, C;H:NHCONHCSNH,.—This was formed in good yield
when the two substances were heated at water-bath temperature for five hours. The
residue was washed with dry ether and recrystallized from alcohol. It then melted at
186°.

Anal. Cdcd. for CgHsN3sOS: N, 21.55. Found: N, 2178, 21.67.

I'ts constitution was proved by the fact that on desulfurization with lead hydroxide
in alcohol solution, a-monophenylbiuret was obtained. A 110" the thiourea and iso-
cyanate yielded the same biuret mixed with carbanilide, the amount o which increased
with rising temperature.

1- Pnenyl - 4- net hyl t hi obi uret, C;Hy;NHCONHC(CH;)=NH.—~When the thiobiuret
was heated with methyl iodide in a sealed tube in the water-bath, the hydrogen iodide
salt wasformed. Alkali precipitated fromitswater solution the free base, which when
crystallized from acohol melted at 147-8°.

Anal. Cadlcd. for CgH;N3;0S: N, 20.10. Pound: N, 20.00, 20.19.

Mono- and Di-substituted Thioureas.—In no casewasit possibleto isolate addition
products from the mono- and disubstituted thioureas. The sole products identified
were diphenylurea and mustard oils. Thus allylthiourea and phenylthiourea reacted
dowly at water-bath temperature, completely at 110-120°, yielding carbanilide and
alyl- or phenylisothiocyanate, while allylphenylthioureaor diphenylthiourea at 120-
130° gave quantitatively diphenylurea and allyl- or phenylisothiocyanate.14

Addition of Phenyl Isocyanate to the I sothiourea Ethers

Methylthiocarbonyldiphenyldiurea, CsH;NHCON=C(SCH;)NHCONHC:H;.—
The methyl iodide addition product d thiourea (22 g.) was disolved in as little water
as possible.  To this was added phenyl isocyanate (24 g.) and a concentrated solution
d potassium hydroxide (5-6 g.). On shaking a viscous mass was formed which sowly
solidified. Purified from acohol, it melted at 142°.

Anal. Calcd. for CieHieN4O:S: N, 17.07. Found: N, 16.82, 16.78. Md. wt.
in acetic acid: calcd., 328. Found: 289.

The same compound (m. p. 142") was obtained from 1-phenyl-4-methylthiobiuret
and the isocyanate.

The thio-ether was warmed for a few minutes with one mole d alcoholic potas-
sium hydroxide, hoping thus to obtain the carbonyldiphenyldiurea. Instead the ether
broke down into mercaptan, aniline and a product soluble in alkali which proved to
be phenylisocyanuric acid.

Anal. Cdcd. for CH;N303: N, 2048. Found: N, 20.19.

When the thio-ether was treated with potassum sulfhydrate, mercaptan was

14 Goldschmidt and Meissler, Ber., 23,273 (1890).
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eliminated with the formation d thiocarbonyldiphenyldiurea, CS(INHCONHCH;),;
m. p. 202°.%

The Ethyl Ether of Thiocarbonyldiphenyl-diurea, CsHsNHCONHC(SC,H;)—
NCONHCH;.—This was prepared from y-ethylthiourea and phenyl isocyanate. Crys-
tallized from 509, alcohol it melted at 145°.

Anal. Cdlcd. for Ci7HieN4O2S: N, 16.37. Found: N, 16.87.

Pheny! |socyanate and the Methyl Ether of Phenylthiourea.—The two compounds
united with the development d heat and gave 1,5-diphenyl-4-methylthiobiuret, CoHs-
NHCON=C(SCH3)NHC¢H;, melting at 108°.

Anal. Cdcd. for CisHisN3OS: N, 14.73. Found: N, 14.94.

The methyl thio-ether when treated with KSH yielded the corresponding 1,5-
diphenyl-mono-thiobitiret, CCH;NHCONHCSNHC:H;, melting at 161°.

As shown by Johnson® and confirmed by our work, y-methylthiourea combined with
only one mole d phenyl mustard oil, yielding 1-phenyl-2-thio-4-methylthiobiuret
(m. p. 122").

These thio-ethers exhibit an interesting analogy to the corresponding oxygen
isourea ethersin that both types add one mole d phenyl isothiocyanate and two moles
o the phenyl isocyanate."

Phenyl Isocyanate and the Ethyl Ether o Diphenylthiourea, C;H-NHC(SC,Hj;)-
NCsH;—While no action was observed at 100°, two varying sets d results were ob-
tained at higher temperatures. Thus the isocyanate (24 g.) and the thio-ether (52 g.)
heated at 160-170° for three hours gave diphenylurea, phenyl mustard oil and tri-
phenylcyanuric acid (m. p. 270°). Evidently in this case a portion d the isocyanate
had condensed to the cyanuric acid and it is possiblethat the expected addition product,
CsH:NHCONCsH;C(SC,H;)NCsHs, has broken down into carbanilide, phenyl mustard
oil and ethylene, although this latter was not identified.

After heatingin a sedled tube at 200°, the tube opened with pressureand the issuing
gases had the odor & mercaptan. Thereaction product consisted d diphenylureaand
athick oil solublein ether which after distillation in a vacuum and crystallization from
alcohol melted at 162°. |t gave no test for sulfur and gavefigures on analysis corre-
sponding to carbodiphenylimide, (CsHsN).C.

Anal. Cdcd. for CisHioNa2: N, 14.43. Found: N, 14.28.

Neo mustard ail or triphenylcyanuric acid wasfound. Evidently at 200° much o
the thio-ether dissociated directly into mercaptan and carbodi-imide, a reaction which
has been previously observed.

Guanidine Carbonate and Phenyl | socyanate

The Diphenylamide d Guanidine Dicarboxylic Acid, HN=C(NHCONHCHs);.—
Michael8 had obtained this compound by the action d the isocyanate on the guanidine
carbonate and sodium ethylate. 1t wasfound that potassium hydroxide could be used
with good resultsinstead d the ethylate in concd. water solution. It melted at 174°,

Anal. Calcd. for Ci:HyeNsO2: N, 2357. Found: N, 23.82.

Action on Hydrolyss.—The diamide when refluxed for thirty minutes with 15%,
isodium hydroxide solution gave ammonia, aniline, diphenylureaand isocyanuric acid.

15 Unpublished investigation by John F. Olin, who hasfound that KSH hydrolyzes
isothiourea ethers to the corresponding thio carbonylcompounds.

16 Johnson, Am. Chem J.,29,482,490 (1903); 30,172 (1903).

7 McKee, Am. Chem. J.,26,233 (1901); Bruce, Tuis JOURNAL, 26,448 (1903).

8 Michael, J prakt. Chem, [2] 49, 42 (1904).
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Anal. Caled. for C;H3N3O3: N, 3256. Found: N, 3240.

When heated alone at 190-200° for three hours, ammonia, diphenylurea and iso-
cyanuric acid were identified as decomposition products.

The observation was confirmed that guanidine unites with only one mole of phenyl
isothiocyanate.1? |ts behavior in this respect is analogous to the isourea and isothio-
urea ethers.

Summary

1. Direct addition products d phenyl isocyanate were obtained with
the following: urethan, urea, mono- and diphenylurea, thiourea and all
isothiourea ethers containing afree NH grouping.

2. In dl other cases, the results obtained were due (a) either to addi-
tion and subsequent breaking down d the addition product or (b) dissocia-
tion at the elevated temperature d the urethan, urea, etc., as

CHNHCONH; === CHNCO + NH; == CH,NH, + HNCO

NH,CONH, == NH,; 4+ HNCO

CHNHCOOCH; === C;H;NCO + HOC;H;
and there-uniting o phenyl isocyanate and thesefisson productsinvarious
ways. Thisisillustrated especially by the formation d isocyanuric acid
and its derivatives.

3. Thiourea ethers, isothiourea ethers and guanidine unite with two
molesd phenyl isocyanate but with only onemoled phenyl isothiocyanate.

LAWRENCE, KANSAS

[CONTRIBUTION FROM THE POLARIMETRY SECTION, BUREAU OF Sranparps, U. S.
DEPARTMENT OF COMMERCE |
RELATIONS BETWEEN ROTATORY POWER AND STRUCTURE IN
THE SUGAR GROUP. XIX. IMPROVEMENTS IN THE
PREPARATION OF ALDONIC ACIDSt

By C. S. Hubson anD H. S IseriL
RECEIVED MarcH 25, 1929 PuBLISHED JuLY 5, 1929

Introduction

It iscustomary to prepare an aldonic acid by the oxidation o the corre-
sponding aldose with bromine water. The reactionisa dow one because
d theretarding influenced the hydrobromic acid that is produced during
its course.? If the aldoseis not a monosaccharide it may be partly hy-
drolyzed by the hydrobromic acid, with aresulting poor yield o the desired
acid. ThusFischer and Meyer's® oxidationsd lactose and maltoseto their

1 Bamberger, Ber., 13, 1581 (1880).

! Publication approved by the Director d the Bureaud Standards. No. XVIII,
Phelps and Hudson, THis JournaL, 50,2049 (1928).

2 Bunzel and Mathews, Tris JournaL, 31, 464 (1909); Bunzel, J. Biol. Chem.,
7, 157 (1910).

3 Fischer and Meyer, Ber., 22,361, 1941 (1889).
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respective adobionicacidsby brominewater gaveyieldsd only about 309,
and Kunz and Hudson* obtained similar yields in oxidizing neolactose.
I n these cas=s the isolation of the aldobionicacid was rendered difficult by
the presence d gluconic and galactonic acids resulting from hydrolysis.
Recently Goebel® has used the iodine oxidation in akaline solution to
produce adobionic acids in nearly quantitative yield. The method ob-
vioudly avoids any hydrolysis by acids and should be very suitable in
researcheswhere small quantities d sugars are to be oxidized. In larger
scale preparations,® however, the cost d the iodine and barium iodide be-
comesimportant and for this reason we have sought to modify the plan d
the bromine oxidation with the aim o making it a nearly quantitative
reaction suitable for large-scale preparations. The modification which
has brought successisa smpleone, namely, theadditiond asalt d awesk
acid to the sugar solution. This acts as a buffer and keeps the hydrogen-
ion concentration at alow acidity because the hydrobromicacid is neutral -
ized by thesalt and isreplaced by thewesk acid. The maintainingd the
acidity d the solution at a low value resultsin the reduction d the acid
hydrolysisd compound sugarsto a negligible amount, and in an important
increase in the speed d the oxidation. The choice d a suitable buffering
salt was made on the basis that its acid and basic constituents would not
interfere with the isolation o the aldonic acid. The benzoatesd barium
and cacium have met these requirementsvery wdl. The details d the
recommended procedurewill be shown by thefollowing examplesd typical
preparations.

Preparation of Calcium Gluconate.—Six cc. o bromine (0.12 mole) was added to
an ice-cold solution d 18 g. (0.1 mole) o anhydrous glucose and 60 g. (0.15 mole) d
barium benzoatein 750 cc. & water. The brominerapidly dissolved when the solution
was shaken and crystals d benzoic acid soon formed. Although a faint but definite
Fehling's tes for reducing substances was obtained when light was not excluded, a
Fehling's test d the mixtureafter it had stood for thirty-six hours at room temperature
(20-25°) in darkness was negative, indicating the oxidation d all d the sugar. The
excess bromine was removed by a stream d air and the barium was precipitated quan-
titatively with sulfuric acid, about 60 cc. of 5 N H.SO, being required. The barium
sulfate wasfiltered df by suction, after the addition d about 10 g. d active carbon.
The hydrobromicacid was removed quantitatively by the use o lead carbonate (27 g.)
followed by silver benzoate (5g.). A morerapid removal isobtained if silver carbonate
(28 g.) isused in place d lead carbonate. Solublesilver and lead salts were then re-
moved as sulfides and the filtrate was concentrated to 200 cc. under reduced pressure.
Thesdlight quantity d dissolved benzoic acid waslargely removed by several extractions

4 Kunz and Hudson, THIS JOURNAL, 48, 2435 (1926).

§ Goebdl, J. Biol. Chem,, 72, 801 (1927).

6 Stoll and Kussmal, U. S Patent 1,648,368, Nov. 8, 1927, describea method for
the preparationd adonicacidsin good yieldsfromthe corresponding sugars by chlorine
oxidation in the presenced a bromideor iodide. The method is excellent for the com-
mercial preparation d the acids but the conditions must be carefully controlled; con-
sequently the method is not particularly desirable for general laboratory preparations.
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with chloroform. The resulting aqueous solution d gluconic acid was colorless and
did not reduce Fehling's solution. |t was neutralized with calcium carbonate and con-
centrated to about 75 cc. The addition d ten volumesd 959, alcohol precipitated
granular calcium gluconate, which weighed 21.5 g. after drying at 80°. The crude
product wasrecrystallized by solutionin 100 cc. d boilingwater, addition d 2 g. d active
carbon, filtration, concentration of the filtrate to 50 cc. and the addition & a small
quantity of acohol. After standing overnight in an ice box the crystal's were separated,
washed with 50% acohol and dried; yield, 20.2 g. The mother liquor yielded only
0.25 g. Thetotal yield o the recrystallized product was thus 969, d the theoretical.
The specificrotation d the calcium gluconate in about 39, aqueoussolution was []??
= -|-8.5.

Preparation of the Cadmium Xylonate-CadmiumBromideDouble Salt.—Six cc. of
bromine (0.12 mole) was added to an ice-cold solution d 15 g. d d-xylose (0.1 mole)
and 60 g d barium benzoate in 1500 cc. d water and the oxidation conducted in the
dark at 20-25°. The solution gave a negative Fehling test after thirty-six hours.
Theexcessbromineand the barium wereremoved asdescribedfor the gluconate prepara-
tion and the dissolved benzoic acid was extracted with chloroform. The solution was
then boiled with 28.5 g. & cadmium carbonate to neutral reaction, filtered and concen-
tratedtoathin sirup under reduced pressure. Additiond alittlealcohol and crystalliza-
tion overnight in theice box yielded29.1 g. d the doublesalt, after washing with alcohol
and drying at 80°. The mother liquor yielded 3 2 g. d crystalsand the total yield was
90% d thetheoretical. The specificrotation d the double salt in 1.59, aqueous solu-
tion was [«]%® = +8.8. Theonly previousrecord seemsto bethat by C. A. Browne,?
who found +7.4.

Preparation d CalciumLactobionate.—Six cc. & bromine (0.12 mole) was added to
an icecold solution d 36 g. d alactose monohydrate (0.1 mole) and 60 g. o barium
benzoate (0.15 mole) in 1500 cc. d water and the oxidation conducted in the dark at
20-25°. The solution gave a negative Fehling test in from thirty-six to forty-eight
hours. Free bromineand barium were removed as described for the gluconatc prepara-
tion and the hydrobromic acid was removed by stirring the solution with lead carbonate
(27 g.), filtering df the lead bromide and removing the last traces d dissolved bromide
with silver benzoate (5¢.).* The filtrate then showed no reaction with silver nitrate.
Lead and silver were then removed as sulfidesand benzoic acid waslargely removed by
several extractions with chloroform, finally blowing out the dissolved chloroform with
air. Theresulting solution contains no sugar by the Fehlingtest, is colorlessand repre-
sentsa nearly puresolution d lactobionicacid.

Thesubstancemay befurther purified throughitsbasiccalciumsalt. Theaddition
d 37 g d calcium hydroxide to the hot solution o lactobionic acid results in the slow
formation o afinewhite precipitate. After eighteen hours' standing at room tempera-
ture the precipitate was filtered df and washed three times with cold water saturated
with calcium hydroxide. This precipitate was then suspended in 100 cc. o water,
neutralized with carbon dioxide and the bicarbonate decomposed by passing air through
the warmed solution. The filtrate was concentrated to 50 cc. on the water-bath by
acurrent o air, transferred to a mortar and rubbed with 250 cc. o 959, alcohol. The
precipitated gummy massd neutral calcium lactobionate soon became granular on fur-
ther rubbing. It was triturated successively with 50-cc. portions d 80%, 95% and
absolute acohal, collected on afilter and dried at 80"; yield, 34.5g. The precipitation

7 Rertrand, Bull. soc. chim., 5, 554 (1891).

8 C. A. Browne, " Inaugural Dissertation," Géttingen, 1901, p. 21.

% The hydrobromic acid may be more rapidly removed by using litharge in place
of lead carbonate or by omitting lead entirely and using28 g. d silver carbonate.
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o lactobionicacid asits basic calcium salt by calcium hydroxide-is not quite quantita-
tive and it was possible by concentrating the mother liquor and adding alcohol to ob-
tain about 3g. mored an impure salt which reduced Fehling's solution slightly. Re-
dissolvingthisin alittle water and reprecipitating with alcohol purifiesit. Three such
purifications yidded 2.1 g. which contained no sugars. The total yield d neutral
calcium lactobionate was thus 36.6 g. or 95.7% d the theoretical. The result shows
that the procedured bromine oxidation can be applied to compound reducing aldoses
inaway that avoidshydrolysisand givesanearly quantitative yield d the corresponding
compound aldonic acid or its salts.

Hydrolysis d Lactobionic Acid to Galactose and Gluconic Add —
It will be recalled that Fischer and Meyer3first carried out this hydrolysis
and by it proved that |actoseis a gal actosidoglucoserather than a glucoside-
galactose. So far as we are aware, the preparation has never been re-
peated though the beautiful reasoning from which the conclusion is de-
duced should appeal so0 strongly to students that the preparation might
well be included in laboratory instruction. Doubtless the difficulties
which Fischer records in preparing pure lactobionic acid have deterred
others from repeating the work. It is believed that the directions which
are now supplied improve the method to such an extent that it may be
used generaly by students.

A solutiond 9g. d cacium lactobionate in 100 cc. d 7.59, sulfuric acid was heated
for three hourson the steam-bath and then neutralized with calcium carbonate (8g.).
The ydlow solution was decolorized with carbon, filtered and concentrated under re-
duced pressureto 30 cc.  The gradual addition d 70 cc. d hot methyl acohol precipi-
tated most of the calcium gluconate as a heavy sirup, the galactose remaining in solu-
tion. The liquid was decanted and the sirup was extracted thrice with 50 cc. d hot
methyl adcohol. The dcohalic solutions were combined, purified with 1 g. d active
carbon, filtered and evaporated to asirup on a hot-plate by acurrent d air. Galactose
crystallized from this sirup on standing overnight. It may be preferable to start
crystallization by nucleation. The crystals were washed with 50% cold alcohol and
dried at 65°; yield, 2.5g. The mother liquor was concentrated to a sirup, which was
dissolved in 50 cc. & hot methyl alcohol. A small quantity of insoluble material
was filtered df and added to the calcium gluconate fraction. The acoholic solution
was concentrated as beforeand from it was obtained, after nucleation, 0.95g. d crystal-
linegalactose. Thetotal yiddd galactosewas3.45g. or 80% d thetheoretical. After
onerecrystallizationfrom 10 cc. d hot water, the sugar showed a melting point d 165°
and [«]% = 79.7 in aqueoussol ution.

The amorphous calcium gluconate was dissolved in 15 cc. d hot water and crys-
tallized from the cooled solution by the addition d alcohol just short d cloudiness (about
5 cc.) and scratchingthe container.  After standing overnight in anice box the crystals
were filtered off, washed with a little cold water and dried at 65°; yield, 48g. The
mother liquor yieldedonly 0.1 g. o crystals; total yield, about 959 d the theoretical.
After one recrystallization and drying at 65° the salt showed [e]3 = -+8.2 in agueous
solution.

Summary
It isfound that the use d a buffering salt & an organic acid, such as
barium or calcium benzoate, during the oxidation d aldoses by bromine
water, greatly increases the speed of the reaction, due to the maintaining
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d arelatively low hydrogen-ion concentration and permits the oxidation
d compound reducing aldoses, such aslactose, without complications from
hydrolysis. The reaction mixture should be kept in the dark for best
results. 'The yieldsd aldonic acid are nearly quantitative. In the case
d lactoseit is possible to oxidize it to nearly pure lactobionic acid, which
can then be hydrolyzed to galactose and gluconic acid, both o which can
be obtained in highyield. It isbelieved that the new directions make the
method d bromine oxidation d aldoses much more precise and suitablefor
awiderange of'preparations. Exainples d theoxidationd glucose, xylose
and lactose are given. It is suggested that the improved directions may
be found suitable for laboratory instruction in sugar chemistry as well as
for research.
WasHINGTON, D. C.

[CoNTRIBUTION FROM THE CHEMISTRY [,ABORATORY OF THE UNIVERSITY OF MICHIGAN ]

HALOGEN-SUBSTITUTED AROMATIC PINACOLS AND THE
FORMATION OF KETYL RADICALS, Ry,(IMgO)C—

By M. GoMBERG AND JoHN C. BaiLAR, Jr.1
RECEI VEDMARCR 27, 1929 PUBLISHED JULY 5, 1929
It has been shown that aromatic ketones may be reduced to pinacols
by a binary system consisting & a mixture d magnesium iodide and
magnesium in anhydrous solvents?

Mgl H,0
2R,CO _ﬁg_; R,(IMgO)C—C(OMgD)R; ———> R,(HO)C—C(OH)R, + 2Mg(or(1))1
g i

We now find that this method can be applied to the preparation even d
someof the halogenated pinacol swith considerablesuccess.

The decisive color effects given by some d our pinacols afforded an
opportunity to test, by the application d Beer's law, the hypothesis
that halomagnesium pinacol ates dissociateinto ketyls

R:(IMgO)C—C(OMgI)R; == 2R,(IMg0)C— @

In the fidd d the pinacolin rearrangement, various investigators have
reported upon the relative migratory tendency d bromophenyl and phenyl
groups3, and upon that d phenyl and biphenyl groups.* We have now
studied the relative migratory tendencies & bromophenyl and biphenyl
groups, in order to compare the actual findingswith the predictions.

Preparation d the Halogen-Substituted Pinacols.—For preparative
purposes, best results are obtained with tolerably concentrated solutions

t The material here presented is from a dissertation submitted by John C. Bailar,
Jr.,tothe Faculty o the University d Michiganin partial fulfilment d the requirements
for the degreed Doctor o Philosophy, 1928.

2 Gomberg and Bachmann, Tris JournaL, 49,236 (1927).

8 Montagne, Rec. {rav. chim., 29, 150 (1910); Koopal, ¢bid., 34, 115 (1915).

4 Ref. 2, p. 251.
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o the ketones and magnesium iodide, and with the metal in the form o
powder; the reduction is complete in a few hours, especialy when the
mixture is heated. However, for the study d the mechanism of the
reaction, a modified procedure has been used in order to obtain further
evidence whether the amount d magnesium consumed by the reduction
fulfils the conditions d the hypothesis (Equation 1), and also in order
to determine to what extent the halogen in the ketone molecule is de-
tached from the benzene nucleus. Obvioudly, if no such halogen be split
off, then for each equivalent & metallic magnesium consumed one equiva-
lent of hydroxide ion should be formed on hydrolysis d the glycolate,
and one mole d the ketone should be reduced to pinacol. On the other
hand, if, in addition to reduction d the CO group, some halogen in the
ring is removed, the amount d magnesium dissolved will be larger, and
will be equivalent to thesum d the hydroxide ion and halide ion detached
from thenucleus.

These measurements were carried out in the following manner. Some-
what more than 0.01 d a gram atom d iodine and an excess d mag-
nesium powder were allowed to react in anhydrous ether, and the colorless
solution was filtered into a 100-cc. graduate. Ordinarily most d the
ether was boiled of and the solution was diluted to a known volume
with dry benzene, retaining just enough ether to keep the magnesium
iodide in solution. Two cc. 0 the solution was pipetted out and titrated
for halide and the amount d the halide in the remaining solution was
calculated. To this solution was added 0.01 d a gram molecule o the
ketone and a weighed amount o magnesium shavings, the graduate
was stoppered and shaken until the reaction was certain to have become
complete. When the magnesium shavings remaining had settled, most
o the liquid was pipetted of and quickly poured into water containing
a known amount o standard sulfuric acid. The water layer was diluted
to500 cc. O this, 100 cc. was titrated with sodium hydroxide and 25 cc.
with silver nitrate. Simple calculation indicates how many equivalents
of hydroxideion have been produced by the hydrolysis d the pinacolate,
and possibly other organomagnesium compounds, and how many equiva-
lentsd halidehave beenliberated fromthering. The magnesiumshavings
were filtered from the remaining liquid, quickly washed with ether, a cohol
and water, then dried and weighed. The benzene layer was dried and
dlowed to evaporate. The product was macerated with petroleum
ether or with acohol in order to remove any unchanged ketone, and the
pinacol remaining weighed.

It has been found that while #- and p-halogenated ketones are reduced
to the corresponding pinacols, in the o-substituted ketones the halogen
in the nucleusis also attacked by the magnesium. The reduction d the
halogen-substituted ketones proceeds much more slowly than in the case
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d the ketones that Gomberg and Bachmann reduced. Instead d a
few minutes, some d the bromobenzophenones are not completely re-
duced, even after shaking for several hours.

Gomberg and Bachmann reported that magnesum bromide can be
substituted for the iodide in this reaction; the only differenceis in the
speed d the reduction. In the case d the halogenated benzophenones
this does not seem to be the case. The conditions were varied widely
in regard to concentration, time and temperature, but in every instance
the ketone was recovered unchanged. Thisfaillured magnesium bromide
to react may be due to the extreme insolubility d the double compounds
formed between the ketonesand magnesium bromide.

Sym.-4,4’-dibromobenzopinacol.—This was prepared from 4-bromobenzophenone
in accordancewith the general directions. One one-hundredthd a moled ketone gave
riseto 0.009 equivalents (0.0045 mole) o the pinacol and 0.0093 equivalents o (OH) -,
and there was consumed 0.0095 equivalent & magnesum. No ring halogen was
taken out by the metallic magnesium. In nearly all d the experiments, as in thisone,
dlightly more than the theoretical quantity d magnesum was consumed. This dis
crepancy isexplained if theformation d magnesiumoxide, by the air left in the reaction
vessdl, is considered. When working with larger amounts and magnesium powder,
the yield o pure product was 94%; and the crystals d the pinacol melted at 178°, as
given by Montagne.

Sym.-3,3’-dibromobenzopinacol.—m-Bromobenzophenone gave with magnesium
iodidea white double compoundthat did not completely dissolveuntil after three days.
It wasfound that from 0.01 mole d ketone, 0.01 equivalent d pinacol had been pro-
duced, 0.0104 equivalents  magnesium had been used up, and no bromine had been
removedfrom the benzenering in the ketone molecule.

I n another experiment 5.2 g. o the ketonewasreducedin 60 cc. d solutionin afew
hours. The pinacol melted sharply at 147°, as Koopal has previously found. The
yield o pure product was85%.

Reduction of 2-Bromo- and of 2-Chlorobenzophenones by the Binary System.—
The bromineatom d 2-bromobenzophenoneis so labilethat it may be removed almost
completely from the molecule by the action d the magnesium and magnesium iodide
mixture, although magnesium alone has no effect, even upon boiling for several days.
It was never possibleto get more than a very small amount d pinacol; this melted at
160-165°, as compared with 168° as given by Koopal .

A mixture d magnesium and magnesium bromide gave equally unsatisfactory
results. I n oneexperiment the vessel was heated to 70° for aweek. The solution be-
came pink but when the mixture was hydrolyzed it wasfound that no reduction had
taken place, but that 17.5% o the ketone had been destroyed through loss o nucleus
bromine.

2-Chlorobenzophenone behaves like its bromo-analog and repeated experiments
indicated that alargeamount d chlorinehad been removedfromthe benzene nucleus.

This result with the o-halogeno-benzophenonesis in harmony with other instances
d lability o halogen atoms ortho to the carbonyl group. In addition to the well-
known Ullmann syntheses from o-chlorobenzoicacid, one may mentionthe experience o
Montagne and van Charante,® d Simonisand Kirschten® and d Zal’kind and Schmidt.?

& Montagne and van Charante, Rec.trav. ckim., 31,300 (1912).
& Simonis and Kirschten, Ber., 45, 567 (1912).
7 Zd'kind and Schmidt, J. Russ. Pkys.-Chem. Soc., 46,681 (1914).
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4,4’,4" 4""'-Tetrabromobenzopinacol.—Magnesium iodide and 4,4’-dibromobenzo-
phenone form a yellow double compound. After six hours' shaking with metallic mag-
nesium the precipitate was compl etely dissolved and the solution was clear bright red;
after ten hours more it was hydrolyzed. The pinacol melted at 179-180°, as Mon-
tagne® hasreported. Theyield of pure product was94 9.

The quantitative relationshipsinvolved are normal. From the reaction with 0.01
mole d ketone there was obtained 0.0091 equivalent d pinacol and 0.0091 equivalent
o magnesium were used up. No bromide ion was present in the agueous solution.

3,3’-Dibromobenzophenone.—To the Grignard reagent from 20 g.  m-dibromo-
benzene and 2 g & magnesium was added an ether solution d 15.4 g. d m-bromo-
cyanobenzene. The solution was refluxed for several hours and then hydrolyzed.
After three recrystallizationsfrom acohol, the ketone melted sharply at 140°.? The
yield o pure material was 13.7 g. or 46%. From the mother liquors was obtained a
small amount d a substance consisting d very fine needles, m. p. 172°, doubtless the
diketone, m-BrCsH,COCsH,COCH,Br-m, (CO:CO = 1:3).

Anal. Calcd.for Ci3HgOBr2: Br, 47.06. Found: Br, 47.20. Mol. wt. in benzene.
Cadlcd.: 340. Found: 341 Anal. o diketone. Calcd. for CeoHi20:Bry: Br, 36.04.
Found: Br, 35.70.

3,3',3",3'"'-Tetrabromobenzopinacol.—In the process d reduction the solution
assumed a bright red color and after five days the double compound, ketone + MgI,,
had completely dissolved. The pinacolate was hydrolyzed in the usual way; it was
found that no halogen had been removed from the ketone molecule and that the cal-
culated amount  magnesium was used up. The pinacol was exceedingly difficult to
purify and only 40% d the crystalline product could be obtained pure. After recrys-
tallization from a mixtured alcohol and chloroform, it melted at 152~156°.

Anal. Calcd. for CesHyisO:Brg: Br, 46.92. Found: Br, 46.99. Mol. wt. in ben-
zene. Cadcd.: 682 Found: 658.

3,4'-Dibromobenzophenone.—A mixture-d 20 g. d 3-bromobenzoyl chloride, 50
cc. d bromobenzene and 14 g. o aluminum chloride was heated on the steam-bath
for three days. The ketone was recrystallized from alcohol and then from benzene;
theyield was49%; m. p. 132°.10

For the purpose d verifying the constitution, the same ketone was prepared by
the Grignard reaction, from p-dibromobenzene and m-bromocyanobenzene. After
successive recrystallizationsfrom benzene, acetone and acohol, pure ketone was ob-
tained, m. p. 130-131°. Mixed with the product obtained by the method d Friedel
and Crafts, it melted at the same temperature. Here again a small amount o the di-
ketone, m-BrCH4COCH,COCH,Br-m, was formed (CO:CO = 1:4); m. p. 217-
220°.

Anal. Calcd. for C;3HgOBrs: Br, 47.06. Found: Br, 47.09. Mol. wt. in ben-
zene. Cadcd.: 340. Found: 343. Anal. d diketone. Calcd. for CiyHiO:Brs:
Br, 36.04. Found: Br, 36.47.

Sym.-3,3',4,"4’"'~Tetrabromobenzopinacol.—The reduction d 3,4’-dibromobenzo-
phenone proved to be a very difficult problem, although the 4,4’-dibromo- and the
3,3'-dibromobenzophenones offered no difficulty. A solution d alarge excessd mag-
nesium iodide, from 8 g. d iodine and an excess & magnesium powder, in 50 cc. of
ether wasdiluted to 100 cc. with benzeneand 1 g. d the ketone wasadded. The vessel
was tightly stoppered and the solution was heated to 75° for four days. At the end

8 Montagne, Rec. trav. chim., 43, 640 (1924).
9 Demuth and Dittrich, Ber., 23, 3614 (1890).
10 Kunckell, 7bid., 37,3485 (1904).
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d thefirst day a pink color had developed —thisgradually darkened to deep red. Al-
though the reduction had proceeded to the extent & 769, only about 359, o the
material could be obtained crystalline; m. p. 160-163°. No bromine was detached
from the ketone.

Anal. Calcd.for C;6HisO:Bra: Br,46.92. Found: Br,47.17. Mol.wt. in benzene.
Calcd.: 682. Pound: 686.

4-Chloro-4'-bromobenzophenone.— ‘This ketone was prepared from 4-bromoben-
zoyl chloride, chlorobenzeneand aluminum chloride. After recrystallization from alco-
hol and then from benzene it melted at 150°. The yield d pure product was 609%,.
The identical ketone was alsc prepared from 4-chlorobenzoyl chloride and bromo-
benzene.

Anal. Calcd. for CisHsOBrCl: Br, 27.07; Cl, 1201. Found: Br, 27.46; (],
11.85. Md. wt.inbenzene. Calcd.: 295.5. Found: 289.

Sym.-4,4’-dichloro-4",4’'’-dibromobenzopinacol.—With magnesium shavings the
reduction is somewhat slow, but after eight hours' shaking with magnesium powder
the yield d the pinacol is quantitative. The halogen in the benzene nucleus is not
affected by the metallic magnesium. The pinacol is crystallizedfrom ether or acetone
and meltsat 169°.

Anal. Calcd. for CesHisO:Br:Cla:  Br, 26.98; Cl, 11.97. Found: Br, 26.52;
Cl,1226. Ma.wt.inbenzene. Calcd.: 593. Found: 633.

4-Bromo-4'-phenylbenzophenone, 3-Bromo-4'-phenylbenzophenone and 2-Bromo-
4'-phenylbenzophenone.—These three ketones were prepared according to the reaction
Br(o-, m- or $-) /Br(o-, m- or p-)

C3H4\ + CsH;;C¢Hs —> C5H4\
COCl1 COCH,CsH-(p)

The acid chloridefrom 20 g. o the corresponding bromobenzoic acid was dissolved in
150 cc. d carbon disulfide, 20 g. d biphenyl was added, and then 16 g. d aluminum
chloride, insmall portions. The mixture waswarmed on the steam-bath for three days.
After hydrolysis, the unchanged biphenyl was removed by distillation under reduced
pressure. The ketones may then also be distilled under reduced pressure, though their
boiling points are very high (near 300° at 15-18 mm.), or they may be purified by crys-
tallization from alcohol or benzene. The yieldswere o-bromo-, 65; m-, 75 and -, 55%.
I n order to verify the structure o the ketonesthey were prepared also from p-biphenyl-
magnesium bromide and the corresponding bromocyanide

N
P-C5H4C5H4MgBl' + BC>C6H4(0~, m- or P-) —> P-C5H5C6H4COC3H4B1‘(0-, m- or P-)
T

The materials prepared by the two different methods melted at the same tempera-
ture in every case and mixed melting points showed no depression. The melting
points, analyses and molecular weightsare:

K etone, Bromine Mol. wt.
CoHi3s0Br M. p., °C. Calcd. Found Calcd. Found
Ortho 88.5 23.74 23.84 337 343
Meta 119 23.74 339
Para 188 23.55 334

Sym.-4,4’-Dibromo-4",4""'-Diphenylbenzopinacol.—4-Bromo-4’-phenylbenzophe-
none, subjected to the action o the binary system, gave a light green solution o the
ketyl. No bromine had been removed from the ketone molecule. The loss in weight
o the magnesium and the amount of pinacol corresponded each to 0.009 equivalent.
The pinacol meltsat 158-159°.

»
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Anal. Calcd. for CssHasO:Bry: Br, 23.67. Found: Br, 23.56. Mol. wt. in ben-
zene. Calced.: 676. Found: 652,

Sym.-3,3’-Dibromo-4",4""’-Diphenylbenzopinacol.—This was obtained by reduction
of the 3-bromo-4'-phenylbenzophenone in a solution containinglargely benzeneand but
littleether. Theyieldof pinacol was64%,; m.p.175°,

Anal. Calcd. for CssHasO:Bry: Br, 23.67. Found: Br, 23.63. Mol. wt. in ben-
zene. Calcd.: 676. Found: 662.

Reduction of 2-Bromo-4'-Phenylbenzophenone.—Thisketone, which contains a
bromine atom ortho to the carbonyl group, offeredthe same difficultiesas the 2-bromo-
and 2-chlorobenzophenones. Bromine was removed from the ketone and no pinacol
could be isolated.

Colorimetric Study o the lodomagnesium Pinacolates

The iodomagnesium pinacolates are colorless in the solid state but
when dissolved impart color to the solution. I n this respect they behave
very much like so many d the hexaarylethanes, and, like the latter,
they are assumed to dissociate with the production o free radicals;, in
this case the ketyls d the type RsC(OMglI), Equation 2. Unfortunately,
it has not proved possible to isolate the pinacolates in such a degree of
purity that molecular weight determinations could serve as definite
proof d their dissociation. We have therefore sought to determine
whether the color d solutions d pinacolates is intensified on dilution.
Such deviation from Beer's law has, in many cases, furnished the only
means d detecting changes on dilution, that is, dissociation into free
radicals. Four iodomagnesium pinacolates, namely, those prepared
from benzophenone, 4-bromobenzophenone, 4-chloro-4'-bromobenzophe-
none and 4-bromo-4'-phenylbenzophenone, have been studied from
the point d view d Beer'slaw. The solutions d all d these pinacolates
arered.

We have used the colorimeter previously described,'* but so modified
for the present purposes that, instead d solid pinacolates, the reduction
solutions d the ketones could be introduced directly into the colorimeter.
The ketone was reduced by means d the binary system in a Drechsel
bottle; one arm d this was then connected with appropriate stopcocks
to a hydrogen pressure tank and the other led to a filtering tube, from
which the pinacolate solution could be discharged into each d the two
comparator tubesand into thereservaoir.

The iodomagnesium pinacolates are extremely sensitive to tracesd air
and great care was necessary in order to avoid decolorization d the solu-
tion. The entire system was repeatedly evacuated and filled with hydro-
gen. During the course of the experiment the apparatus was always
kept under a positive pressure d hydrogen. All rubber connections
were made d the best material available and were coated at the joints

11 Gomberg and Sullivan, THISJOURNAL. 44, 1825 (1922).
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with paraffin or de Khotinsky cement. 1n somed the earlier experiments
the filtering funnel was fitted with hardened filter paper instead o the
alundum disk, as in the latter experiments, but it was found that the
traces d air adsorbed by the paper were sufficient to decolorizea dilute
solution d the pinacolate. The hydrogen was purified by passing over a
red-hot copper spiral and through concentrated sulfuric acid. The
solvent used for diluting the solutions was freed from dissolved air by
bubbling pure hydrogen through it. Part d the pinacolate solution was
forced through the filter tube into that arm (B) d the colorimeter where
dilutions were to be made, the remainder into the reservoir. The liquid
in the reservoir could then be raised into the second arm (A) d the colori-
meter by pressure d hydrogen until the depth d color appeared the
same in the two colorimeter tubes. Solvent was then forced into the
colorimeter tube B and, when equilibrium had been established, the

TasLEI
CuANcE or COLOR WITH DILUTION
Sym.-4,4’-dichloro- Synt.-4,4’-dibromo-
. Sym.-4,4’-dibromo- 4'/,4’""-dibromo- 4’7,4’*'-diphenyl-
Benzopinacolate benzopinacolate benzopinacolate benzopinacolate
Depth in mm. Depth in mm. Depth in mm. Depth in rnm.
B A B A B A B A
Ketone—7.5 g. Ketone—1g. Ketone4 g Ketone—4 g.
lodine—7.5 g. lodine—15 g. lodine4 g. Todine—4 g.
15 14 14 8 20 21 23 . 22
24 13 29 12 27 2 33 26
37 13 45 17 38 23 52 35
55 11 58 19 4 25 65 40
73 27 75 29
Ketone—3 g. Ketone—1 g. Ketone--4 g. Ketone—4 g.
Iodine—3 g. lodine—1.5g. lodine4g. Todine—4 g.
16 18 10 10 18 19 25 23
27 18 25 16 A 22 36 26
40 18 33 17 438 25 50 29
58 17 50 20 74 31 72 33
64 22 88 40
Ketone—2 g. Ketone-1 g. Ketone—7.5 g.
Todine—2 g. lodine—1.5g. Todine—7.5 g.
28 30 14 14 19 16
34 32 20 16 28 19
40 33 29 22 37 23
48 33 43 25 49 26
58 31 68 28
Ketone—10 g. 72 38
Todine—10 g. 85 49
22 22 Ketone4g.
29 22 lodine4g.
38 20 22 22
50 22 30 25

44 31
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depth of color in the two tubes was again compared and another dilution
was made. The average d four or more readings is recorded in the table,
theindividual readingsagreeing within one mm.

The results d typical experiments on each d the ketones studied are
shown graphically in Fig. L. They show unmistakably that in three o
the four cases increase d color occurs.  Consequently, the pinacolates
dissociate on dilution, producing iodomagnesium ketyls.
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10 20 30 40 50 60 70 80 90

Depth d liquid in A, mm.

I, ®, Benzopinacolate; II, [, 4-4’-dibromo-sym.-benzopinacolate;
I1I, A, 4-4’-dichloro-4’’,4’'’-dibromo-sym.-benzopinacolate; |V, &,
4-4-dibromo-4'", 4'//-diphenyl-sym.-benzopinacolate.

Fig. L

Comparative Migratory Tendencies d the Phenyl, p-Biphenyl, p-
Bromophenyl and m-Bromophenyl Groups.— Montagne® has compared
the migratory tendencies d the p-bromophenyl and the phenyl groups
by rearranging the appropriate pinacol, and has found that 42 to 43%
o the rearrangement is due to the migration o the p-bromophenyl group
and 57 to 589, to that d the unsubstituted phenyl group. This work
has been repeated and Montagne's results have been checked; our results
have shown 419, d the migration due to the bromophenyl group and
599, to the phenyl group. Koopal has compared the migratory tendencies
d the phenyl and the m-bromophenyl groups and has reported that only
the substituted group migrates. This result has also been substantiated.
Gomberg and Bachmann have shown that in the rearrangement o 4,4’-
sym.-diphenylbenzopinacol, 92% d the migration is due to the p-phenyl-
phenyl group and 89 to the unsubstituted group. Taking the migratory
tendency d the phenyl group as 1, we may arrange the other groups
as follows: p-bromophenyl, 0.695; m-bromophenyl, O; p-phenyl-phenyl,
11.5. From these one may predict that the migratory tendencies d the
p-bromophenyl and p-phenyl-phenyl groups should bein the relation o
1:16.5. Also, in a pinacol with a m-bromophenyl and p-phenyl-phenyl
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group, the latter group exclusively will migrate in the pinacolin rearrange-
ment. Our actual results gave for the first case, 215 instead o 16.5;
for the second, complete corroboration.

Rearrangement of Sym.-4,4’-Dibromo-4",4'’’-Diphenylbenzopinacol.—Two grams

C8H6C3H4\ C6H5C5H4\
/COH C6H5C6H4—C COC6H4B1‘ 96.5% (A)
BrC¢Hy BrCeHy” H | OK
BrCeH, C5H5C5H4\
>COH Bl’CsH4—;C COCGH4C5H5 45% (B)
CsH;CsHy BrCH: H|OK

d the pinacol was dissolved in a mixture d 40 cc. d benzene, 10 cc. d acetic acid and
20 cc. d acetyl chloride, and the solution was boiled gently for eight hours. The
liquid was evaporated and the crystalline residue d the pinacolins was boiled twelve
hours with acoholic potassium hydroxide. After remova d the triarylmethane
compound, the resulting acidswere separated fromeach other by converting the phenyl-
benzoic acid into the insoluble barium salt. We obtained 0.038 g. d thissalt (whichis
equivalent to 0.028 g. d the phenylbenzoicacid) and 0.589 g. & bromobenzoic acid.
This corresponds to 4.5 and 96.5%, respectively. The migratory tendencies are as
1:21.5. The pinacolin (A), recrystallizedfrom glacia acetic acid, meltsat 227°.

Amnal. Cacd. for CiHpsOBre: Br, 24.32. Found: Br, 2397. Mol. wt. in benzene.
Calcd.: 658. Found: 637.

The methane compound that was obtained by the splitting d the pinacolin was re-
crystallizedfrom glacial acetic acid and melts at 186°, Sincethissubstance has not been
described, it was synthesized from biphenyl-p-magnesium bromide and the methyl
ester d p-bromobenzoic acid. The 4,4'-diphenyl-4’’-bromotriphenylearbinol that
resulted melted at 248-250°; reduced by meansd zinc and glacia acetic acid, it gave
the methane, which after purification melted at 186°. Rearrangement o the pinacol
by acetic acid and iodine gave the same pinacolin.

Anal. d Carbinol. Cdcd. for C5050Br: Br, 16.29. Found: Br, 16.03. Anal.
d Methane. Calcd.for C;HysBr: Br, 16.84. Found: Br,17.20. Mot. wt. in benzene.
Cacd.: 475. Found: 497.

Rearrangement of Sym.-3,3’-Dibromo-4",4"’-Diphenylbenzopinacol.—This rear-
rangement was carried out with 2 g. d pinacol in the ssme way as that o the 4,4’-di-
bromo-4/,4'"’-diphenylbenzopinacol. The pinacolin gave only 0.002 g. of #m-bromo-
benzoic acid, which is practically negligible. Thus the rearrangement is due entirely
to the migration d the p-phenyl-phenyl group. The pinacolin, recrystallized from
glacial acetic acid, meltsat 202-203.

Anal. Calcd. for CssHyOBr: Br, 24.32. Found: Br, 24.14. Mol. wt. in benzene.
Calcd.: 658. Found: 652

The constitution d the methane compound as 4,4’-diphenyl-3'/-bromotriphenyl-
methane was verified by preparing it from the m-bromobcnzoicester exactly as was de-
scribed for the b-bromomethane. The carbinol melted at 304° and the methane at 143°,

Anal. d Carbinol. Calcd. for CaHOBr: Br, 16.29. Found: Br, 16.58. Anal.

d Methane. Cdcd. for C3HgsBr: Br, 16.84. Found: Br, 16.70. Mol. wt. in benzene.
Cdcd.: 475. Found: 469.

This investigation has been carried out with the aid d a fellowship

donated by the University d Michigan. Wewishto expressour gratitude
for theaid so received.
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Summary

1 It has been shown that the method suggested by Gomberg and
Bachmann can be applied to the preparation d many halogeno-benzo-
pinacols, especidly those from ketones containing bromine or chlorine
atoms meta or para to the CO group. When the halogen atom isin the
ortho position, however, the magnesium d the reducing mixture tends
to remove the halogen atom from the ketone molecule and no pinacol is
formed.

2. By astudy d the iodomagnesium pinacolates from the point o
view d Beer'slaw, the existenced the equilibrium pinacolate ketyl,
has been demonstrated.

3. Therelative migratory tendenciesd the p-bromophenyl, #-bromo-
phenyl and p-phenyl-phenyl groups have been determined by rearrange-
ment d the appropriate pinacolsto pinacolins. The results obtained are
in good agreement with those obtained by previous investigators on
different examples.

ANN ARBOR, MICHIGAN

[ConTRIBUTION FROM THE CHEMISTRY IABORATORY OF THE UNIVERSITY OF MICHIGAN]

REDUCTION OF AROMATIC 1,2-DIKETONES BY THE BINARY
SYSTEM MAGNESIUM IODIDE (OR BROMIDE) + MAGNESIUM

By M. GomMBERG AND F. J. VAN NarTal
RECEIVED M ARCH 27, 1929 PuBLISHED JuLY 5, 1929

Benzil is reduced by the binary system? to the unsaturated glycolate,
iodomagnesium-stilbene—diolate, CsH;(IMgO)C==C(OMgI)C¢Hs, which
when hydrolyzed gives benzoin. We have now extended this reaction
to various benzils and find that it may be applied even to halogen-substi-
tuted diketones without danger d removing the halogen. Many d the
reactions d the new unsaturated glycolates are analogousto those o the
parent substance. More definite evidence, however, has now been
obtained in regard to the reaction between the diketones and Mgl aone.
It was reported that benzil liberates iodine from Mgl,;, presumably in
accordance with the reaction

RCOCOR T 2Mgl, == R(IMg0)C=C(OMgD)R + I, 1)

About 5% d the calculated amount of iodine was found to be set free
but most careful searchfailed to reveal benzoinin the hydrolyzéd reaction
product. Experience with substituted, more reactive, benzils here de-
scribed has now definitely proved the correctnessd that hypothesis.

! The material here presented ispart d adissertation submitted by F. J. Van Natta
totheFaculty d the University of Michigan in partial fulfilment d the requirementsfor

the degreed Doctor o Philosophy, 1928.
2 Gombergand Bachmann, THISJOURNAL, 49,2584 (1927).
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When a diketone is added to the binary system, there is consequently
liberation d some iodine from the magnesium iodide, with simultaneous
formation d an equivalent amount d the unsaturated iodomagnesium
glycolate. As reduction proceeds through the presence o the metallic
magnesium, the red solution becomesstill deeper in color, notwithstanding
the fact that the iodine is being taken up by the metal. ZLater in the
process the solution commences to lighten. While the reduction o
benzil itself gave an almost colorlesssolution d the glycolate, the solutions
which resulted on the reduction d substituted benzils are usually quite
intensely colored. Thelossin weight d metallic magnesium convinced us
that all of the ketone had been reduced; quinhydrone formation between
glycolate and unreduced ketone is, consequently, excluded. This per-
sistence d color we are inclined to interpret by the supposition that we
have herea partial opening d the doublebond in the unsaturated glycolate,
forming a single bond with the production d two trivalent carbon atoms.
| —— II.2 Those glycolates especially which contain methoxyphenyl
and biphenyl groups give deep colors—an indication d theextent to which
C™ isproduced. This behavior isin harmony with the extensive forma-
tion d free radicals from those hexa-arylethanes, tetra-arylhydrazines
and tetra-aryldicyano-ethanes* which contain either anisyl or biphenyl
groups.

Reduction of p-Tolil by the Binary System

I .
CH,CeH,CO RC—OMgl R—C—OMgI H,0 RCO

—_— _ —_—
CH;C.H,CO RC—OMdl R—Cf—O\‘/Iy - RCHOH
| II III1

The solution d magnesium iodide was prepared from 2.5g (0.02 atom) o iodine
and 0.5 g. d magnesium powder in a mixtured 25 cc. d ether and 20 cc. o benzene;
it wasfiltered from the excessd magnesium into a 70-cc. test-tube. To this solution
was added 1.19 g. (0.005 mole) d tolil, and a weighed magnesium rod was inserted,
followed by the addition d 20 cc. d benzene. Thetube wastightly corked and placed
on the shaking machine. In the course d several days the solution underwent the
color changesdeep red, light red and light brown. The transparent brown solution at
this stage is very sensitive toward oxygen, the surface becoming opague when exposed
toair for an instant. The magnesium rod was removed, washed with benzene and re-
weighed. Thesolutionwas quickly decomposed with water, the preci pitated magnesium
hydroxide dissolvedin standard sulfuricacid and theexcessd acid titrated with standard
akali.

Anal. Lossinwt. d Mg, calcd.: 0.1216. Found: 0.1268. Mg{(OH), (in equiva-
lents),caled.: 0.01equiv. Found: 0.0101equiv.
The ether—benzene solution, which contained the hydrolyzed reduction product,

3 Schlenk and Weickel, Ber., 44, 1189 (1911); Ingold and Marshall, J. Chem.
Soc., 129,3081 (1926).

¢ Lowenbein and Gagarin, Ber., 58, 2643 (1925); Blicke, THIS JOURNAL, 47,
1477 (1925).
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wasdried over sodium sulfateand evaporated spontaneously. The 1.15g. o crystalline
product consisted mainly d toluoin in admixture with a small amount d tolil. By
fractional crystallizationfrom hot alcohol the two products may be separated, but not
quantitatively. For the estimation d the relative amounts o toluoin and tolil, the
mixturein alcohol wasboiled with excessd Fehling’s solution and theamount d cuprous
oxide, due to reduction by the toluoin, was determined. One mole of toluoin reduces
two moles d cupric hydroxide. The reduction mixture from the 1.19 g. d tolil wasin
this manner found to consist & 77% d toluoin and 239, d tolil. |n aseparate experi-
ment when hydrolysis was accomplished by means of boiled water and in a stream
o nitrogen, the yield d toluoin was over 90%.

Reaction with lodine and with Bromine.—The completely reduced solution o the
glycolate, preparedas beforefrom 1.19g. o tolil, wastreated with an equivalent amount
o solid iodine and alowed to stand for two weeks.  The reaction mixture was decom-
posed with dilute sulfuric acid and the free iodine titrated with sodium thiosulfate;
about 52% d the iodine originally added was still present assuch. Anaysisby Feh-
ling's solution showed the formation d an amount d tolil equivalent to the amount o
iodine consumed. Evidently the reaction (Equation 1) reaches equilibrium when
48% o theglycolatehas been oxidized.

With bromine the bromomagnesium glycolate reacted far more readily than with
iodine, the end reaction being readily recognized and reached in a few minutes. The
yield d tolil wasover 90%.

Reaction with Dried Air
R—C—OMgl 0, R—C—OMgl H,0 R,C—0—\ NaOH R:COH
—_— >0 —_— |

—_—
R—C—OMglI R—C4-OMgl O=C— O=COH .

. The reductiond 1.19g. d tolil was carried out in a corked Drechsel bottle. A
slow stream d dried air was then passed through this solution, which soon became
opague; a large amount d free iodine separated. The mixture was hydrolyzed and
worked up as with benzil. There were obtained 0.33g. d the insolublepolymer, which
accounts for 28%, d glycolate oxidized, 0.54 g. o tolil and 0.32g. d toluoin, which
accounts for further 45% glycolateoxidized and for 27% glycolate which remained un-
affected by the oxygen. The polymer shows no indication d melting below 360".
On hydrolysisin the cold by agueous potassium hydroxideit yields p-tolilic acid, m. p.
133-135°.8

p,p'-Dimethylstilbenediol-dibenzoate.—To asolution d the glycolate, from 2.38 g.
of tolil, therewas added 6 g. d benzoyl chloride and the mixture was alowed to stand
for ashort time. It was then decomposed with water and the product isolated in the
usual manner. Crystallization d the crude ester from hot acohol produced colorless
needlesd the dibenzoate; m. p. 135"; yield, 599%,.

Anal. Caled. for CooH24O4: C, 80.36; H, 5.36. Found: C, 80.14; H, 5.43. Mal.
wt. in benzene, caled.: 448. Found: 442.

Reaction d Tolil with Magnesium lodide Alone (Equation I).—To a filtered solu-
tion d 3.8 9. d magnesium iodide was added 1.19 g. of tolil. The resulting garnet-
colored solution soon became turbid; within a haf hour the tube was opaque. After
standing in the dark for a month, the reaction mixture was decomposed with water.
Titration with sodium thiosulfate showed the presenced 42% d the theoretica amount
of iodine and analysis d the organic material showed that an equivalent amount o
toluoin was produced.

Reduction by Magnesium Bromide and Magnesium.—To an ether solution o

8 Gattermann, Ann., 347, 364 (1906).
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magnesium bromide® in a 70-cc. test-tube was added 4.76 g. d tolil and 20 cc. of ben-
zene. A deep ydlow solution resulted with no trace d insoluble double compound.
No bromineisliberated, in contrast to theliberation d iodinefromthe reaction between
magnesiumiodideand tolil. A weighed magnesium rod was inserted and the tube was
corked. Soon a deep brown coloration formed around the endsd the magnesium rod;
after several hours the entire solution had become very deep brown. The reduction
was apparently complete after twenty hours shaking. The amount d magnesium
used up in thereduction and that d the magnesium hydroxideformed on hydrolysis of
the glycolate agreed satisfactorily with the calculated values. A yield o 829, d pure
toluoinwas obtained.

Reduction of p-Anisil

Anisil, 1.35 g., was added to a solution d magnesium iodide and immediately there
formed, as an oil, an orange double compound. A weighed magnesium rod was then
inserted and the tube stoppered. |In the course d two days the solution became very
deep red, and finally red in color, the double compound having disappeared. |t was not
possible to obtain a completely colorless solution even after three weeks, the final color
being garnet-red.

The magnesium rod had lost 0.1249 g. (cacd. loss, 0.1216 g.) and the theoretical
amount d magnesum hydroxide was formed on hydrolysis & the glycolate. By
analysis with Fehling's solution, 629, d the theoretical amount d anisoin was shown
to be present; thelow yield isattributed to the fact that the reduction product, being
extremely sensitivetoward oxygen, isreoxidizedin air to anisil.

With magnesium bromide solution, anisil forms a deep ydlow insoluble addition
compound; due presumably to the insolubility d this compound, it was not possible
to reduce anisil in the cold by the system, MgBr, 4+ Mg, even on prolonged contact of
thereactants.

Reactions d the Glycolate —After twelve days reaction with the theoretical
amount d iodine, equilibrium (Equation 1) wasreached, and thereaction had proceeded
to the extent d 63%. Also, when anisil was treated with magnesium iodide in ether
solution, there wasliberation d iodinewith formationd glycolateto theextent o about
20%.

Air was passed into a solution d the glycolate for three days;, much iodine was
liberated. From the hydrolyzed reaction mixture there was isolated the polymerized
acid anhydride, 3819, a cream-colored insoluble substance, infusible below 360" . Hy-
drolysisd this material by alkaliesproduced anisilicacid; m. p. 175".

Reduction of p,p’-Dichlorobenzil

The crude benzoin, prepared by the condensation d p-chlorobenzaldehyde by
means d potassium cyanide, showed no tendency toward crystallization even after
extraction d the benzene solution with sodium bisulfite and subsequent evaporation of
the benzene. Consequently, the mixture was oxidized directly by means d nitric acid
diluted with acetic acid. After purification and recrystallization d the crude benzil
fromglacia acetic acid, pure p,p’-dichlorobenzil wasobtained; m. p. 195-196°.

Reduction by Magnesium lodide and Magnesum.—To a solution d magnesium
iodide was added 1.40 g. d the benzil and a weighed magnesium rod. lodine was
liberated and during the course of two days' shaking the color d the solution changed
from deep brown to light cherry-red; the magnesium rod had lost in weight the theo-
retical amount. The mixture was hydrolyzed, the organic solvent was evaporated,
and the dichlorobenzoin and benzil were separated from each other by means d cold

8 Gomberg and Bachmann, THis JOURNAL, 49,245 (1927).
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acohol, the former being very much more soluble than the latter; in this way 9% o
the benzil and 91% of the benzoin were isolated. After recrystallization from dilute
alcohol, the dichlorobenzoinmelted at 85-87". Hantzsch’ reports them. p., 88°.

Careful tests d the original aqueous washingsfrom the reaction mixture failed to
show the presenced any chlorideion. The nuclear chlorineatomsin the para position
to the C=O group do not, then, react with metallic magnesium under the conditions
o thisexperiment.

Attempts were made to reduce this benzil at room temperature by means d the
system, MgBr; + Mg, but owing to the slight solubility o the benzil + MgBr, double
compound, there was no reduction, and over 90% o the benzil originally taken was
recovered unchanged.

Reactions o the Glycolate. —With the theoretical amount d iodine after two
weeks shaking in the cold, the mixture wasfound to consist d equa parts d dichloro-
benzil and d benzoin.

After two days passage of air through a solution d it, the glycolate yielded 52%
d the white, insoluble anhydride d dichlorobenzilic acid polymer, 26% dichloro-
benzoin and 22% d the benzil. The amorphous polymer decomposes at 320-340°;
it gives a brilliant carmine color with concentrated sulfuric acid, identical with that
shown by puredichlorobenzilicacid.

#,p'-Dichlorostilbene-diol-dibenzoate.~—After two recrystallizations from a mix-
ture d benzene and alcohol, the product melted at 200-202°.

Anal. Calcd. for CsH1s04Cle:  Cl, 14.52. Found: CI1, 14.63. Mol. Wt., calcd.:
489. Found: 499.

Reduction with Magnesium lodide Alone—The equilibrium: dichlorobenzil
-+ Mgl — glycolate + I,, was attained when 629%, d the benzil had reacted and
formed the unsaturated glycolate.

Reduction of a-Naphthil

a-Naphthoin, C;H,COCH(OH)CHy.—This product may be prepared by either o
two methods: from a-naphthal dehyde, using potassium cyanide as a catalyst; or from
a-naphthoic acid by reduction with magnesiumiodide and magnesium powder in ether—
benzene solution.8 The solution, composed d 26.5 g. d a-naphthaldehyde, 10 g. o
potassium cyanide, 100 cc. d alcohol and 50 cc. d water. was refluxed on the steam-
bath for three hours; 5g. more o potassium cyanide was added and the heating con-
tinued for eight hours. The solution was diluted with water and the organic material
extracted with benzene. The benzene was evaporated and the residue, an oil, was re-
dissolvedin ether; on dow evaporation d the solvent, 3.4 g. of crystalline a-naphthoin
wasdeposited. Afterrecrystallizationfrom hot alcohol, it melted at 138-139°.

Anal. Calcd. for CpxHy602: C, 84.02; H, 5.13. Found: C, 84.51; H, 5.14.

The oil obtained on evaporation o the ether washingswas oxidized to naphthil by
copper sulfatein pyridine,® and 3.4 g. d naphthil was obtained as yellow prisms; m. p.
188-189,°.

Anal. Cdcd. for CeHuO:: C, 85.16; H, 4.52. Found: C, 84.87; H, 4.55. Mal.
wt., caled.: 310. Found: 329.

7 Hantzsch and Glower, Ber., 40, 1519 (1907); Kenner and Witham, J. Chens.
Soc., 97, 1967 (1910).

8 Gomberg and Bachmann, Truis JOURNAL, 50,2767 (1928).

¢ Clarke and Dreger, “Organic Syntheses,” John Wiley and Sons, Inc., New York,
1926, Vol. M, p. 6.
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The combined amount o naphthoin and naphthil obtained represented a yield o
269, calculated on the amount d aldehyde taken.

The preparation d naphthoin from the acid is preferable to that from the aldehyde,
astheacid is moreaccessible and the yield d naphthoin issomewhat larger.

The a-naphthil has previously been described by Stolle® who obtained it by the
thermal decomposition d azo-dinaphthoyl, but in poor yield, owing to numerous side
reactions. Quite recently Schlenk? described another method for the preparation o
this substance. Our product agreesin its properties with those reported by these in-
vestigators.

The gninoxalined a-naphthil, prepared by heating the diketone with o-phenylene-
diamine hydrochloride in pyridine, melts at 203-204°; color reaction with sulfuric
acid, deep indigo-blue.

a-Naphthilic Add (CyoH7)C(OH)CO.H.—This acid was prepared in good yield
from a-naphthil by means d cold acoholic potash in absolute ether solution.'? |t
was recrystallized from benzene and petroleum ether; needle-like prisms, m. p., 137—
138°, with decomposition. With concentrated sulfuric acid, naphthylic acid givesonly
a very slight brown color, while other benzilic acids produce brilliant colors.

Anal. Calcd.for C5Hys0s: C,8049; H, 4.88. Found: C, 80.76; H,4.95. Moal.
wt., calcd.: 328. Found: by the ebullioscopic method, 330: by ignition o the Ag salt,
328.

Reduction o «-Naphthil by Magnesium lodide and Magnesum.—The re-
duction was completed within three days. During this time, the mixture, originally
deep red, became opague, but the color finaly lightened to a yedlow. The magnesium
rod had lost 97.69, d the theoretical amount. In order to minimize oxidation, the
benzene solution was decomposed with boiled water in a stream d carbon dioxide and
then theyield o pure a-naphthoin was 919;.

Whendried air wasallowed to passfor sometimethrough asolution d the glycolate
and the solution hydrolyzed, there was completeabsence d the usual formation d the
polymer-anhydride. Instead, there was formed naphthilic acid to the extent d 40%.

Reduction of p,p’-Diphenylbenzil

p,p'-Diphenylbenzoin, (CeH;CoHy) (HO)HCCO(CsHCsH;).—A solution d 8 g. o
p-phenylbenzaldehyde and 3 g. d potassium cyanidein 80 cc. & alcohol and 40 cc. o
water was refluxed for two hours. A thick precipitate d the benzoin formed within
fifteen minutes. The yield d the purified product was 95%. The diphenylbenzoin is
soluble, 1 g. in about 115 cc. d cold benzene or ethyl acetate; it is quite soluble in hot
pyridine, glacial acetic acid and xylene, and from these it may be obtained as a white
powder; m. p. 168-170°.

Anal. Calcd. for C;sHz00,: C, 85.71; H, 550. Found: C, 85.42; H, 5.50. Mol.
wt.,calcd.: 364. Found: 375.

p,p’-Diphenylbenzil;, (CeH;CeH,)COCO(CsHCsH;).—This was obtained by oxidiz-
ing the benzoin by meansd copper sulfatein dilute pyridine. Theyieldd the diketone
was 95%. The diphenylbenzil is very soluble in hot benzene and glacial acetic acid,
but only dightly soluble in the cold solvents; light yellow needles, m. p. 141-142°,
The quinoxaline, cream-colored iridescent needles, meltsat 209-210°.

Anal. (of the benzil). Calcd. for CssHys0:: C,86.19; H, 497. Found: C, 86.03;
H, 5.04. Mol.wt., calcd.: 362. Found: 374.

1 Stolle, Rer., 45, 281 (1912).
11 Schlenk and Bergmann, Ann., 463, 20 (1928).
12 Cf. Schonberg and Keller, Ber., 56, 1638 (1923).



2244 M. GOMBERG AND F. J. VAN NATTA Vol. 51

In order to verify further the structure d dur benzil, the latter was alowed to
react with an excessd phenylmagnesium bromide, and #,#’-diphenylberzopinacol was
obtained; m. p., 197-199°.13

Reduction by Magnesium lodide and Magnesium.—The loss in weight & mag-
nesium was99.2% d thetheoretical. On hydrolysisd the glycolate, the corresponding
benzoinwasobtainedinayield o 889%,, and wasidentical with the product obtained from
p-phenylbenzaldehyde by meansd the benzoin condensation.

The reaction between theiodomagnesiumglycolateand iodine attained equilibrium
when 47% d thetheoretical amount d the halogen had reacted. By theaction d dried
air on a solutiond the glycolate, the polymer d the diphenylbenzilicacid anhydride
was formed to the extent d 35%. This polymer, decomposition point 250°, was
hydrolyzed with difficulty by hot aqueous potassium hydroxide, ultimately yielding the
corresponding p,#’-diphenylbenzilic acid, m. p., 185-188°; Schlenk reports 178-181°.14
The polymer, like the acid, produces a brilliant green color with concentrated sulfuric
acid.

p,p'~Diphenylstilbene-diol-dibenzoate.—Benzoy! chloride reacts vigorousy with
glycolate. The dibenzoateso formed behaves as though it were composed o a mixture
o the two possible sterecisomers, cis and trans; when heated it passes through two
points d fusion, 180 and 203°, with intermediate solidification. If this mixture d the
isomersisfused by heating to 210° and then recrystallized from benzene, the colorless
needles obtained melt sharply at 200-203°, indicating the presence d the more stable
isomer dlone. Thelower-meltingisomer could not beisolated in the purestate.

Reduction with Magnesium lodide Alone—In the case d this benzil, dso, we
obtained freeiodinefrom thereaction between the benzil and magnesiumiodide. Equi-
librium was reached when about one-third d the benzil had been transformed to the
glycolate.

Reduction o p-Phenylbenzil

p-Phenylbenzil, (CeH:CeH,)COCO(CsH;).—This unsymmetrical benzil was pre-
pared by the oxidation d benzyl-p-biphenyl ketone?s in the cold with potassium per-
manganate in aqueous pyridine solution, with a yield d 64%. After recrystallization
from hot acohol thelight yellow plates melted at 105°,

Anal. Cadcd. for C;eHis0s: C, 83.92; H, 490. Found: C,84.17; H,505. Mal.
wt.,caled.: 286. Found: 293.

The structure d this benzil wasfurther verified by its rearrangement to p-phenyl-
benzilicacid, which Schienk* had prepared in another manner.

Reduction by the Binary Systems.—In the reduction by Mg, + Mg, practically
the theoretical amount d magnesium was used up, and an equivalent amount d mag-
nesium hydroxide was formed on hydrolysis. From the benzene solution there was
obtained a good yield o the p-phenylbenzoin, but with a rather low melting point.
A moreessily purified product was obtained on reduction by the system MgBr, T Mg;
the originaly transparent ydlow solution became deep brown, then finally orange.
The crude benzoin, recrystallizedfrom hot acohol, was obtained as a pure white pow-
der; m. p. 148-151".

Anal. Cacd. for CsHisO.: C, 83.33; H,5.56. Found: C,83.39; H,5.61. Mol.
wt., caled.: 288. Found: 297.

It has not been established which isomer o the two possible benzoins this com-
pound actually is.

13 Ref. 6, p. 251
14 Schlenk and co-workers, Ber., 47, 489 (1914).
1 Ferrissand Turner, J. Chem, Soc., 117, 1148 (1920).
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SUmmary

The unsaturated hal ogeno-magnesium glycolates obtained by reduction
d various aromatic diketones have been prepared and their reactions
studied. Several new benzils and benzoins necessary for this work have
been prepared and described.

It has been found that magnesum iodide aone, even in the absence
d metallic magnesium, has a decided reducing action on the diketone;
the amount d glycolate formed is dependent upon the equilibrium:
diketone + Mgl, = glycolate + I,. The amount d iodine thus
set freeisfrom 16 to 509, d the theoretical.

The characteristic color changes during and at the end d the reduc-
tion process suggest the probability d the existence in the unsaturated
glycolates d molecules containing each two trivalent carbon atoms
R———(XMgO)C|:—€ (OMgX)R.

I

ANN ARBOR, MICHIGAN

[ConTRIBUTION FROM THE L ABORATORY OF ORGANIC CHEMISTRY OF THE UNIVERSITY OF
WiscoNsIN]

THE SYNTHESIS OF SOME ALKYLXANTHINES 2

By D. W. MacCorQUODALE
RyCRIVED Apriy 1, 1929 PUBLISHED JULY 5. 1929

Inview d the valuable therapeutic propertiesd the naturally occurring
Xxanthine bases theophylline, theobromine and caffeing, it seems desirable
that a study be made d the relation between the pharmacol ogical action
and thenatured the alkyl groups attached to the xanthine nucleus. This
work was undertaken at the suggestion d the late Dr. A. S. Loevenhart
in order to make availablesome d thehomologs d these alkaloidsfor such
astudy.

A consideration d the various syntheses devised for the preparation
d compoundsd thistypefinaly led to the sdection d aseriesd reactions
worked out by Emil Pischer during his researches on the purinesand used
by himfor the preparationd caffeine.

Potassum urate when heated with phosphorus oxychloride yields
8-hydroxy-2,6-dichloropurine (1) which in turn is converted into tri-
chloropurinewhen heated with alargeexcessd the same reagent.

The chlorine atom at position eight being much more firmly attached
than those in the other positions, does not react with sodium ethoxide,

! This paper is constructed from a thesis submitted to the Graduate School of the
University of Wisconsinin partial fulfilment of therequirementsfor thedegreedf Doctor
of Philosophy in Chemistry.

? Read beforethe Regional Meeting of the American Chemical Society at Minne-
apolison June 19, 1928.
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N——COK N=—=CCl N——CCI
POCIL; | J POCL |
KOC —NH —— ¢a C—N\I\—| —> Ccl C—NH
l H >C=0 | | Dcom || e
N—-C—N N-—o

|
while the others are readily replaced by ethoxyl groups forming 2,6-
diethoxy-8-chloropurine (II). The ethoxyl groups are easily replaced
by hydroxyl groups by heating the compound with concentrated hydro-
chloric acid.

N————CCI N=——COGC,H; N==—=COH
CCl ('S—NH CHONe CszOE é NH HA J:OH é—NH
“ “ >CC1 B Seal u ” >CC1
N—C—N rHJ—cﬂ-N 4 N—-C—N

11 11

The 8-chloroxanthine (I11) thus obtained is dissolved in agueous po-
tassium hydroxide solution and heated with two molesd akyl iodide to
form the 3,7-dialkyl-8-chloroxanthine, which can be reduced to the 3,7-
dialkylxanthine or can be further alkylated to the 1,3,7-trialkyl-8-chloro-
xanthine, which upon reduction yields the 1,3,7-trialkylxanthine. |t
was found that the 1,3,7-trialkyl-8-chloroxanthine cannot be readily
obtained in one operation from the 8-chloroxanthine, for even when a con-
siderableexcessd the alkylating agentsis used theyield d trialkylchloro-
xanthineis small and the yield o dialkylchloroxanthine relatively large.
Thisisin agreement with the work d Biltz and Peukert,® who found that
the ethylation d 3-ethyl-8-chloroxanthine produced 3,7-diethyl-8-chloro-
xanthine, but they did not attempt to ethylate this compound further.
Other evidence to show that xanthine and its substitution products are
most readily alkylated in the 3- and 7-positions is found in the work o
Fischer, who showed that theobromine is formed by the methylation
d xanthine,* that the methylation d 3-methylxanthine also produces
theobromine® and that chlorotheobromine can be obtained by the methyla-
tion d 3-methyl-8-chloroxanthine.®

By the ethylation d 8-chloroxanthine (II11) a compound was obtained
which analysis showed to be a diethylchloroxanthine. That it was the
3,7-isomer which would be expected was shown by its reduction to 3,7-
diethylxanthine,® but its melting point (207°) did not agree with that
o the 3,7-diethyl-8-chloroxanthine obtained by Biltz and Peukert, who
give its melting point as 238°. They proved the structure d their com-
pound by hydrolyzing it with alkali and obtaining 3,7-diethyluric acid,

3 Biltz and Peukert, Ber., 58,2198 (1925).
4 Fischer, Ann., 215,311 (1882).

5 Fischer and Ach, Ber., 31, 1987 (1898).
s Ref. 5, p. 1984.
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which had previously been prepared by Biltz and Sedlatschek.” We
attempted to hydrolyze our compound both by boiling with normal
potassium hydroxide solution and by heating to 125-130° with concen-
trated hydrochloric acid for five hours; in both cases the substance was
recovered unchanged.

The diethylchloroxanthine was finally converted into 3,7-diethyluric
acid (IV) by treatment with potassium hydroxide in absolute alcohol
solution.  3,7-Diethyl-8-ethoxyxanthine was thus obtained and this
compound; upon heating with concentrated hydrochloric acid, readily
yielded the 3,7-diethyluric acid prepared by Biltz and Sedlatschek.

H—N—C=0 HN—C=0 HN—C=0
|| C,H;0H [ HCl I
O0=C C—N—C;H; —+_I(61? 0=C C|:—N\CZH5 —> O0=C C_I:T\Czl’I_s
|| pea | | peoc || De=o
C,H.N—C—N CH:N—C—N C.H;N—C—NH
v

Contrary to statements d these authors it was found that this com-
pound suffers decomposition at its melting point and so it proved un-
suited for identification of the diethylchloroxanthine. This was ac-
complished, however, by methylation d the diethyl-8-chloroxanthine,
treatment d the methyldiethyl-8-chloroxanthine with alcoholic potassium
hydroxide to form rnethyldiethyl-8-ethoxyxanthine, and hydrolysis o
this with concentrated hydrochloric acid to form a compound identical
with the 1-methyl-3,7-diethyluric acid d Biltz and Sedlatschek,” thus
proving the structure d the 3,7-diethyl-8-chloroxanthine, and also o
each d theintermediate compounds.

By application o these methods the ethyl and normal butyl analogs
d theobromine and caffeine were obtained as wel as a number o other
new purine derivatives.

Experimental Part

2,6-Dichloro-8-hydroxypurine.—This was prepared by Fischer’ss method, the
yields varying from 42 to 48% o the theoretical. |t was partly purified by boiling
with three times its weight d concentrated nitric acid, further purification being found
unnecessary for the preparation d trichloropurine.

Trichloropurine.—This was prepared as described by Fischer® and yields o 46 to
50%d the theoretical were obtained.

2,6-Diethoxy-8-chloropurine.—The method described by Fischer?® was followed
except that it was found unnecessary to heat the reactants in a sealed vessel. The
reaction takes place readily when a hot solution d trichloropurine in absolute alcohol
is added slowly to a boiling alcoholicsolution d sodium ethoxide under a reflux con-
denser; yield, 64-73% d thetheoretical.

7 Biltz and Sedlatschek, Ber., 57, 179 (1924).
s Fischer and Ach, ibid., 30, 2209 (1897).

9 Fischer, ibi d., 30,2221 (1897).

10 Fischer, i bi d., 30, 2234 (1897).
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8-Chloroxanthine.—This was prepared exactly as described by Fischer, the yield
of crude product being 91% o the theoretical. It was purified by crystallization
of the ammonium salt from dilute ammonia solution and subsequent decomposition of
the salt with hydrochloricacid.

3,7-Diethyl-8-chloroxanthine.—Five grams d 8-chloroxanthine was dissolved in
68.5 cc. (2.25 molecular equivalents) d 0.917 N potassium hydroxide solution and
shaken in a closed vessel with 9.4 g. (2.25 molecular equivalents) of pure ethyl iodide
for oneand one-haf hoursat 90-95". Thelight yelow, crystalline product wasfiltered
off, washed with water and then treated with very dilute potassium hydroxide solution
whereuponit readily passed into solution, leaving practically no residue. In the cases
d those runs in which larger proportions if alkali and ethyl iodide were used a small
amount d akali-insolublematerial was obtained which proved to be triethylchloroxan-
thine but its amount was never very great. Upon addition d a slight excessd dilute
hydrochloricacid to thefiltratethe product was precipitated as a white crystalline solid
which wasfiltered off, washed with cold water and dried at 110°. Theyield was 1.6
20g Fortheanaysisit wascrystallized from alarge volumed hot water and dried at
110°.

Anal. Calcd. for CsHuO,N.Cl: Cl,14.62. Found: Cl, 14.40, 14.23.

The compound dissolvesin hot alcohol, benzene, ethyl acetate and acetone, and
separates in white needleson cooling. It isvery solublein chloroform. It isdifficultly
solublein hot water and the solution on cooling deposits beautiful white needles.  After
one such crystallization the substance melted at 201-202° (207° corrected) and a re-
crystallization did not raisethe melting point.  Biltz and Peukert give the melting point
d thissubstance as 238° but thisis evidently a typographical error and probably 208"
is intended. Upon reduction with hydriodic acid and phosphonium iodide it yields
3,7-diethylxanthine meltingat 183°.

3,7-Diethyl-8-ethoxyxanthine.—One gram of 3,7-diethyl-8-cliloroxanthine was
heated for two hours under reflux with 15 cc. d a 109, solution of potassium hydroxide
in absolute acohol. A precipitate o potassium chloride began to separate soon after
the heating wasstarted. The alcoholic solution was evaporated to about 3 cc. and then
wasdiluted with 20 cc.  water. The solution was acidiied with hydrochloric acid and
the voluminous white precipitate filtered off, washed with water and dried at 110°;
yield, 0.93 g. After being recrystallized from alcohol the melting point was 207°
(212° corrected). The analysisfor nitrogen was by the Kjeldahl method.

Anal. Calcd. for CyHieO:Ng: N, 22.22. Found: N, 22.12, 22.39.

The 3,7-diethyl-8-ethoxyxanthine is easily solublein benzene, chloroform, acetone
and glacial aceticacid. It dissolves sparingly in ether. Strong acids and dilute alkali
solutions dissolveit easily. In hot water it dissolvesonly very slightly and separates
again on cooling in fine, short, white needles. It isreadily solublein hot acohol -water
mixtures and these solutionson cooling deposit long, closely matted, hair-like needles.

3,7-Diethyluric Add.—Ore tenth d a gram d 3,7-diethyl-8-ethoxyxanthine was
dissolved in 2 ce. d concentrated hydrochloric acid (p. gr. 1.19) and heated on the
water-bath for twenty ininutes. White crystals began to separate from the clear solu-
tion amost immediately. A little water was added and after the mixture had been
cooled to 5° the product was filtered of and washed with a little cold water. The
crystals weredissolvedin 5 cc. d hot water to which had been added a drop o concen-
trated hydrochloric acid and 2 cc. d 959, acohol. The solution was filtered and
upon cooling and standing the diethyluric acid separated in small white crystals which
werefiltered off, washed with water and dried in the oven at 110°. The melting point
was 360-365° (371-376° corrected) with decomposition. Biltz and Sedlatschek give
the melting point as 350-355° without decomposition.
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, 1-Methyl-3,7-diethyl-8-chloroxanthine.—Two grams of 3,7-diethyl-8-chloroxan-
thine was dissolvedin 100 cc. o 0.917 N potassiumhydroxidesolutionand 2 g. (excess)
d pure methyl iodidewasadded. Thiswassealed in a pyrex bomb tube and shaken at
80-85° for two and one-hdf hours. When coadl the crystalline product was filtered off
and washed with very dilute potassium hydroxide solution to remove any unchanged
diethylchloroxanthiie and free iodine. After washing with water and drying at 105°
itweighed 1.78 g. For theanalysisit was recrystallized from 50% alcohol, from which
it separated in beautiful white needleswhich melted at 113 ° (114.5" corrected).

Anal. Calcd.for C;oHi:0.N.Cl: C1,13.82. Found: Cl, 13,97, 13.73.

The compound is insoluble in water and in alkali but dissolves readily in strong
hydrochloricacid. It dissolvesin acetone, chloroform, benzene, ether and glacial acetic
acid.

1-Methyl-3,7-diethyl-8-ethoxyxanthine.—Seven-tenths d a gram o 1-methyl-
3,7-diethyl:8-chloroxanthine was heated under a reflux condenser with a 109 solution
d potassium hydroxide in absolute acohol for forty minutes. Potassium chloride
separated rapidly during theheating. M ost of the acohol wasremoved by evaporation
and the solution was acidified with dilute acetic acid. The voluminous white product
wasfiltered off, washed with water and dried; yield 043 g. It wasrecrystalized from
50% alcohol; m. p. 111" (112" corrected).

Anal. Cdcd. for C;H;303N4: N, 21.05. Found: N, 20.68.

The compound is insoluble in water and in alkali but dissolves readily in strong
hydrochloricacid. It isreadily solublein alcohol, ether, benzene, acetone and chloro-
form.

1~-Methyl-3,7-diethyluric Acid. —Fifty milligrams of 1-methyl-3,7-diethyl-8-ethoxy-
xanthine was dissolved in 3 cc. d concentrated hydrochloric acid and heated on the
water-bath for fifteen minutes, the solution being alowed to evaporate to dryness at
theend d thisperiod. The white crystalline residue was dissolved in 1.5 cc. d boiling
95% dcohol and chilled to —10°. The white crystalline product was filtered of and
washed with a few drops o acohol. It melted sharply without decomposition at
258" (266" corrected). Biltz and Sedlatschek obtained this compound by heating 1-
methyl-3,7,9-triethyluric acid with hydrochloricacid and found it to have a melting
point o 257-258°.

1,3,7-Triethyl-8-chloroxanthine,—Four grams d 3,7-diethyl-8-chloroxanthine was
dissolved in 184 cc. o 0.895 N potassium hydroxide and 5.0 g. d pure ethyl iodide
added. The mixture wasshaken in a closed vessd at 90-95° for two hours. Thesolid
product was filtered df and leached with very dilute potassium hydroxide solution and
then washed with water. The air-dried product weighed 2.059.  Upon acidification of
the potassium hydroxide solution with hydrochloricacid, 0.48 g. of unchanged diethy!-
chloroxanthine was obtained. The product was recrystallized from 50% alcohol;
m. p. 79-80°.

Anal. Cadcd. for C;iH;:0.N4Cl1: C1,13.10. Found: Cl, 12.89, 12.81.

The triethyl-8-chloroxanthine isinsolublein water and akali but dissolvesreadily
in hydrochloricacid. It is aso solublein acohal, ether, acetone, benzene, chloroform
and glacial acetic acid.

1,3,7-Triethylxanthine.~—TFour grams d pure 1,3 7-triethyl-8-chloroxanthine was
dissolved in 20 cc. d fuming hydriodic acid (sp. gr. 1.96) and heated on the water-bath
with the occasional addition d small amounts d finely pulverized phosphonium iodide.
When iodine was no longer liberated the reduction was over. This required about
eight hours. The solution was evaporated on the water-bath until only a thick paste of
crystals d the hydriodide o triethylxanthine remained. The crystals were dissolved
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in 15 cc. d water and dilute ammonium hydroxide solution added to liberate the base.
The solution was chilled and the white crystalline product filtered off, washed and
dried in the air; wt. 3.05 g. From the mother liquor a small crop d crystals was
obtained upon concentration. The compound was purified by recrystallization from
diluteacohol; m. p. 113°.

Triethylxanthine was first obtained by Scarlat'* by means d Traube's synthesis.
He givesthe melting point as 115°. Like caffeineit has no acid properties but acts as
a weak base. It is difficultly solpblein water but dissolves readily in strong hydro-
chloric acid. It aso dissolves in acohol, ether, acetone, benzene, chloroform and
glacial aceticacid. It can be volatilized undecomposed at atmospheric pressure.

3,7-Dibutyl-8-chiloroxanthine.—The butylation o 8-chloroxanthine was found to
proceed in exactly the same manner asthe ethylation, that is, upon shaking the chloro-
xanthine with an excessd alkali and butyliodideat 130°, the main product obtained was
a dibutylchloroxanthine, only a very small amount o the tributyl derivative being
formed. For the preparation o 3,7-dibutyl-8-chloroxanthine, 10.0 g. of 8-chloroxan-
thine was dissolved in 126 cc. & 0.895 N potassium hydroxide and 20.8 g. d pure n-
butyl iodide was added. This was shaken in a closed vessdl for two hours at 130°.
The solid product wasfiltered from the well-cooled reaction mixture and purified in the
manner described for 3,7-diethyl-8-chloroxanthine. The yield o crude product was
79 g. After recrystalization from 60% acohol the melting point was 142.5 (145°
corrected).

Anal. Cacd. for C;3H3,0.N,Cl: C1,11.87. Found: Cl, 11.86.

The 8,7-dibutyl-8-chloroxanthine is very slightly soluble in boiling water and
separates in crystals on cooling. It dissolves readily in dilute alkali and in strong
hydrochloric acid. It is readily soluble in alcohol, acetone, benzene, chloroform and
glacial aceticacid, and somewhat lessreadily solublein ether.

3,7-Dibutylzanthine.—This was prepared by the reduction d 3,7-dibutyl-8-chloro-
xanthine in a manner precisaly the same as that described for the preparation o tri-
ethylxanthine. From 1 g. d 3,7-dibutyl-8-chloroxanthine 0.83 g. d dibutylxanthine
was obtained which after recrystallization from dilute alcohol had a melting point o
124-125° (127 corrected).

Anal. Calcd.for Ci3sH200:N4: N, 21.20. Found: N, 21.11, 21.24.

The 3,7-dibutylxanthine is very sparingly soluble in boiling water, from which
it crystallizeson cooling. Dilutealkali and strong hydrochloricacid dissolveit readily.
I't dissolves with ease in acohol, acetone, benzene, chloroform and glacial acetic acid,
and alittlelessreadily in ether.

1,3,7-Tributyl-8-chloroxanthine.—Six grams d 3,7-dibutyl-8-chloroxanthine was
dissolved in 28.2 cc. (25% excess) d 0.895 N potassium hydroxide solution and 4.7 g.
(25% excess) d pure n-butyl iodide added. The mixture was shaken in a closed
vessdl at 125~130° for two hours.  When the vessal was dlowed to cool the product re-
mained as a viscous brown oil.  The reaction mixture was shaken with 20 cc. o pure
redistilled benzene to dissolve the oil and the benzene solution was shaken three times
with 5% potassiumhydroxidesolution. From this alkaline solution there wasrecovered
0.4 g. d dibutylchloroxanthine by acidification with dilute hydrochloric acid. The
benzene solution was washed three times with water and then dried over anhydrous
sodium sulfate. The benzene solution was filtered into a small distilling flask and the
solvent digtilled off, the last traces being removed at 10-mm. pressureand the tempera-
ture d the boiling water-bath. The flask was then heated strongly, the pressure being
maintained at 10 mm., and the product began to distil at 232° (uncorrected), about 80%

11 Scarlat, Bull. Sciences Bucarest, 13, 155-159 (1903).
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d it distilling before the temperature reached 240°. The distillate waslight yellow in
color and weighed 4.2g.

Anal. Cacd. for Ci7Hz0:N4Cl: €1, 9.99. Found: €1, 9.92, 9.98.

The 1,3;7-tributyl-8-chlorexanthine iS a viscous oil, soluble in alcohol, ether and
benzene. An unsuccessful attempt was made to form the hydrochloridesalt by pre-
cipitation from dry ether and benzene solutionswith dry hydrogen chloride.

1,3,7-Tributylzxanthine.—This compound, which is the butyl analog d caffeine,
was prepared by the reduction o 1,3,7-tributyl-8-chloroxanthine with fuming hydriodic
acid and phosphonium iodidein the manner aready described. The free base was ob-
tained as a colorless oil which solidified when chiiled withice and salt. 1t was filtered
df and washed with water, and after drying thoroughly was dissolved in 155 cc. o ab-
solute acohol and the solution was saturated with dry hydrogen chloride gas. Then
30cc. o dry ether wasadded and thesolution cooled to 0 ° whereuponthehydrochloride
d tributylxanthine separated almost completely in white crystals which were filtered
of and washed with dry ether. Theyield was2.20g.from3.30g o tributylchloroxan-
thine. The salt wasrecrystallized from an acohol —ther solution (1:2) saturated with
hydrogen chlorideand after being washed with dry ether was dried in a vacuum desic-
cator over calcium chlorideand solid caustic potash. The melting point was131-134°.

Anal. Calcd.for Ci7Hz00.N4Cl: C1,9.94. Found: Cl, 9.75, 9.51.

Thefree basewasliberated from thesalt by dissolvingthelatter in afew cc. d 95%
acohol and adding dilute ammonium hydroxide solution. Upon chilling the solution
inice and salt the tributylxanthine separated as a colorlessoil which gradually crystal-
lized and was filtered dof and washed with dilute dcohol. It was recrystallized again
from alcohol, being obtai ped as pure whitecrystalswhichmelted at 4142°,

Anal. Calcd.for C;7Hzs0:N4: N, 17.56. Found: N, 17.56.

The 1,3,7-tributylxanthine is a white crystallinesolid which is practically insoluble
inwater and alkali. 1t dissolvesreadily in strong acids, forming salts which are hydro-
lyzed upon dilution. It can be volatilized at atmospheric pressure without decom-
position. |t dissolves easily in the common organic solvents such as alcohol, ether,
acetone, benzene, chloroform and glacial acetic acid.

To Dr. Homer Adkins, under whose supervision this work was carried

out, the author wishesto expresshis thanksfor many valuable suggestions
made during the coursed this investigation.

SuUmmary

1. The ethyl and the n-butyl analogs d caffeine and theobromine
have been prepared, the latter for the first time and the former by a
method not heretofore used for the preparation d these compounds.

2. A number d other new derivativesd xanthine have been synthesized
and described.

MADISON, WISCONSIN
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THE FORCED REACTION OF PHENYL ISOCYANATE, PHENYL
ISOTHIOCYANATE AND BENZOPHENONE-ANIL WITH
PHENYLMAGNESIUM BROMIDE. AN UNUSUAL TYPE OF 1,4~
ADDITION TO A CONJUGATED SYSTEM THAT ISPART
ALIPHATIC AND PART AROMATIC

By HeENrY GILMAN, J. E. KBy AND C. R. KINNEY
RECEIVED APRIL 5, 1929 PuBLISHED JULY 5, 1929
Introduction

In a study d compounds having terminal cumulated unsaturated
groups, Gilman and Heckert! showed that phenylmagnesium bromide
added to diphenylketenein the following manner

(C5H5MgBr)

(CeHy):C=C=0 —————> (C¢H;);C=C—O0—MgBr (¢9)]

Lar

6415

and not as follows
CeH;MgB
(CH)C—C—0 ~CHTMEBD) (C,Hs)z(f~%=0 (in
Bng CeHﬁ

The mode d addition represented by Reaction II is that which was cur-
rently in vogue at that time, inasmuch as the addition reactions d ketenes
were then assumed to take place through a preliminary addition to the
ethylenic linkage. Subsequently the earlier explanations for many
addition reactions were altered to conform with that mechanism which
postulates prior addition to the carbonyl group.?

Because d the marked similarity in many respects between ketenes
and isocyanates, it might have been predicted that phenylmagnesium
bromidewould add to the terminal —C=0 group and not to the —N=C
group d phenyl isocyanate, in the following manner

(CsH;:MgBr) )
CHN=C=0 ——> CH;N =(|3——O——MgBr (I11)

CeHj

This reaction was studied by Gilman and Kinney® and although they
did not get unequivocal proof for the type of addition postulated in Re-
action III, they did show that addition could not have taken place at
the—N==C linkage. By analogy with the reaction d the related phenyl-
isothiocyanate, CsHsN=C=S, and by the established relative inertness d
the —OMgX grouping,* they showed that Reaction III was undoubtedly

1 Giman and Heckert, TH sJournaL, 42,1010 (1920).
= Saudinger, Hi v. Chim. Acta, 5,87 (1922).

3 Gilman and Kinney, TH sJournaL, 46,493 (1924).

4 Gilman and Schulze, Rec. ¢rav. chi m 47,752 (1928).
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correct. Gilman and Kinney? showed very definitey that phenylmag-
nesium bromidereacts with phenyl isothiocyanateasfollows
(CeH;MgBr)
CHN=C=S —m—> C3H5N=CI1—~S~MgBr av)
CoHs
Subsequently Gilrnan and Morris® showed that the following reaction
very probably occurs between phenylmagnesiuni bromide and thionyl-
aniline
(CsH;;MgBr)
CHN=S—=0 ——> C5H5N='?—O—MgBr w)
CeHs

There are two marked similarities between these several reactions.
First, in each case addition takes place at the ultimate unsaturated group
d these types having terminal cumulated unsaturated groups. Second,
the reaction stops at this unsaturated group even with a liberal excess
d phenylmagnesium bromide and extended refluxing at the low tempera-
tures given by ether asamedium. Thisishardly unexpected with ketenes
inasmuch as such subsequent addition would involve addition to an
ethylenic linkage, and Gilman and co-workers have made a good case
for the non-addition d the Grignard reagent to an ethylenic linkage.
We are not so certain d the —N=8 group in thionylaniline, but if such
a grouping has anything in common with a related —N==0 group, then
itisto be expected that the —N==S group should add phenylmagnesium
bromide.”

We can speak with greater assurance and definitenesson the —N=C
linkage in phenyl isocyanate and phenyl isothiocyanate. It is known
that organomagnesium halides add to the —N=C— group. Accord-
ingly, it is reasonable to expect when phenyl isocyanate (or phenyl
isothiocyanate) is refluxed for an extended time and at elevated tempera-
tures with an excess d phenylmagnesium bromide, that subsequent to
addition to the terminal —C=0 (or —C=85) group, a second molecule
d Grignard reagent should add to the —N=C— linkage; this explains
the primary objectived this paper.

When phenylisocyanate was refluxed in an ether-toluene mixture
(70-80°) with a liberal excess (5 or 6 equivaents) d phenylmagnesium
bromide for about eight hours, the chigf product obtained (in yields

5 Gilman and Morris, THisJournAL, 482330 (1926). SeeFootnote 6 in the paper
by G. and M. on the reaction between RMgX compounds and aliphatic diazo com-
pounds and diazo-imides.

¢ Oned the more recent referencesto the non-additiond RMgX compounds to an
ethylenic linkage is Gilman and McGlumphy, Rec. trav. chim., 47, 418 (1928). This
paper contains referencesto earlier studies.

7 See Gilman and MeCracken, Tris JOURNAL, 491062 (1927), and 51,821 (1929),
forthereactiond the Grignard reagent with nitroso and nitro compounds.
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reaching 44%,) was a compound melting at 144°. The ultimate analysis
and molecular weight determination showed the compound to have a
molecular formula agreeing with triphenylmethylaniline. 1t is easy
to understand, from the following reactions, how triphenylmethylaniline
might have formed

CsH;MgBr CsHsMgBr)
CeHN—C=0 _(CHLMgBr) CHN—C—OMgBr ((CuHiMeBr) (MgBr),0 +
CeHs (A)
CeHs
(CsH:;MgBr) | (HOH)

CsHsN—':CI~CsH5 ————— CsHsN——C—'CGHs ——— CoHsIT'—‘C(CBHs)s (VI)

(B) ésHs BrMg CsH; H (©
The same product would result if prior to or simultaneous with replace-
ment d the —OMgBr group by C¢Hs— the phenylmagnesium bromide
had added to the —N=C— group in Compound (A).

The possible formation o triphenylrnethylaniline, Compound (C),
was rendered more reasonable when it wasfound that the 144" compound
was obtained in equally high yields from the forced reaction not only
with phenyl isocyanate but also with phenyl isothiocyanate and benzo-
phenone-anil (Compound (B)). The formation d the same compound
from the three different reactants proved that the terminal oxygen and
sulfur, respectively, were replaced by two phenyl groups, and madeit al-
together reasonablethat benzophenone-anil wasan intermediate compound.

However, despite the fact that the melting point & our compound was
near that d triphenylmethylaniline (147") and that every reasonable pre-
diction led to the expected formation d triphenylmethylaniline from the
three compounds studied, the 144" compound certainly was not triphenyl-
methylaniline. Furthermore, the expected triphenylmethylaniline could
not have been, in al probability, an intermediate. Thiswas shown in an
experiment in which triphenylrnethylaniline was refluxed in an ether—
toluene mixture for ten hours with five equivalents d phenylmagnesium
bromide. Practically all o the triphenylmethylaniline was recovered
unchanged. Our confusion was increased when we later found that
Busch and Fleischmann® obtained some triphenylmethylaniline from
the reaction between benzanilideimidechloride and phenylmagnesium
bromide. The formation d triphenylmethylaniline in their reaction
is readily understandable™ from the following

Cl H
| (CsHs;MgBr) (CeH:;MgBr) |
CeHiN=C—C¢H; ———— > CeH;N=C(CsH;); =—==——=—> C;H;N—C(CsH;); (VII)
8 (a) Busch and Fleischmann, Ber., 43, 2553 (1910). (b) The triphenylmethyl-
aniline which they obtained might have come fromreactions other than those illustrated
in Reaction VII. For example, there may have been addition to the —N=C linkage
prior to or simultaneouswith replacement d the chlorine by a phenyl group.
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It isinteresting to recall their observetion that they were unable to repeat
this experiment. Also, their mgjor reaction product was benzophenone-
anil (Compound (B)). Although triphenylmethylaniline was not iso-
lated in our several experiments, it would be unwise to say that it was
not present, because the forced conditions of the reaction gave oily pro-
ducts which were not altogether tractable.

Triphenylmethylaniline hydrolyzes with ease to triphenylcarbinol
and aniline. The 144° compound when hydrolyzed gave phenylfluorene,

H
% >CZQ, and aniline. 1t was next shown that under our con-

ditionsd hydrolysis, triphenylcarbinol did not go over to phenylfluorene.

The identification d phenylfluorene as a product d hydrolysisd the 144"

compound was d help in suggesting severa possbleformulasfor the 144"

compound. Some critical experimentsshowed the impossibility o all but

oned theseformulas. We finally showed that the 144° compound must
H H

be o-phenbeenzohydrylaniline, C—N—— . The idea for

00

this compound camewith the thought that inasmuch as addition & phenyl-
magnesium bromide probably did not take place at the —N=C—linkage
(asevidenced by the absenced triphenylmethylaniline), 1,4-addition might
havetaken placewiththeconjugated systemformed by the-——N=C— group
and a so-caled ethylenic linkage in one d the phenyl groups attached to
carbon, as follows

MgBr
OO OO ot
/°\ e \éz
WL L b
Ne” \C/
H
H H

l
C—N— (VIID)

0
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So far as we_'{know, a reaction of this type has not been reported with
any class d compounds. A great deal d our present knowledge on
the mode d 1,4-addition to conjugated systems rests on the excellent
and thorough studies of Kohler and co-workers. Their studies were
carried out, in the main, with organomagnesium halides. The rearrange-
ment postulated in Reaction VI1I may or may not be correct; that re-
mains to be determined. However, thereisno doubt concerning the struc-
ture d our o-phenylbenzohydrylaniline. |t was synthesized as follows

MgI

e >+ UO —
Ié—N——- (HOH O—C—~N——© (IX)~

00 00

Over and against this method for the proof o structure d the o-phenyl-
benzohydrylaniline, a question may properly be raised on the choice o
an anil (in this case, benzalaniline) in establishing the structure d a
compound which was formed in a so-called abnormal manner from an
anil (namely, benzophenone-anil). B ut benzophenone-anil is not benzal-
anilineg, and we have shown that benzalaniline behaves normally even
under forced conditions with phenylmagnesium bromide. O course,
there remains the possbility d abnormal reactions with o-biphenyl-
magnesium iodide. We know d no such abnormal reactions, but to re-
move all doubt the o-phenylbenzohydrylaniline should be synthesized
by a reaction not involvingRMgX compounds; thiswe proposeto do.
Additional evidence is necessary for the support d Reactions Vi1
and IX. When the intermediate addition compound d the forced re-
action between phenyl isocyanate and phenylmagnesium bromide, namely,
Compound (D), is treated with diethyl sulfate, the —NMgBr grouping
should be converted to an —NC:H; grouping. Diethyl sulfate and
related compounds have been shown to be eminently satisfactory reagents
for the characterization d the —NMgX group? The product d this
reaction with diethyl sulfate should be identical with that obtained from
our o-phenylbenzohydrylaniline and diethyl sulfate. So far such identity
isconfined to thefact that the two products are oils, afact whichiswithout
sgnificance. However, the amines of this study have a marked tendency
to form apparently intractable oils which crystallize dowly and with
difficulty.
¢ A leading referenceisthat d Gilman and Heck, Tars JOURNAL, 50, 2223 (1928).
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That the 144° compound contains a secondary amine grouping is
shown by the Liebermann nitreso reaction for secondary amines, the
Zerewitinoff method for active hydrogen and the formation o aniline
asa product d hydrolysis.

As further indicative evidence for the correctness d Reaction VI
and, in particular, for Compound (D), we should state that the reaction
mixture assumes a brilliant deep red color which fades appreciably on
hydrolysis. Thisiswhat one might expectin view d the quinoid structure
postul ated for Compound (D).

If wegrant the correctness d the reactions as postulated, there remains
the desirability d proposing an explanation for this unusual type o
1,4-addition to a conjugated system. The most satisfactory explanation
that we offer at this time involves the phenomenon d steric hindrance.
We do so with full knowledge d the traditional weakness d such an
explanation for some reactions. Quite recently Gilman and Heck®
have shown that although some reactions d organomagnesium halides
can be very satisfactorily explained on this basis, other reactions d a
kind that might merit such an explanation cannot be correlated with the
phenomenon d steric hindrance. From the studies reported at this
time we know that one equivalent d phenylmagnesium bromide reacts
very smoothly with phenyl isocyanate and phenyl isothiocyanate to give
benzanilide and thiobenzanilide, respectively, and that the reaction
apparently stops at this stage with an excessd phenylmagnesium bromide
and extended refluxing in an ether solution.? We aso know that benzo-
phenone-anil reacts decidedly slowly, if at all, under the same conditions.
Thisresistancetoaddition d phenylmagnesiumbromide to this particular
—N=C group (a resistance which we attribute at this time to steric
influences) i sso marked that when the reaction isforced at an elevated
temperature, 1,4-addition takes place with the unique conjugated system
designated in Reaction V1I1.

I't should be possible to find an answer to this question with subsequent
studies on different anils and other related compounds with a variety
o Grignard reagents and other compounds. Until at least several such
studies have been completed it would bewiseto defer suggestivetheoretical
considerations on the structure d benzene and the mechanism o substi-
tution reactionsd benzene.

The Experimental Part contains brief" descriptions d some d the
pertinent’ reactions carried out in connection with other possible struc-
tures that were considered prior to the identification d our 144° com-
pound.aso-phenylbenzohydrylaniline.

The authors wish to thank N. J. Beaber and A. P. Hewlett for some
preliminary work and for valuable suggestions.

10 Gilman and Heck, Ber.,62, 1379 (1929).
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Experimental Part

Preparation d o-Phenylbenzohydrylaniline from Phenylmagnesium Bromide.
(1) Pheny! Isocyanate —A vigorous reaction took placewith the dow addition d 16 g.
(0.134 mole) d phenyl isocyanate in ether to 0.6 mole d phenylmagnesium bromide.
When addition was complete, most of the ether was removed by distillation; toluene
was added and the mixture was refluxed (internal temperature 70-80°) with stimng
for six toeight hours.  After hydrolysisby ice and hydrochloricacid, the ether—toluene
layer was separated and steam distilled to remove toluene, diphenyl and other steam-
distillable products. The non-volatile, sticky, reddish-brown paste that remained as a
residue from the steam distillation was extracted with warm alcohol. The alcohol
extractions on cooling usually deposited an oil. |1 n some cases crystallization could be
induced by rubbing with a glassstirring rod. When alittle d the material solidified,
it proved very effective in seeding other solutions. The compound was obtained as a
yellowish powder melting between 139 and 142°. |t is sparingly soluble in acohal,
and a good solvent for crystallization is a mixture d 65% acohol and 35%, toluene.
When recrystallized from this mixture, the compound is obtained as glistening yellow
crystals melting at 143-144°. The yield from phenyl isocyanate was generally about
309%, but in some casesyieldsas high as 44 %, were obtained.

(2) Phenyl Isothiocyanate.—From 25.5g (0.189 mole) o phenyl isothiocyanate
and0.8moled phenylmagnesiumbromiderefluxed for ten hours at 70-75° in an ether—
toluene mixture, there was obtained 28.6 g. or a 45% yield d the o-phenylbenzohydryl-
aniline. Inthecoursed hydrolysis, hydrogen sulfide was evolved. The evolution o
hydrogen aulfideisindicatived theformation d (MgBr).S (oritsequivalent) in accord-
ance with Reaction V1.

(3) Benzophenone-anil.—From 19.3g. (0.075mole) d benzophenone-anil and 0.3
moled phenylmagnesium bromiderefiuxed for ten hours at 90-105° in an ether-toluene
mixture, there was obtained 10.6 g. or a 42% yield d the o-phenylbenzohydrylaniline.
The reaction mixture prior to hydrolysis was deep purple in color. 1n some experi-
ments hydrolysis was a0 effected by means d iced ammoniacal ammonium chloride.

Analysis and Properties d o-Phenylbenzohydryl-aniline,—Calcd. for CyHaN:
C, 89.55; H, 6.27. Found: C, 89.38, 89.75; H, 6.87, 6.53. Mol.wt. Calcd., 335.
Found (inboilingacetone), 317,300 and 301.

Hydrochloride. —The hydrocnloride melting at 182.5° was obtained by adding
hydrogen chlorideto the amine dissolved in anhydrous ether. The free amine may be
recovered from the salt by gently warming with dilute alcoholic potash. Analysis.
Two samplesd the hydrochloride were titrated with a standard solution d potassium
hydroxide (and then back-titrated with a standard solution d hydrochloric acid).
Calcd. molecular weight, 335.  Found: 337 and 335.9.

ActiveHydrogenby Zerewitinoff Analysis.—Two determinationsby heatinginxylene
and amy! ether at 70° for fifteen minutes gave 0.7 and 0.69 active hydrogen. A third
analysis under the same conditions with the exception d afifty-minute period d heating
at 70° gave0.72activehydrogen.!t | n these experimentsthe compound wasdissolvedin
xyleneand the methylmagnesiumiodide was prepared in amyl ether. When, however,
the determinationwascarried out with n-butyl ether asthesolvent (bothfor theamineand
the methylmagnesium iodide), the valuesobtained were0.97 and 1.03 active hydrogen.12

1t Andyseshby R. E. Fothergill.

12 Andysesby R. J. VanderWal. |t isinteresting to note that triphenyimethyl-
anilinein butyl ether reactsvery dowly (eight hoursat 70° for completion) with methyl-
magnesium iodidein butyl ether to give 1.00 and 1.01 active hydrogen. Thisisoned
anumber d strikingillustrationsof what appear to becasesd steric hindrance. Others
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With xylene as a solvent for the amine and n-butyl ether as a solvent for the Grignard
reagent, the value was 0.75 active hydrogen.!?

Splitting Reactions. (1) Concd. Hydrochloric Acdd.—When 50 g. o tne amine
was heated in a sealed tube with 75 cc. d concd. hydrochloricacid for three hours at
145°, there were obtained 3.6 g. (a99.6% yield) d 9-phenylfluoreneand aniline. That
triphenylcarbinol was not an intermediate product of this hydrolysis was shown by a
parallel experiment in which triphenylcarbinol was heated under like conditions. The
product in this case wastriphenylmethane.

(2) Alcoholic Hydrochloric Acid.—9-Phenylfluorcne was also obtained when 5 g.
d the amine wasrefluxed for seventeen hours with a mixtured 150 cc. d 959, alcohol
and 50 cc. d concd. hydrochloric acid. Under corresponding conditions triphenyl-
methylaniline gave triphenylmethane. Also, triphenylcarbinol when refluxed under
correspondingconditions for twenty-four hours gavea 96.8%yield d triphenylmethane.

(3) Acetyl Chlorideand Acetic Anhydride.—In an attempt to acetylate the amine
by meansd acetic anhydride, an apparently intractable tar was obtained. | n a subse-
quent experiment 9-phenylfluorenewas obtained after refluxing 5 g. d the amine with a
mixture d 25cc. d acetyl chlorideand 50 cc. of aceticanhydride.

The identity d every solid described in this study was confirmed by a mixed
melting point determination with an authentic specimen. Synthetic 9-phenylfluorene
was prepared by two different methods: first, by refluxing 10 g. o triphenylchloro-
methane in benzenefor five hours with one g. of mossy zinc; and, second, by heating
triphenylcarbinol with sirupy (85%) phosphoricacid.?

Miscellaneous.— The amine (3.9 g.) was recovered unaltered after refluxing for
twelve hours in xylene.  Its hydrochloride, when dry distilled, underwent considerable
decomposition but gave a small quantity o 9-phenylfluorenein the distillate.

When 2 g. d the amine was refluxed for several hours with benzoyl chloride and
pyridine and then worked up in the customary manner it gave a nitrogen containing
compound which melted at 155-156°. However, we had no successin hydrolyzing this
as yet unidentified compound to benzoic acid and the amine by means o alcoholic
potash.

After refluxing 5 g.  the amine for twenty hours with 100 cc. d 209, alcoholic
potash. 4.5g. d the amine wasrecovered unchanged.

The yelowish color d the amine obtained from phenyl isocyanate, phenyl isothio-
cyanate and benzophenone-anil suggested at onetimethat the arnine might be quinoidal
in nature. Accordingly, some reduction experiments were carried out. Neither so-
dium and acohol nor zinc and glacia acetic acid appeared to affect the amine. It
was not until the amine was finally synthesized from benzalaniline and o-biphenyl-
magnesiumiodidethat we discovered the amineto be without color, or rather of a gray-
ish-whitecolor.

I't was believed, for a time, that the amine melting at 144° was o-phenylamino-
triphenylmethane, formed possibly by the rearrangement d triphenylmethylaniline, as
follows
CoHN=C(CH), ——MEBD R c(camy, &1L

D—CeHsNHCeHr——CI:*—‘(CGHs)g (X )

H .
This prompted some oxidation experiments with the hope of converting the supposed
will be reported later by R. J. VanderWal. The values d triphenylmethylanilinein

xylenearelower (0.81and 0.92) after heating for fifteen hoursat 70°.
¥ Kliegl, Ber., 38, 287 (1905).
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o-phenylaminotriphenylmethane to the known o-phenylaminotriphenylearbinol, o-
CeH;NHCsH;—C(OH)—(C¢Hs)2. Mild treatment with nitric acid did not affect the
amine, and gentle warming with nitric acid d sp. gr. 1.33 gave an intractable tar.
Failing in this we thought we might achieve the same result by reducing the known
o-phenylaminotriphenylcarbinol to o-phenylaminotriphenylmethane. However, we
were equally unsuccessful in this, for when o-phenylaminotriphenylcarbinol was treated
with alcohol and sulfuric acid,* formic acid,*s glacia acetic acid and zinc dust or hy-
driodic acid and zinc dust, a sparingly soluble compound melting at 244-245° was
obtained, and not our 144° amine. The 244~245° compound is the diphenyldihydro-
acridined Baeyer and Villiger1®

Can CsHs CBHG/CGHS
% \OH I e
! (XI1)
\N/ N
l .

Zinc dust and alkali, and catalytic reduction with the platinum catalyst o Adams were
without effect on the o-phenylaminotriphenylcarbinol.

Triphenylmethylaniline and Phenylmagnesium Bromide —After refluxing 5 g.
(0.015 mole) d triphenylmethylanilinewith 0.075 mole d phenylmagnesium bromidein
an ether—toluene mixture at 100° for ten hours, 4 g. or 80%d the amine wasrecovered.

Benzalaniline and Phenylmagnesium Bromide —A 48.5%, yield d benzohydryl-
aniline, (CsH;):CHNHCH;, was obtained after refluxing 18 g. (0.1 mole) d benzalani-
line and 0.3 mole d phenylmagnesium bromide in an ether—toluene mixture for eight
hours. No other product wasisolated. |n a comparable experiment with 14g. (0.077
mole) d benzaniling, 0.1 mole d phenylmagnesium bromide and refluxing at 106° for
eleven hours, the yield d benzohydrylaniline was 659,. This amine was identified as
the hydrochloride melting at 194-195° and the nitrate meltingat 158.5°.17

Some orienting experiments with benzanilide, CeH:NHCOC¢H;, benzophenone-
oxime, (C¢H;);C=NOH, and benzophenone-oxime-o-methyl ether, (Ce¢Hs):C=NOCH;,
with phenylmagnesium bromide under forced conditionshave not as yet yielded any o
the expected o-phenylbenzohydrylaniline. The high recovery (69%) d benzophenone-
oxime methyl ether might have been predicted from related experimentsd Busch and
Hobein'® with oxime-ethers.

Preparation d o-Biphenylmagnesium lodide.—The 2-nitrodiphenyl was prepared
according to the directionsd Bell, Kenyon and Robinson,!® and then reduced to 2-
aminodiphenyl by the method d Scarborough and Waters.®

Forty-three and one-hdf g. (0.21 mole) d 2-aminodiphenvl hydrochloride was
diazotized in iced dilute hydrochloric acid by meansd a solution d 14.5.g. (0.21 mole)
of sodium nitrite. Then 100 g. d potassium iodide in 150 cc. d water was added
dowly with continuous stirring. A heavy paste separated and after standing for

1+ Schmidlinand Bants, Ber., 45, 3188 (1912).

15 Kaufmannand Pannwitz,ibid., 45,769 (1912).

16 Baeyer and Villiger, ibid., 37,3202 (1904).

7 Bigelow and Eatnough, ' Organic Syntheses," John Wiley and Sons, Inc., New
York, 1928, Vad. VI, p. 22.

18 Busch and Hobein, Ber., 40,2097 (1907).

15 Bell, Keayon and Robinson, J. Chens. Soc., 1239 (1926).

2 Scarborough and Waters, ibid., 89, (1927).
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oneand one-haif hours the mixture was warmed gently to expd nitrogen; afew crystals
d sodium thiosulfate were added to remove free iodine and the almost black oil was
extracted with toluene. The toluene solution was washed with water, dried over cal-
cium chloride and then distilled in a vacuum. The yield d o-iododiphenyl boiling at
158° (6 mm.) was 30.4 g. or 51.7%; d38, 1.6038. The iodide was strongly resistant to
nitric acid decompositionin the Carius analysis.

Anal. Calcd.for Cp:Hol: |, 453. Found: I,44.6.

There was no difficulty in getting a Grignard reagent from 21.1 g. d the o-iodo-
diphenyl and 1.82 g  magnesium turnings. The reaction was started with the ac-
tivated 123/,9, copper-magnesium alloy d Gilman, Peterson and Schulze.?* The
Grignard reagent gave the color test d Gilman and Schulze,?? and when an aliquot
was treated with carbon dioxide in the customary manner? o-diphenylcarboxylic aci dz*
was obtained.

Preparation d o-Phenylbenzohydrylaniline from Benzalaniline and o-Biphenyl-
magnesium lodide —A toluene solution o 13.6 g. (0.075 mole) o benzalaniline was
added to the 0.075mole d Grignard reagent. Since there was no evidence o reaction
the ether was partially replaced by toluene until the boiling point d the mixture was
95°. Immediately on increasing the reaction temperature, a deep red color set in.
Thiswasthe only evidenced reaction, although refluxing wascontinued for eight hours.
Occasional color tests?? were made during the heating and in every case a deep green
color was obtained. It was discovered on hydrolysisthat this green color might not
have been due to any unused Grignard reagent. After hydrolysis, about 0.5g. d solid
was removed by filtration from the deep red toluenelayer. All d the hydrolysis mix-
ture was steam distilled without separating the layers. The acid hydrolysis mixture
immediately assumed a deep green color when steam was passedintoit. Some benzal-
dehyde distilled over: thismay have been dueto unaltered benzalaniline. The residual
heavy, deep green tar wastaken up in 250 cc. d an acohol -toluene mixture containing
about 25% d toluene. On standing for three to four hours, crystals started to separate.
After about twenty-four hours the crystals were filtered df and washed thrice with al-
cohol. Theyield was9 g. or 35.8% d o-phenylbenzohydrylaniline, and very probably
mored the amine wasformed asit is acompound that is affected (at | east colorimetri-
cally) by atmospheric exposure in a way to impede crystallization. The compound
showed no depression in a mixed melting point determination with the amine obtained
from phenyl isocyanate and phenylmagnesium bromide.

Summary

The forced reaction d phenyl isocyanate, phenyl isothiocyanate and
benzophenone-anil with an excess d phenylmagnesium bromide gives
o-phenylbenzohydrylaniline. The formation d this amine is unigque
in the sense that it undoubtedly takes place as a result d a 1,4-addition
to the—C==N group in the side chain and one d the so-called ethylenic
linkagesin a be